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Preface

Food gels have played a pivotal role in the food industry, contributing to the enhancement of

texture, visual appeal, and stability of various food products. Recently, studies on food gels have

endured substantial advancements and opened up novel opportunities and potential advantages for

the food industry. Although significant progress has been made in synthetic polymer chemistry

to overcome some of the challenges in gel formulation, there are persisting challenges, such as

sustainability, renewability, and cost-effectiveness, which require further attention and innovation.

Therefore, there is a growing interest towards developing gels sourced from natural plant-based

substances with minimal environmental impact. Food biopolymers are promising, including

proteins and polysaccharides possessing a versatile range of functionalities and physical gelation

characteristics. These contribute significantly to prolonging shelf-life, reducing fat content, enhancing

satiety, and enabling the 3D printing of complex food shapes. Yet, additional research is imperative

to comprehend the fabrication techniques, gelling mechanisms, and the structural/mechanical

attributes of food gels. In this regard, to enhance our scientific knowledge and comprehension of

natural products derived from food gels, we organized the Special Issue below, dealing with but not

limited to:

• Food gel fabrication with novel processing methods;

• Polymerization/crosslinking methods;

• Elucidation of molecular mechanisms;

• Innovative analytical approaches to characterization, the molecular structure–functionality

relationship, and food gel–body interaction.

This Special Issue presents a collection of research articles, reviews, and perspectives that

highlight some of the recent advances in this rapidly evolving field. Under this Special Issue, we

invited globally renowned researchers to contribute to this topic, resulting in a total of 16 submissions,

out of which 13 articles were accepted after rigorous peer review for final publication.

Baskaran Stephen Inbaraj, Kandi Sridhar, and Minaxi Sharma

Editors
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Editorial

Editorial on Special Issue “Recent Developments in Food Gels”

Kandi Sridhar 1, Minaxi Sharma 2,* and Baskaran Stephen Inbaraj 3,*

1 Department of Food Technology, Karpagam Academy of Higher Education (Deemed to Be University),
Coimbatore 641021, India

2 CARAH ASBL, Rue Paul Pastur, 11-7800 Ath, Belgium
3 Department of Food Science, Fu Jen Catholic University, New Taipei City 242062, Taiwan
* Correspondence: m.sharma@carah.be (M.S.); 138547@mail.fju.edu.tw (B.S.I.)

Food gels have been a crucial component in the food industry for many years. They
have been used to improve the texture, appearance, and stability of food products [1].
However, with recent advancements in technology and research, food gels have taken a
giant leap forward, offering new possibilities and potential benefits for the global food
industry [2]. While significant progress has been made in synthetic polymer chemistry to
overcome some of the challenges in gel design, emerging challenges, such as sustainability,
renewability, and cost-effectiveness, remain to be overcome. To address these challenges,
there is a growing interest in preparing gels from natural sources with low environmental
impact. Food biopolymers, such as proteins and polysaccharides are particularly promising
due to their affordable, edible, biocompatible, biodegradable, and renewable properties,
with a diverse range of functionalities and physical gelation characteristics [3]. Compared
to synthetic gels, food gels play a critical role in modern food design by imparting desired
sensory, rheological, textural, and functional properties, increasing shelf-life, reducing
fat, enhancing satiety, and enabling 3D printing of complex food shapes [4]. However,
further research is needed to understand the fabrication methods, gelling mechanisms, and
structural/mechanical properties of food gels. It is also important to investigate how these
design principles impact the rheological and tribological properties of foods to improve
food quality and modify nutrient delivery, without affecting the sensory properties or
altering drug/bioactive targeting within the gastrointestinal tract. Therefore, a team of
researchers with expertise in food gels, novel food product development, functional foods,
and extraction of bioactive compounds have organized a Special Issue entitled “Recent
Developments in Food Gels” to be published in Gels (ISSN 2310-2861), an international
open access journal on physical (supramolecular) and chemical gel-based materials, under
the section “Gel Applications”. In this Special Issue, we delved into the latest research and
innovations in the world of food gels and explored the potential they hold by collecting
research and review articles dealing with but not limited to:

• Food gel fabrication with novel processing methods;
• Polymerization/crosslinking methods;
• Elucidation of molecular mechanisms;
• Innovative analytical approaches to characterization, molecular structure–functionality

relationships, and food gel–body interaction.

This Special Issue presents a collection of research articles, reviews, and perspectives
that highlight some of the recent advances in this rapidly evolving field. The articles in
this issue cover a broad range of topics, including the use of novel gelation agents, the
characterization of the structure and rheological properties of food gels, and the application
of food gels in novel food products. For this Special Issue, we had invited globally renowned
researchers to contribute to this topic, resulting in a total of 16 submissions, out of which
13 articles were accepted after rigorous peer-review for final publication.

One of the key themes in this issue is the addition of novel ingredients to gels and
studying their characteristics. For example, Popov et al. investigated the effects of incor-
porating hogweed pectin into an apple pectin hydrogel. The researchers found that the

Gels 2023, 9, 899. https://doi.org/10.3390/gels9110899 https://www.mdpi.com/journal/gels
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addition of hogweed pectin led to an increase in the gelation temperature and gel strength
of the apple pectin hydrogel. Additionally, the hogweed pectin was found to improve
the sensory properties of the hydrogel, specifically its texture and overall acceptability.
The study also found that the concentration of hogweed pectin had an impact on the
properties of the hydrogel, with higher concentrations resulting in a stronger and more
elastic gel. However, excessively high concentrations of hogweed pectin led to a decrease
in the sensory properties of the hydrogel, likely due to a more pronounced earthy flavor.
Similarly, another study by Arai et al. used wet-ground okra to improve the mechanical
properties and intermolecular forces of soybean protein isolate (SPI) gels. The results
showed that the incorporation of wet grinder-treated okra into SPI gels improved their
mechanical properties, including hardness and elasticity, compared to control gels without
okra. Likewise, a study investigated the effect of oxidation modification induced by malon-
dialdehyde on the physicochemical properties and gel characteristics of duck myofibrillar
proteins. The results showed that the oxidation modification caused significant changes in
the physicochemical properties of the proteins, such as decreased solubility and increased
surface hydrophobicity. Furthermore, the gels made from the modified proteins had lower
a gel strength, water-holding capacity, and thermal stability compared to the non-modified
proteins. All these studies suggested that the addition and/or modification of different
ingredients can significantly affect the properties of the resulting gels, which could have
implications in the food industry for the development of products with desirable textures
and functional properties.

Several articles in this issue describe the enrichment of food gels with plant-based
sources. For instance, Belova et al. explored the potential of using callus tissue of narrow-
leaved lupin (Lupinus angustifolius) as a bioactive filler in 3D-printed k-carrageenan food
gels. The researchers prepared the callus tissue using a tissue culture technique and charac-
terized its chemical composition and antioxidant activity. They then incorporated the callus
tissue into the k-carrageenan gel and evaluated the effects on the physical, mechanical,
and rheological properties of the gel. The results showed that the incorporation of the
callus tissue improved the antioxidant activity of the gel and did not significantly affect its
physical and mechanical properties. With a similar approach, a study by Carvajal-Mena
et al. optimized the 3D printing parameters for salmon gelatin gels using artificial neural
networks and the response surface methodology. The study considered the interactions
between different independent variables and used artificial neural networks to train and
learn from the experimental data of the response variables. The authors performed a
regression analysis of training, validation, and testing for all the experiments of apparent
viscosity, hardness, and dimensional stability. The optimal printing conditions were found
to be 24 mm/s for the extrusion speed, 0.70 mm for the nozzle diameter, and 0.50 mm
for the nozzle height to achieve 380.85 Pa·s for viscosity, 7.75 N for hardness, and 98.87%
for dimensional stability. These predicted values were not significantly different from
the experimental data under the optimal printing conditions. Another study by Popov,
Smirnov, Paderin, Khramova. et al. used the antioxidant pectin obtained from fireweed
(Chamaenerion angustifolium) to improve the mechanical and rheological properties of an
agar gel. This study further evaluated the effect of adding different concentrations of
pectin on the mechanical and rheological properties of the agar gel, as well as its simulated
digestibility and oral processing. The results showed that the addition of pectin increased
the gel strength, elasticity, and viscosity, and improved its antioxidant properties. The
simulated digestion study revealed that the pectin-enriched gel had a slower rate of disin-
tegration, indicating improved stability and the potential for controlled release of bioactive
compounds. The sensory analysis showed that the gel with the highest concentration of
pectin had the highest overall acceptance. Therefore, these studies highlighted the poten-
tial of incorporating plant-based materials for the development of functional gels with
improved mechanical, rheological, and antioxidant properties.

Food gels can play an important role in coating applications to provide a smooth and
uniform coating, which can help to prevent moisture loss and oxidation, and protect the
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food product from contamination. With the aim of developing a composite edible coating,
Heristika et al. used gelatin–pectin incorporating garlic essential oil on the physicochemical
characteristics of red chili (Capsicum annuum L.). The study found that the edible coating
improved the shelf life of the red chili peppers by reducing the rate of moisture loss
and weight loss. Additionally, the coating was found to have antimicrobial properties,
which inhibited the growth of bacteria on the surface of the peppers. Another study by
Trodtfeld et al. developed a composite gel made from biodegradable compounds, including
prolamin, d-mannose, and citric acid, as a coating to increase the oxygen barrier of food
packaging materials. The gels were physically cross-linked with particles synthesized from
tetraethyl orthosilicate and tetramethyl orthosilicate precursors to improve stability and
the mechanical properties. The article concluded that the composite gel holds promise
for oxygen-barrier food packaging and is safe for consumer contact, but further research
is needed to optimize the stability of the oxygen barrier in humid environments and
investigate the potential sensitizing effects of biodegradable materials on consumers. These
findings have implications for the development of new food preservation technologies that
incorporate natural ingredients such as garlic essential oil.

Similarly, Fauzan et al. developed an eco-friendly, biodegradable, and sustainable ac-
tive packaging material using fish gelatin-based edible film incorporated with Ficus carica L.
leaf extract. The results showed that adding Ficus carica L. leaf extract to gelatin films signif-
icantly affected their tensile strength, elongation at break, transmittance and transparency,
solubility, water vapor permeability, antioxidant activities, and antibacterial activity. The
most promising result was obtained in the edible film with 10% Ficus carica L. leaf extract
among all the samples. The study’s overall findings showed that the fish gelatin-based
films incorporating Ficus carica L. leaf extract have a good potential as an eco-friendly,
biodegradable, and sustainable active packaging.

Finally, this issue contains four systematic review articles that explore the principles
and formation mechanisms of hydrogels, and their current status and various applications
in the food industry. Nath et al. summarize the various applications of food hydrogels,
such as in food texture modification, nutrient delivery, and 3D printing, thereby high-
lighted the potential of hydrogels as a versatile tool for designing innovative food products.
Another review by Kaur et al. provides an overview of the current state of research on
milk protein-based nanohydrogels. The authors discuss the various methods for synthesiz-
ing milk protein-based nanohydrogels, their unique properties such as biocompatibility,
stability, ability to encapsulate bioactive compounds, and potential applications of milk
protein-based nanohydrogels in the food industry. Similarly, another article discusses the
formulation, processing, and potential applications of food emulsion gels made from plant-
based ingredients. The review concludes that the emulsion gels were semi-solid systems
with a gel network structure that integrate the characteristics of emulsions and gels. These
are used in the food industry to create texture, deliver functional food ingredients, and
reduce the fat content of products. The article also discusses that plant-based emulsion gels
have promising prospects as a delivery system for functional ingredients and as a healthy
alternative to traditional fats. A review by Said et al. discusses the extraction and charac-
terization of pectin from various sources, as well as the preparation of pectin hydrogels
using different methods. The review focuses on the various crosslinking methods used to
form hydrogels, with a focus on physical, chemical, and interpenetrating polymer network
approaches. The article also highlights the potential applications of pectin hydrogels in
the food industry, such as encapsulating bioactive substances, improving stability, and
controlled release.

In conclusion, recent advances in food gels have been nothing short of revolutionary
for the food industry. From the development of plant-based gels to the increased use
of natural gelling agents, these innovations are changing the way we think about food
and the role gels play in preserving and improving the quality of food products. These
developments are not only improving the sustainability of the food industry, but also
providing new opportunities for food product innovation and the creation of healthier,
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more functional food products. The future of food gels is exciting and holds even more
potential for the food industry. We encourage researchers and companies to continue
exploring the possibilities of food gels and to push the boundaries of what is possible. We
believe that with continued research and innovation, food gels will play an even greater
role in shaping the food industry in the years to come. We hope that this issue will provide
valuable insights and inspiration for those in the food industry and spark further discussion
and research in this field.
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Article

Effect of Hogweed Pectin on Rheological, Mechanical, and
Sensory Properties of Apple Pectin Hydrogel

Sergey Popov *, Vasily Smirnov, Daria Khramova, Nikita Paderin, Elizaveta Chistiakova, Dmitry Ptashkin and

Fedor Vityazev

Institute of Physiology of Federal Research Centre “Komi Science Centre of the Urals Branch of the Russian
Academy of Sciences”, 50 Pervomaiskaya Str., 167982 Syktyvkar, Russia
* Correspondence: s.v.popov@inbox.ru; Tel./Fax: +78-21-224-1001

Abstract: This study aims to develop hydrogels from apple pectin (AP) and hogweed pectin (HP) in
multiple ratios (4:0; 3:1; 2:2; 1:3; and 0:4) using ionotropic gelling with calcium gluconate. Rheological
and textural analyses, electromyography, a sensory analysis, and the digestibility of the hydrogels
were determined. Increasing the HP content in the mixed hydrogel increased its strength. The
Young’s modulus and tangent after flow point values were higher for mixed hydrogels than for
pure AP and HP hydrogels, suggesting a synergistic effect. The HP hydrogel increased the chewing
duration, number of chews, and masticatory muscle activity. Pectin hydrogels received the same
likeness scores and differed only in regard to perceived hardness and brittleness. The galacturonic
acid was found predominantly in the incubation medium after the digestion of the pure AP hydrogel
in simulated intestinal (SIF) and colonic (SCF) fluids. Galacturonic acid was slightly released from
HP-containing hydrogels during chewing and treatment with simulated gastric fluid (SGF) and SIF, as
well as in significant amounts during SCF treatment. Thus, new food hydrogels with new rheological,
textural, and sensory properties can be obtained from a mixture of two low-methyl-esterified pectins
(LMPs) with different structures.

Keywords: low-methyl-esterified pectin; hydrogel; ionotropic gelation; texture; rheology; electromyography;
sensory analysis; simulated digestion

1. Introduction

Hydrogels are of increasing interest in food applications, as they make it possible to
obtain food that meets modern consumer requirements. Currently, there is an intensive
development of new food gels for the creation of healthy food products with high sensory
scores. Customizable hydrogel structure design can improve the nutritional value, health
content, taste, and texture properties of food-grade hydrogels [1]. Plant-derived polysac-
charides have a high potential for the creation of food hydrogels due to their safety and
inexpensive production. [2]. Pectin is an acidic polysaccharide that is a component that is
located in the spaces between walls of cells of flowering plants. [3]. Pectin-based gelled
foods are becoming increasingly popular thanks to the gelling properties and biological
activities of pectin [4–6].

Pectin is not broken down in the upper gastrointestinal tract and is fermented by colon
bacteria [5]. Therefore, pectin has gained a lot of importance in its use as a food matrix for
the targeted release of bioactivities to the colon [7]. Nevertheless, the usage of hydrogels
made of commercial pectins as colon delivery systems is restricted due to intense swelling,
declining mechanical properties, and quick degradation in the small intestine [4]. Citrus
and apple pectins are the most commonly used for hydrogel preparation [7]. Generally, the
macromolecule of pectin consists of nonbranched and branched areas. The main structural
domain of pectin is homogalacturonan, which is made of 1,4-α-D-galacturonic acid residues.
The homogalacturonic part largely determines the gel-forming and emulsifying properties
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of pectin [8]. Therefore, traditional ways of extracting pectin from plant raw material based
on long treatment with acids at high temperatures destroy less stable ramified regions so
that commercial pectins often consist primarily of linear homogalacturonan [9]. However,
many natural pectins additionally contain such structural domains as rhamnogalacturonan
II, xylogalacturonan, and others. Moreover, an important branched domain of pectins is
rhamnogalacturonan type I in which arabinose and galactose are attached to rhamnose
residues embedded in galacturonan, forming side chains [10]. Carboxyls of galacturonic
acids are partially methyl-esterified, separating pectins into high-methyl-esterified pectins
(HMPs) and LMPs. HMPs form gels at low pH, and gelling LMPs are provided by multiva-
lent cations [11]. Gelling of LMPs involves free carboxyls interacting with cations to create
“egg-box” formations, polysaccharide chain dimerization, and the aggregation of dimers
into a gel network [11,12].

Rhamnogalacturonan-I-containing pectin from hogweed H. sosnówskyi (HP) was
earlier isolated and characterized [13]. Hogweed pectin was found to be an LMP and
formed a stronger calcium hydrogel than commercial apple pectin (AP) [14]. A hydrogel
made from HP was found to be more stable than a hydrogel made from AP in saline with
pH 3.0–8.0 [15]. However, the degradation of HP hydrogels during digestion has not been
investigated yet. We assume here that HP hydrogels are more stable in the gastrointestinal
environment than AP hydrogels and that the addition of HP changes the properties of AP
hydrogels. It was previously shown that the addition of an HMP to an LMP produced a
stronger mixed gel due to a synergistic effect [16], whereas the gel properties of a mixture
of two LMPs have not been determined earlier.

This investigation aims to estimate the influence of HP (degree of methyl esterification
ca. 21%) on the rheological and mechanical properties of AP (degree of methyl esterifi-
cation ca. 43%) hydrogels. Chewing, bolus formation, sensory scores, and the simulated
digestibility of pure and mixed hydrogels made from AP and HP are also compared.

2. Results and Discussion

2.1. Preparation of Pectin Hydrogels

Ionotropic hydrogels were created by immersing a dialysis bag containing a pectin
solution (50 mL) in a calcium gluconate solution (200 mL). After 48 h, a solid hydrogel was
formed in the dialysis bag in the form of a cylinder with a length of 7–8 cm, a diameter of
2.4–2.8 cm, and a weight of 44–48 g. The cylindrical hydrogel was then cut into puck-shaped
samples at a predetermined height for subsequent analyses.

Five types of pectin hydrogels (PG1–PG5) were obtained using AP and HP in different
ratios (4:0; 3:1; 2:2; 1:3, and 0:4). The PGs had the same density (1.07–1.13 mg/mm3) and
water content, measured as the weight loss (WL) during drying (80.7–82.7%), regardless of the
pectin composition. Increasing the HP content in the hydrogels slightly increased the pH. The
pH values for PG1, PG3, and PG5 were 4.42 ± 0.05, 4.55 ± 0.04, and 4.70 ± 0.08, respectively.

An external gelation method used in functional food applications of LMPs is typically
based on heating and cooling calcium solutions [5,16]. To encapsulate thermally unstable
bioactive substances, pectin gel beads are usually obtained at room temperature by drop-
ping a pectin solution into a solution of calcium ions [17–19]. We received pectin hydrogels
at room temperature in order to keep the possibility of loading them with functional ingredi-
ents open. At the same time, larger sizes of the obtained hydrogel samples than gel beads of
a typical diameter of 1–2 mm were more convenient for studying the textural properties of
hydrogel. Calcium gluconate rather than calcium chloride was used to improve consumer
acceptance of the hydrogels, as calcium chloride has a strong, bitter taste. Sucrose was
shown to promote the formation of pectin gels because its hydroxyl groups could stabilize
Ca–pectin crosslinks and form hydrogen bonds with water molecules, immobilizing free
water and concentrating the polymer environment for gelation [16]. Similar values of
hydrogel density and water content among the obtained PGs were expected. First, the
hydrogels contained an equal amount of pectin (4%), and second, an equal concentration
of sucrose (10%) provided a similar water-keeping capacity.
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The pH shift caused by the addition of the HP seemed to be associated with a lower
methyl esterification of HP than AP. The greater number of free carboxyl groups in the
HP provided more sites of interaction with calcium ions, which apparently led to a higher
content of calcium ions in the HP hydrogel than in the AP hydrogel. Therefore, there
were fewer dissociated carboxyl groups and fewer free hydrogen ions in HP hydrogel
homogenates prepared for pH measurement than in AP ones. As a result, the pH of the
HP hydrogel was higher since samples made from HP hydrogel represented the calcium
pectate of a weaker acid and stronger base than samples made from AP hydrogel.

2.2. Rheological Properties of Pectin Hydrogels

The rheological data were analyzed in the linear (LVE) and nonlinear (n-LVE) viscoelas-
tic regions. The storage modulus G′ of all the PG samples was greater than the loss modulus
G′′ throughout the LVE region. The G′

LVE and G′′
LVE values increased with increasing HP

content in the hydrogels, indicating an increase in network rigidity and total structural
strength (Table 1). The G′

LVE and G′′
LVE values of PG5 were 1.9 and 2.3 times higher than

those of PG1, respectively. The loss factor, tan [δ]LVE, represented a material’s physical
behavior. The tan [δ]LVE was 0.20–0.27 for PG1–PG5, indicating that pectin hydrogels had
a solid-like behavior. The limiting strain (γL) at which G′ sharply diminished with the
increase in strain in PG4 and PG5 was lower than that of PG1. The fracture strain (γFR)
measured at the fracture point decreased as the hydrogels’ HP content increased. The γFR
value of PG5 was 2.5 times lower than that of PG1 (Table 1). The fracture stress (τFP), where
G′ = G′′, and the complex modulus (G*FP) at τFP did not differ between PG1 and PG5. The
slope of the loss tangent in the nonlinear region (tan [δ] AF) described the transition of
the gels from the elastic state to the viscous state since it showed the ratios of the viscous
and elastic constituents of materials at large amounts of deformation. PG1, PG2, PG4, and
PG5 showed similar tan [δ]AF values without any significant differences among them. PG3
showed a higher tan [δ]AF value than PG1, PG2, PG4, and PG5, which indicated the highest
spreadability of the hydrogel containing equal amounts of AP and HP (Table 1).

Table 1. Strain sweep for pectin hydrogels PG1–PG5 in the amplitude sweep test (1 Hz. 20 ◦C).

Parameters PG1 PG2 PG3 PG4 PG5

G′
LVE (Pa) 51,636 ± 4741 a 61,209 ± 7204 b 74,486 ± 10,993 c 88,753 ± 5467 d 98,533 ± 14,595 e

G′′
LVE (Pa) 10,966 ± 2033 a 12,997 ± 3039 a 16,562 ± 4640 b 17,428 ± 2411 c 25,357 ± 4587 d

G*LVE 53,643 ± 5536 a 63,046 ± 5936 b 77,100 ± 9036 c 89,529 ± 6592 d 101,313 ± 15,488 e

Tan [δ]LVE 0.21 ± 0.04 a 0.22 ± 0.09 a 0.24 ± 0.12 a 0.20 ± 0.04 a 0.27 ± 0.10 a

γL (%) 0.35 ± 0.08 a 0.23 ± 0.02 a,b 0.20 ± 0.01 a,b 0.19 ± 0.02 b 0.15 ± 0.04 b

τFr (Pa) 251 ± 151 a 155 ± 48 a 170 ± 18 a 216 ± 42 a 114 ± 24 a

γFr 0.75 ± 0.10 a 0.54 ± 0.03 b 0.48 ± 0.05 b,c 0.44 ± 0.01 c 0.30 ± 0.06 d

G*FP (Pa) 24,252 ± 9158 a 29,605 ± 8375 a 38,404 ± 5752 a 47,546 ± 9452 a 53,702 ± 39,039 a

Tan [δ]AF 0.34 ± 0.13 a,c,d 0.36 ± 0.12 a,b,c,d 0.66 ± 0.06 b 0.39 ± 0.06 a,c 0.19 ± 0.04 a,d

G*max/G*LVE 1.25 ± 0.21 a 1.26 ± 0.17 a 1.20 ± 0.02 a 1.05 ± 0.08 a 1.53 ± 0.18 a

Means with standard deviations are given (n = 3). Differences are significant (p < 0.05) between means labeled
with different lowercase letters (a, b, c, and d). Storage modulus (G′

LVE), loss modulus (G′′
LVE), complex modulus

(G*LVE), limiting value of strain (γL), loss tangent (TAN [δ]LVE), fracture stress (τFr), corresponding complex
modulus (G*FP) with the stress at flow point, and slope of the loss tangent after flow point (tan [δ]AF).

The rheological parameters of the frequency sweep tests in the LVE range are shown
in Table 2. G′ and G′′ frequency dependencies are described by the power law equation
with high correlation (R2 = 0.91–0.99). The G′ values increased as the hydrogels’ HP content
increased. The G′ values of PG5 were 1.4 times higher than those of PG1. The frequency
dependences of the elastic (k′), loss (k′′), and complex (A) moduli increased with increase
in the HP content in the hydrogels. However, the overall loss tangent (k′′/k′) and complex
viscosity slope (η*S) did not differ among PG1–PG5. All PGs seemed to show elastic
behavior, as revealed by the overall loss tangent (k′′/k′) values in the range 0.13–0.19, as

9



Gels 2023, 9, 225

well as the low slope of both moduli indicated by 0.08 ≤ n′ ≤ 0.10 and 0.04 ≤ n′′ ≤ 0.10
(Table 2).

Table 2. Frequency dependence of viscoelastic parameters for pectin hydrogels PG1–PG5, viscosity,
and frequency (0.3 < ω < 70.0 or at 0.54/1.11/10.50/30.60 Hz).

Parameters PG1 PG2 PG3 PG4 PG5

k′ (Pa*s) 71,741 ± 20,277 a 86,851 ± 9022 a 88,590 ± 3574 a 83,490 ± 32,656 a,b 127,855 ± 15,415 b

k′′ (Pa*s) 10,307 ± 2719 a 11,295 ± 2339 a 13,227 ± 92 a,b 15,140 ± 4187 a,b 19,114 ± 5748 b

A 75,313 ± 16,622 a 83,298 ± 5382 a 84,316 ± 4866 101,487 ± 37,040 a,b 135,162 ± 25,722 b

k′′/k′ 0.14 ± 0.00 a 0.13 ± 0.02 a 0.15 ± 0.01 a,b 0.19 ± 0.03 b 0.17 ± 0.02 a,b

η*s 12,039 ± 2919 a 12,701 ± 2685 a 10,096 ± 4678 a 12,346 ± 4791 a 18,773 ± 6072 a

n′ 0.08 ± 0.02 a 0.09 ± 0.02 a 0.10 ± 0.02 a 0.08 ± 0.05 a 0.09 ± 0.01 a

n′′ 0.10 ± 0.02 a,c 0.10 ± 0.01 a 0.08 ± 0.01 a,c 0.04 ± 0.01 b 0.08 ± 0.05 a,b,c

z 14.2 ± 3.7 a 10.8 ± 3.0 a 9.6 ± 2.4 a 9.3 ± 1.2 a 9.7 ± 1.3 a

Fr
eq

ue
nc

y
(H

z)

0.54
G′ (kPa) 72.8 ± 18.1 a 74.4 ± 15.7 a,b 62.3 ± 29.5 ab 78.7 ± 32.3 a,b 118.9 ± 25.7 b

G′′ (kPa) 11.3 ± 2.4 a 12.9 ± 3.7 a,b 12.9 ± 4.2 b 19.6 ± 2.9 b 31.8 ± 6.3 c

1.11
G′ (kPa) 72.4 ± 20.7 a 81.0 ± 17.0 a 69.1 ± 28.0 a 89.2 ± 32.7 a 132.5 ± 27.6 b

G′′ (kPa) 10.4 ± 2.9 a 11.1 ± 2.1 a,b 10.7 ± 4.0 ab 13.7 ± 3.7 a,b 19.2 ± 6.2 b

10.50
G′ (kPa) 87.1 ± 26.7 a 96.9 ± 19.4 a 84.0 ± 34.8 a 100.4 ± 34.8 a,b 174.2 ± 36.6 b

G′′ (kPa) 13.0 ± 4.1 a 14.1 ± 2.9 a 12.1 ± 4.8 a 16.8 ± 5.1 a,b 26.9 ± 5.6 b

30.60
G′ (kPa) 94.7 ± 31.6 a 108.3 ± 22.7 a 93.0 ± 38.9 a 100.9 ± 37.7 a 192.0 ± 36.4 b

G′′ (kPa) 15.7 ± 5.9 a 16.0 ± 3.5 a 13.7 ± 5.6 a 17.8 ± 5.8 a,b 30.7 ± 8.8 b

Means with standard deviations are given (n = 3). Differences are significant (p < 0.05) between means labeled
with different lowercase letters (a, b, and c). The frequency dependences of the elastic (k′ and n′), loss (k′′ and n′′),
and complex (A and z) moduli; overall loss tangent (k′/k′′); and the slope of complex viscosity (η*S).

The viscosity values of the PGs are given in Table 3.

Table 3. Summary of power law parameters for the relationship between storage modulus or viscosity
and frequency (0.03 < ω < 70.00 Hz or at 10 and 50 Hz) of pectin hydrogels PG1–PG5.

Hydrogel

Viscosity

K (Pa*s) R2 n ηapp

10 (Hz)
ηapp

50 (Hz)

PG1 11,942 0.999 −0.946 1333.10 ± 409.6 273.9 ± 109.4
PG2 12,677 0.999 −0.904 1482.5 ± 297.0 343.6 ± 79.6
PG3 10,780 0.999 −0.899 1285.1 ± 531.2 291.4 ± 125.1
PG4 13,310 0.997 −0.926 1541.4 ± 532.7 303.2 ± 111.2
PG5 18,847 0.999 −0.908 2162.8 ± 872.7 502.0 ± 198.3

Using an agglomerative hierarchical cluster analysis, Alghooneh et al. [20] divided
the rheological properties of hydrocolloids into properties related to the strength, number,
and distance of linkages, as well as the timescale of the junction zone. The rheological
parameters of the first group, such as G′

LVE, k′, k′′, and A, increased with increasing
HP content in the hydrogels, indicating an increase in the strength of the linkage in the
HP-containing hydrogels. The rheological parameters of the group “number of linkages”
(G*max/G*LVE, τFr, n′, and z), “timescale of junction zone” (Tan [δ]LVE), k′′/k′, and η*s),
and “distance of linkage” (n′′) did not differ among PG1–PG5, indicating the same number
of linkages, the same time required for the transformation of hydrogel network chains
to the thermodynamically ideal state, and the same average linear distance between two
adjacent crosslinks in the gel networks.

2.3. Mechanical Properties of Pectin Hydrogels

The PGs showed force–distance curves of very different sizes in the puncture test
(Figure 1). Table 4 shows the results of the puncture test of the PGs.
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Figure 1. Representative force–distance curves of pectin hydrogels PG1–PG5. The arrows show
the first significant break. The insertion window demonstrates the curve area, which corresponded
to adhesiveness.

Table 4. Mechanical properties of pectin hydrogels PG1–PG5 in the puncture test.

Hydrogel
Hardness

(N)
Fracturability

(N)
Consistency

(mJ)
Adhesiveness

(mN)
Brittleness

(mm)
Young’s

Modulus (kPa)

PG1 3.09 ± 0.41 a 3.09 ± 0.41 a 3.90 ± 0.51 a 30.1 ± 3.4 a 1.9 ± 0.2 a 608 ± 52 a

PG2 2.63 ± 0.49 a 2.56 ± 0.57 a 3.50 ± 0.44 a 26.7 ± 5.7 a 1.7 ± 0.1 b 521 ± 103 b

PG3 4.09 ± 0.98 b 3.93 ± 0.97 b 6.23 ± 1.36 b 39.5 ± 5.1 b 2.1 ± 0.3 a 782 ± 91 c

PG4 6.16 ± 0.70 c 6.04 ± 0.71 c 13.49 ± 2.69 c 50.7 ± 16.1 b,c 3.5 ± 0.2 c 488 ± 161 a,b

PG5 7.37 ± 1.82 c 7.03 ± 1.71 c 18.06 ± 5.29 d 52.5 ± 11.4 c 4.1 ± 0.6 d 474 ± 188 a,b

Means with standard deviations are given (n = 8). Differences are significant (p < 0.05) between means labeled
with different lowercase letters (a, b, c, and d).

Hardness, measured as the maximum peak force [21], increased with increasing HP
content in the hydrogels, indicating better stability of the HP gel networks under large
deformation. The hardness value of PG5 was 2.4 times higher than that of PG1. The curve
of PG1 did not have a fracture until the maximum peak was reached, resulting in the
same hardness and fracturability values for PG1. Fracturability increased as the hydrogels’
HP content increased. The curves of PG3–PG5 exhibited a significant break in the curve
before reaching the maximum peak (shown by arrows in Figure 1). The fracturability
value of PG5 was 2.3 times higher than that of PG1. The consistency represented the
required work for deforming the material [22]. Similar to hardness and fracturability, PG5
and PG1 demonstrated the highest and lowest consistencies, respectively. Further, PG5
showed the highest values of adhesiveness, determined as the maximum negative peak
below the baseline during withdrawal. A synergistic effect of AP and HP on the Young’s
modulus of mixed hydrogels was discovered. The Young’s modulus [23] was the highest
for PG3, which contained equal amounts of AP and HP. The Young’s modulus value of
PG3 exceeded those of PG1 and PG5 by 29 and 65%, respectively. Interestingly, the Young’s
modulus was positively correlated (R = 0.88, p < 0.05) with tan [δ]AF.

PG1–PG3 had a close serum release in the range of 0.62–0.71%. The serum release val-
ues of PG4 and PG5 were 0.48 ± 0.08 and 0.49 ± 0.03% (p < 0.05 vs. PG1–PG3), respectively.

The changes in mechanical parameters (hardness and consistency) were consistent
with the changes in rheological parameters and confirmed a stronger linkage in HP hydro-
gels compared to AP hydrogels [24]. There are conflicting data for the effect of textural
hardness on liking and acceptability evaluations of hydrogel foods. In a number of studies,
increases in the hardness of hydrogels have led to decreases in their liking scores [25–28].
However, studies [29,30] have reported an increase in overall liking of foods with higher
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hardness, whereas others [31–33] have found no effect of hardness on acceptability. In-
creasing food hardness may be effective at slowing energy intake [34], and therefore, HP
hydrogels may be useful for enhancing satiety and combating obesity.

Hydrogels containing HP demonstrated higher fracturability and adhesiveness than
AP hydrogels, similar to hardness and consistency. Fractures can occur when all the bonds
in a gel network are broken [20], so the increase in fracturability indicated higher numbers
of linkages in the HP hydrogels. It should be noted, however, that G*max/G*LVE, τFr, n′,
and z values, which were related to the number of linkages, did not differ among PG1–PG5.
Increased adhesiveness indicated an increase in the linkage distance, which contradicted
the rheological analysis, which revealed equal n′′ values in all the PGs. Different degrees of
deformation in mechanical and rheological tests could explain the discrepancy in results.

Differences in the chemical structures of HP and AP apparently determined the dif-
ferent properties of pectin hydrogels PG1–PG5, which were made of different contents of
HP and AP. It was assumed that Ca2+ ions bound to free COO groups in the homogalactur-
onic region. Then, dimerization of polysaccharide chains and dimer–dimer interactions
occurred due to hydrogen bonds [11,12]. The lower degree of methyl esterification seemed
to provide a higher density of ionic crosslinks in the HP compared to the AP hydrogel
network (Figure 2). In addition, HP macromolecules had a higher content of arabinose
residues (3.3 vs. 0.8 mol%), which indicated a more pronounced rhamnogalacturonan I
region than that of AP. The arabinose-modulated gelling of pectin because of hydrogen
bonding interactions provided additional entanglements [35,36]. In a study [35], it was
shown that a polysaccharide with a halved content of arabinose yielded a less strong gel.
Zheng et al. [36] reported increased gel strength because of the limitation of network chain
mobility provided by arabinose residues. Therefore, pectin hydrogel enhancement by HP
may also be due to arabinose of the side chains, which added to the effect of more free
carboxyl groups in the backbone (Figure 2).

Figure 2. Scheme of a proposed chain interaction in AP (A) and HP (B) hydrogels. Suggested reasons
for strengthening the HP hydrogel: (i) an increase in the number of Ca2+ crosslinks due to a lower
degree of esterification; (ii) the formation of additional hydrogen bonds due to more sugar side chains;
and (iii) the entanglement of sugar side chains.

2.4. Oral Processing and Sensory Evaluation of Pectin Hydrogels

Electromyography (EMG) parameters did not differ during the chewing of PG1 and
PG3 (Figure 3). Chewing PG5 required 19% more time (Figure 3A) and 20% more chews
(Figure 3B) than PG1 and PG3. Masseter and temporalis activities were 30% higher when
chewing PG5 than when chewing PG1 and PG3 (Figure 3C).
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Figure 3. Electromyography data on PG chewing time (A), number (B), and activity of the masseter
(MA) and temporal (TA) muscles (C). Means with standard deviations are given. Differences are
significant (p < 0.05) between means labeled with different lowercase letters (a and b) (n = 16).

As known, the incorporation of saliva into a bolus while chewing transforms the initial
value of moisture content in solid or semisolid foods to prepare a ready-to-swallow bolus in
the mouth [37]. A gravimetrical analysis of saliva content in the bolus formed from the PGs
revealed that saliva uptake varied between 22.6 and 29.1 wt% in pectin hydrogels (Table 5).

Table 5. Salivary parameters and viscosity of the bolus from PG1, PG3, and PG5.

Hydrogel

Saliva Parameters Viscosity Parameters

SU * (%) SIR ** (g/min) K (Pa × s) R2 n ηapp

10 (s−1)
ηapp

50 (s−1)

PG1 22.6 ± 14.0 a 3.04 ± 2.6 a 194.49 0.972 −0.788 50.6 ± 22.1 a 2.8 ± 1.1 a

PG3 24.0 ± 12.7 a 3.42 ± 2.7 a 181.39 0.962 −0.778 47.2 ± 19.7 a 2.9 ± 0.9 a

PG5 29.1 ± 13.4 b 3.38 ± 2.2 a 170.65 0.974 −0.811 43.5 ± 25.7 a 2.1 ± 0.7 a

Means with standard deviations are given. * SU—saliva uptake; ** SIR—saliva incorporation rate. Differences are
significant (p < 0.05) between means labeled with different lowercase letters (a and b) (n = 15).

Saliva uptake has been found to vary between 3 and 10 wt% in different gels [38,39].
PG3 failed to affect salivation compared to PG1 (Table 5). A 29% increase in saliva in the
PG5 bolus was comparable to that of PG1. Because the compositions of the PGs were
similar, serum release appeared to be a critical initial characteristic of pectin hydrogels that
could affect saliva secretion during oral processing and subsequent saliva uptake into the
bolus. Saliva not only hydrates the bolus but also lubricates it by lowering friction due
to its watery character and the presence of salivary mucins, thereby making swallowing
the bolus safe [37,40]. Therefore, PG5, with its low serum release (0.49%), needed more
saliva incorporation to enhance lubrication than PG1 (serum release 0.66%). Similar to our
findings, low serum release agar-gelatin gels incorporated more saliva into the bolus [38].
The highest increase in saliva uptake was observed for the bolus of the hardest PG5
samples. It might seem intuitively obvious that the textural differences between PG1 and
PG5 determined salivary flow while chewing hydrogels. However, the saliva incorporation
rate (SIR) into the bolus was similar for all the PGs (Table 5). Obviously, the hardest PG5
samples needed more chews to swallow, likely due to the more complex microstructure of
the PG5 mesh, which required more mechanical mixing and saliva incorporation to form
a cohesive bolus. This result is consistent with a previous study on carrageenan gels [41],
which reported that prolonged chewing time increased saliva incorporation. The boluses
demonstrated shear-thinning behavior (Figure 4), which is in agreement with previous
results [42].
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Figure 4. Flow curves of boluses from PGs.

A resulting power law index η and consistency parameter K for the bolus are shown in
Table 5. All volunteers presented a safe and efficacious swallow of the bolus from all the PGs.
The viscosity of the bolus dramatically decreased under mastication and was significantly
lower than the initial viscosity of the pectin hydrogel samples at orally relevant shear
rates (50 s−1) (Table 3), although the viscosity values were higher than those of thickened
fluids for dysphagia management [43]. The viscosity values were not significantly different
among three PGs at the swallowing point, despite the differences in the initial viscosity,
when volunteers were given PG1, PG3, and PG5 with viscosities of 273.9, 291.4, and
502.0 Pa*s at shear rates of 50 s−1, respectively (Table 3). In practice, subjects adjust the
duration and intensity of chewing to obtain a bolus that is easy to swallow. [39,44,45]. Since
samples of PG5 were the hardest, volunteers adapted their chewing to obtain boluses with
similar rheological characteristics, regardless of hydrogel composition. The increase in
saliva uptake in the PG5 bolus indicates that more saliva was incorporated into the bolus
to give it the viscosity that was needed for safe and efficient swallowing. Thus, a long
duration of chewing, more chewing movements, and higher muscle activity while chewing
PG5 appeared to be required to achieve comfortable swallowing characteristics of the bolus.

Sixteen nontrained subjects rated the overall and consistency liking using a nine-point
hedonic scale and the perceived intensity of texture attributes using a 100 mm visual analog
scale for the sensory evaluation of pectin hydrogels. PG1, PG3, and PG5 received the
same likeness scores, which lay between slightly disliking (score � 4) and neither liking
nor disliking (score �5). Figure 5 shows the mean values of the perceived texture scores
during the early (hardness, brittleness, springiness, and moisture), middle (adhesiveness
and chewiness), and late (easiness to swallow) chewing of the PGs.

Figure 5. Sensory attributes of PGs. Means with standard deviations are given. Differences are
significant (p < 0.05) between means labeled with different lowercase letters (a, b, and c) (n = 16).
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The PGs differed only in regard to perceived hardness and brittleness. The perceived
hardness of PG1 and PG5 did not differ, while the perceived hardness of PG3 was lower
by 35 and 48% than that of PG1 and PG5, respectively. The perceived brittleness of PG1
and PG3 was similar, whereas the perceived brittleness of PG5 was lower by 33 and 29%
than that of PG1 and PG3, respectively. An unexpected result was that, in our study, the
sensory assessments of hardness and brittleness did not coincide with the data from the
instrumental analysis.

2.5. Correlation Analysis of Mechanical, Rheological, and Sensory Properties of Pectin Hydrogels

The interrelationships between the sensory attributes and the mechanical and rheolog-
ical properties of PGs were investigated using Pearson’s coefficient (Table 6). Perceived
and instrumental hardness were not correlated, while perceived and instrumental brittle-
ness were inversely correlated. Consistent with [42,46], perceived hardness was positively
correlated with the viscosity of the pectin hydrogels. A positive relationship among the
perceived hardness, elasticity, and adhesiveness of the PGs was found. Young’s modulus
and consistency were inversely related to perceived hardness. Fracturability was inversely
correlated with almost all the rheological parameters, while chewiness was positively
correlated with almost all the rheological parameters, which is consistent with a previous
study [42].

Table 6. Correlations between volunteers’ evaluations of texture and the mechanical and rheological
properties of PGs.

Sensory Attributes 1

1 2 3 4 5 6 7

General properties
SR −0.26 0.31 * −0.01 −0.03 0.09 −0.38 * 0.10
WL −0.29 * −0.01 0.21 −0.22 −0.11 0.01 0.07

Rheological properties
G′LVE (Pa) 0.17 −0.30 * 0.07 −0.03 −0.11 0.36 * −0.07
G′′LVE (Pa) 0.21 −0.31 * 0.05 −0.01 −0.11 0.37 * −0.08

γFR −0.12 0.28 −0.10 0.06 0.12 −0.34 * 0.06
k′ (Pa*s) 0.21 −0.31 * 0.05 −0.01 −0.11 0.37 * −0.08
k′′ (Pa*s) 0.23 −0.31 * 0.04 0.01 −0.10 0.37 * −0.09

η*s 0.37 * −0.29 * −0.08 0.12 −0.04 0.34 * −0.12
A 0.29 * −0.31 * 0.00 0.05 −0.08 0.37 * −0.10

Viscosity
η10 0.34 * −0.31 * −0.04 0.09 −0.06 0.36 * −0.11
η55 0.31 * −0.31 * −0.02 0.06 −0.07 0.37 * −0.11

Mechanical properties
Hardness 0.26 −0.31 * 0.01 0.03 −0.09 0.38 * −0.10

Fracturability 0.27 −0.31 * 0.01 0.03 −0.09 0.38 * −0.10
Brittleness 0.31 * −0.31 * −0.02 0.06 −0.07 0.37 * −0.11

Adhesiveness 0.40 * −0.23 −0.14 0.18 0.01 0.27 −0.12
E −0.40 * 0.22 0.15 −0.18 −0.01 −0.26 0.12

Consistency −0.29 * −0.31 * 0.00 0.04 −0.08 0.37 * −0.10

SR—serum release; WL—water content measured as weight loss (WL) during drying; E—Young’s modulus.
1 Sensory attributes: 1—hardness; 2—brittleness; 3—moisture; 4—springiness; 5—adhesiveness; 6—chewiness;
7—easy to swallow. * p < 0.05.

Correlations among the liking and sensory-textural attributes are presented in Table 7.
Overall liking was shown to positively correlate with consistency liking, taste, and ease to
swallow. In turn, liking consistency was positively related to perceived brittleness, moisture,
and swallowing ease. In agreement with the EMG data, perceived hardness and chewiness
were positively correlated. An inverse correlation among perceived hardness, moisture,
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and ease of swallowing was revealed. Perceived brittleness was positively correlated with
moisture (Table 7).

Table 7. Pearson’s correlations among liking and sensory attributes of PGs.

Liking and Sensory Attributes

1 2 3 4 5 6 7 8 9 10 11

Overall liking -
Consistency

liking 0.65 * -

Aroma 0.03 0.04 -
Taste 0.36 * 0.22 0.35 * -

Hardness −0.07 −0.22 0.08 0.08 -
Brittleness 0.22 0.39 * 0.41 * 0.50 * −0.12 -
Moisture 0.05 0.37 * −0.14 0.17 −0.32 * 0.31 * -

Springiness −0.16 0.12 0.43 * 0.07 0.27 0.23 0.19 -
Adhesiveness 0.14 −0.03 0.10 0.17 −0.12 0.18 0.18 −0.01 -

Chewiness −0.13 −0.20 −0.06 −0.06 0.62 * −0.20 −0.27 0.05 −0.10 -
Ease to swallow 0.32 * 0.43 * 0.18 0.24 −0.42 * 0.28 0.33 * −0.01 0.04 −0.36 * -

* p < 0.05.

Several studies have previously demonstrated the interrelationships between the
liking and sensory textural attributes of food gels. A study [47] discovered a positive
relationship between the hardness and chewability of k-carrageenan hydrogels and k-
carrageenan mixed with sodium alginate hydrogels. A sensory analysis of gels made
from three hydrocolloids showed a positive correlation between firmness and elasticity,
chewiness, and cohesiveness [42].

The correlation analysis of sensory attributes and oral-processing parameters revealed
a positive relationship between perceived springiness and temporal muscle activity, as
well as between perceived adhesiveness and bolus viscosity (Table 8). Chewiness was
positively correlated with masseter muscle activity and saliva uptake, but it was inversely
correlated with bolus viscosity. Easy swallowing was positively correlated with masseter
and temporal muscle activity.

Table 8. Pearson’s correlations between sensory attributes and oral-processing parameters of PGs.

Sensory Attributes 1

1 2 3 4 5 6 7

Duration −0.02 −0.17 −0.28 −0.02 −0.05 0.07 −0.12
Number of chews −0.02 −0.11 −0.27 −0.05 0.05 0.12 −0.13

MA (mV) 0.23 −0.04 −0.17 0.27 −0.05 0.31 * −0.46 *
TA (mV) 0.23 −0.13 −0.19 0.29 * −0.13 0.17 −0.55 *

MA (mV × s) 0.12 −0.10 −0.23 0.12 −0.06 0.23 −0.38 *
TA (mV × s) 0.12 −0.17 −0.28 0.13 −0.13 0.20 −0.42 *

Saliva uptake 0.23 −0.07 −0.16 0.03 0.02 0.36 * 0.08
Saliva incorporation rate 0.22 −0.02 −0.02 0.02 0.01 0.26 −0.04

Viscosity of bolus:
η10 −0.19 0.01 0.26 −0.06 0.14 −0.30 * 0.12
η55 −0.10 −0.01 0.14 −0.10 0.34 * −0.20 −0.06

MA and TA—masseter and temporalis muscle activity, respectively. 1 Sensory attributes: 1—hardness;
2—brittleness; 3—moisture; 4—springiness; 5—adhesiveness; 6—chewiness; 7—easy to swallow. * p < 0.05.

2.6. Simulated Digestibility of Pectin Hydrogels

The content of total sugars gradually decreased during the digestion of PG1, PG3, and
PG5 (Figure 6).

16



Gels 2023, 9, 225

Figure 6. The amount of total sugars measured using phenol-sulfur method released from PGs
during successive oral in vivo (OP) and gastrointestinal in vitro phases of digestion. SGF, SIF, and
SCF—simulated gastric, intestinal, and colonic fluids, respectively. Means with standard deviations
are given. Differences are significant (p < 0.05) between means labeled with different lowercase letters
(a and b); #—indicates significant differences vs. the previous phase (n = 6, p < 0.05).

Galacturonic acid was released predominantly after the digestion of PG1 in SIF and
SCF (Figure 7A). Galacturonic acid was slightly released from PG5 during the initial stages
of digestion (OP, SGF, and SIF) and in significant amounts during the SCF phase. The
release of galacturonic acid from PG3 had an intermediate intensity compared to PG1 and
PG5 in SIF and did not increase in SCF compared to SIF. During digestion in OP and SGF,
calcium was intensively released from the PGs regardless of pectin composition, probably
due to the strong destruction of the hydrogels’ structure during chewing in vivo (Figure 7B).
During digestion in SIF, calcium was released from PG3 and PG5 6.3 and 4.8 times less than
from PG1, respectively.

Figure 7. The amounts of galacturonic acid (GalA) (A) and calcium (B) released from PGs dur-
ing successive oral in vivo (OP) and gastrointestinal in vitro phases of digestion. SGF, SIF, and
SCF—simulated gastric, intestinal, and colonic fluids, respectively. Means with standard deviations
are given. Differences are significant (p < 0.05) between means labeled with different lowercase letters
(a, b, and c); #—indicates significant differences vs. the previous phase (n = 6, p < 0.05).

The release of calcium during in vivo chewing could be attributed to the release of
free calcium contained in the gel matrix rather than crosslinked calcium. The concentration
of crosslinked calcium for PG preparation was excessive and corresponded to a stoichio-
metric ratio (R = 2(Ca2+)/(COO−)) in the range of 4.1–5.7. The strongest gel was formed
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at R = 2–3 [48]. It was also suggested that high calcium concentrations may hinder the
formation of gel networks when R >> 1 [48].

Similarly, the large amounts of total sugars in the first phases of digestion were likely
due to the release of sucrose and not to the destruction of gel network polysaccharides.
According to galacturonic acid release data, the HP gel network was more resistant to
digestion than the AP gel network. The more stable HP hydrogel in the upper gastrointesti-
nal tract appeared to be a better fit than the AP hydrogel as a vehicle for the delivery of
biologically active substances to the colon.

3. Conclusions

The prospects for the use of HP as a hydrocolloid for the production of food gels were
evaluated. The advantages of HP food hydrogels compared with AP food hydrogels were
demonstrated regarding stronger structure and higher digestion resistance. Rheological
and textural measurements showed that the strength and number of linkages in the HP
hydrogels were higher than in the AP hydrogels, so increasing the HP content in the mixed
hydrogel increased its strength. The synergistic gelation between pectins occurred because
the Young’s modulus and tangent after flow point values were higher for mixed hydrogels
that contained equal amounts of AP and HP than for pure AP and HP hydrogels. Stronger
HP hydrogels increased chewing duration and intensity. More intense and longer oral
processing of HP hydrogels provided a ready-to-swallow bolus with the same viscosity
and salivary wetness as an AP hydrogel bolus. Untrained volunteers gave pectin hydrogels
high marks for overall and texture liking, indicating that they had a high potential for
consumer acceptance. Among the sensory textural attributes, HP was characterized by
reduced brittleness, which had a an inverse correlation with almost all the rheological
and mechanical properties. The main functional advantage of HP-containing hydrogels
was their resistance to digestion in the small intestine. Therefore, HP hydrogels could be
promising as a food matrix carrier of biologically active substances delivered to the large
intestine. Thus, new food hydrogels with new rheological, textural, and sensory properties
could be obtained from a mixture of low-methyl-esterified pectins with different structures.

4. Materials and Methods

4.1. Materials

The isolation and chemical properties of HP were previously described [14]. Ap-
ple pectin AU701 (Herbstreith & Fox GmbH, Neuemberg, Germany) was used as AP.
Table 9 shows the characteristics of AP and HP. Calcium gluconate was supplied by Zhe-
jiang Tianyi Food Additives (Tongxiang, Zhejiang, China); sucrose was purchased from a
local supermarket.

Table 9. Chemical characteristics of AP and HP.

Pectin
Monosaccharides (mol%) a

Rha/GalA RG-I% b (Ara +
Gal)/Rha c DM d Mw, kDa Mw/Mn

UA Gal Xyl Glc Rha Ara

HP 90.6 ± 0.7 3.2 ± 0.2 1.0 ± 0.3 0.5 ± 0.2 2.1 ± 0.1 3.3 ± 0.1 0.02 10.61 3.13 21 538 4.1
AP 89.5 ± 0.7 2.6 ± 2.6 3.8 ± 0.1 1.7 ± 0.1 1.6 ± 0.1 0.8 ± 0.5 0.02 6.61 2.14 43 401 5.2

a Data are calculated as molar percentages. b Rhamnogalacturonan I = 2Rhamnose% + Arabinose% + Galactose%.
c Average length of rhamnogalacturonan I side chains. d Degree of methyl esterification. UA: uronic acids; GalA:
galacturonic acid; Gal: galactose; Xyl: xylose; Glc: glucose; Rha: rhamnose; Ara: arabinose.

4.2. Preparation of Pectin Hydrogels

AP, HP (2 g), three different blend combinations of AP (1.5 g) and HP (0.5 g), AP (1 g)
and HP (1 g), or AP (0.5 g) and HP (1.5 g) were dissolved in deionized water (50 mL) with
the addition of sucrose (5 g). The solutions were heated (60 ◦C) under continuous magnetic
stirring (200 rpm) for 60 min for better dissolution and then cooled to room temperature.
Dialysis tubes with a pore size of 14 kPa (Sigma-Aldrich Co, St. Louis, UO, USA) were
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filled with the solutions obtained (50 mL) and were held in a solution of 0.3 M calcium
gluconate and 10% sucrose (200 mL) for 48 h at 25 ◦C for pectin gelling (Figure 8A).

Figure 8. Preparation of hydrogels. General scheme (A), a representative image of PG3 hydrogel
formed in a dialysis bag (B), and puck-shaped PG3 sample used for analyses (C).

Cylinder-shaped (7–8 cm high) hydrogels were formed (Figure 8B). After being re-
moved from the dialysis tubes, the hydrogels were washed with distilled water and cut
into single-serving puck-shaped pieces at a predetermined height for subsequent analyses
(Figure 8C). Five types of pectin hydrogels were obtained depending on the content of AP
and HP in the pectin mixture: PG1—4% AP; PG2—3% AP mixed with 1% HP; PG3—2%
AP mixed with 2% HP; PG4—1% AP mixed with 3% HP; and PG5—4% HP (Table 10).

Table 10. Final compositions of the five pectin gel samples.

Hydrogel AP (w/v %) HP (w/v %) Sucrose (w/v %)

PG1 4 - 10
PG2 3 1 10
PG3 2 2 10
PG4 1 3 10
PG5 - 4 10

4.3. Characterization of Pectin Hydrogels
4.3.1. General Characterization

The pH was determined for hydrogel aqueous homogenates (1:10 (w/v)) using an S20
SevenEasy™ pH meter (Mettler-Toledo AG, Schwerzenbach, Switzerland). The weight of
1 cm square hydrogel cubes (n = 8) was measured (AG245, Mettler Toledo International,
Greifensee, Switzerland) to determine the density as weight/volume. Weight loss (WL)
was determined using a gravimetric method [15].

4.3.2. Rheological Characterization of Pectin Hydrogels

A rotational-type rheometer (Anton Paar, Physica MCR 302, Graz, Austria) equipped
with a parallel plate geometry (diameter 25 mm; gap 4.0 mm) was used for the strain and
frequency sweep measurements.

Strain sweep evaluation was performed from 0.01 to 100% strain amplitudes using a
controlled shear rate mode at 20 ◦C at a constant frequency and stress of 1 Hz and 9.0 Pa,
respectively. The storage modulus (G′

LVE), loss modulus (G′′
LVE), loss tangent (tan δ) in

LVE, complex modulus (G*LVE), limiting value of strain (the strain at which biopolymers
enter from linear viscoelastic region to nonlinear viscoelastic region, γL), and stress at flow
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point (τFP) with the corresponding complex modulus (G*FP), fracture stress (τFr), and
slope of the loss tangent after flow point (tan δAF) were determined [20]. The shear strain
dependence of G′ and G′ was determined using the power law equation:

G′ = A′ × ωn′
, (1)

G′′ = A′′ × ωn′′
, (2)

where ω is the angular shear strain (%); A′ (Pa*s) and A′′ (Pa*s) are intercepts; and n′ and n′′
are the slopes of G′ and G′′ frequency dependence, respectively. A′ = A′′ is a measure of the
contribution of the viscous component in relation to the elastic component and represents
the overall loss tangent of the material.

For the frequency sweep experiments, the obtained mechanical spectra were charac-
terized by the values of G′ and G′′ (Pa) as a function of frequency in the range of 0.3–70.0
Hz at 20 ◦C and a constant stress of 9.0 Pa. The loss factor tan δ was calculated as the ratio
of G′′ and G′ [49]. The power law function [50] was expressed as follows:

η = Kc × yn, (3)

where η is the steady viscosity, Kc is the consistency constant, y is the shear rate, and n is
the power law index or flow behavior index.

The degrees of frequency dependence for G′ and G′′ were determined by the power
law parameters [51], which are expressed as follows:

G′ = k′ × ωn′
, (4)

G′′ = k′′ × ωn′′
, (5)

where G′ and G′′ are the storage and loss moduli, respectively; ω is the oscillation frequency
(Hz); and k′ and k′′ are constants. In addition, the complex dynamic viscosity frequency
dependence η*s was determined.

The strength of the network (A, Pa*s1/z) and the network extension parameter (z)
were evaluated as follows according to [52]:

G′ = G* × (ω) = A × ω1/z, (6)

where G* (Pa) is the complex modulus.

4.3.3. Instrumental Texture Characterization of Pectin Hydrogels

A puncture test (probe P/5 mm, depth 4 mm) for the PG1, PG2, PG3, PG4, and PG5
samples (0.4 cm high) was carried out using a TA-XT Plus (Texture Technologies Corp.,
Stable Micro Systems, Godalming, UK) instrument at room temperature.

Serum release was determined as the weight ratio of the released serum to the initial
weight of a hydrogel after compression to 80% of its original height at room temperature [53].

4.3.4. Characterization of Oral Processing of Pectin Hydrogels

Sixteen volunteers of both sexes without masticatory or swallowing dysfunctions
were involved equally in the research. Three test sessions were performed by each subject:
(1) EMG recording under unilateral chewing; (2) sensory score assessment; and (3) bolus
collection after free chewing. Puck-shaped pieces (~6 g, 1 cm high) of the hydrogel samples
(PG1, PG3, and PG5) were presented to each participant on a plastic spoon.

EMG activity from the superficial masseter and anterior temporalis was monitored us-
ing bipolar electrodes (11 × 25 mm) that were separated from each other by approximately
20 mm. Before EMG recording, participants were instructed to chew freely until it was easy
to swallow [53].
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Then, participants evaluated nine sensory attributes using a 100 mm visual analog
scale and acceptability using a 9-point hedonic scale [54].

In the third session, participants were asked to chew a fixed, preweighed quantity (6 g,
1 cm high) of PG1, PG3, or PG5 samples in a single mouthful and spit out the bolus just
before swallowing it. The weight of the wet bolus was calculated as the combined weight
of the expectorated material minus the weight of rinsing water [55]. Salivary uptake was
calculated using the following equation:

SU = (WB − WH)/WH × 100, (7)

where SU is saliva uptake (%), and the WB and WH are weights of the wet bolus (g) and
wet hydrogel sample (g), respectively. The rate of saliva incorporation (SIR) was calculated
using the following equation:

SIR = (WB − WH)/TC, (8)

where SIR is saliva incorporation (g/min), TC is the time of chewing (min), and WB and
WH are weights of the wet bolus (g) and wet hydrogel sample (g), respectively.

The apparent viscosities (flow curves) of the bolus were obtained at shear rates ranging
from 0.0001 to 100 s−1 at 37 ◦C using a rotational-type rheometer [42].

4.3.5. In Vivo Oral Phase (OP) and Static In Vitro Gastrointestinal Digestion

Six healthy volunteers chewed each type of hydrogel (4 g) 20 times and spat the bolus
into a beaker [56]. Immediately thereafter, 4.0 mL of water was added to the beaker, it was
stirred, and all the fluid was separated for analysis. The gel fragments were transferred
to a 20 mL sheathed glass container for further in vitro digestion. In vitro gastrointestinal
digestion was approached by a method [53] using SGF (pH 1.5, 0.08 M HCl, and 0.03 M
NaCl), SIF (pH 6.8, 0.05 M KH2PO4, and 0.02 M NaOH), and SCF (0.01 M KH2PO4, 0.05 M
NaHPO4, and pectinase: 1.7 mg/mL). The contents of galacturonic acid and calcium ions
were determined in the fluid after each phase of digestion. For this, aliquots (1–2 mL)
of incubation medium were taken and centrifuged, and the resulting supernatant was
precipitated with a fourfold volume of 96% ethanol. The precipitate was washed twice with
96% ethanol and dissolved with 3 mL of H2O. The resulting solution was used to determine
the content of galacturonic acid by the reaction of the sample with 3,5-dimethylphenol in
the presence of concentrated H2SO4 [57]. The alcohol supernatant was used to determine
the total amount of sugars using the phenol-sulfur method. The concentration of calcium
was determined using a Calcium-Agat kit (Agat-Med, Moscow, Russia).

4.4. Statistical Analysis

All statistical analyses were performed using Statistica 10.0 (StatSoft, Inc., Tulsa, OK,
USA). Results are presented as means ± standard deviations (SDs). The differences among
the means in serum release, the rheological and mechanical parameters, and the digestion
studies were estimated with one-way ANOVA and Tukey’s HSD test. A one-way repeated
ANOVA and Fisher’s LSD post hoc test were applied to determine differences in the
EMG, sensory, saliva, and bolus variables for different hydrogels. Pearson’s correlations
were calculated to study the relationships among the rheological, mechanical, and sensory
properties of the hydrogels.
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Abstract: The application of okara treated by a wet-type grinder (WG) is discussed in this paper. We
examined the effect of WG-treated okara on the mechanical properties and intermolecular forces in
soybean protein isolate (SPI) gels. SPI gels were prepared with varying amounts of WG-treated okara,
and compression tests were performed. Protein solubility was also examined by homogenizing the
gel in four different solutions (S1, 0.6 M sodium chloride (NaCl); S2, 0.6 M NaCl and 1.5 M urea; S3,
0.6 M NaCl and 8.0 M urea; and S4, 1.0 M sodium hydroxide). The gel with WG-treated okara had
higher breaking stress but not breaking strain. In contrast, the protein solubility in S3 was lower than
those of the gel without okara or with WG-untreated okara. A negative correlation (R2 = 0.86) was
observed between breaking stress and protein solubility in S3. These results suggest that WG-treated
okara enhanced the hydrophobic interactions of SPI gels because protein solubilization by S3 is
caused by the differences in hydrophobic interactions.

Keywords: wet-type grinder; okara; soybean protein isolate; gel; intermolecular forces

1. Introduction

Okara is a soybean residue and rich in dietary fiber, which contains mainly insol-
uble forms such as cellulose and hemicellulose [1]. In contrast, soybean protein isolate
(SPI) is often used to replace animal proteins in food production because of sustainability
assurance [2].

Many studies have been conducted to improve the physicochemical properties of
cellulose and okara [3–5]. These studies suggested the usefulness of decreasing the particle
size of okara and cellulose to improve the properties of protein-based gel food [6–12]. Ultra-
high-pressure homogenization (UHPH) was applied to soybean flour for tofu production.
UHPH decreased the particle size of soybean flour, and the hardness of tofu prepared
from UHPH-treated soybean flour was similar to that of the control tofu [6]. The effect
of nano-sized and micro-sized okara on the gel properties of tofu and silver carp surimi
has been investigated [7,8]. Nano-sized okara was well distributed in the gel matrices and
provided a less gritty mouthfeel than that of micro-sized okara [7]. The breaking force
and penetration distance of the surimi gels increased with the increase in concentration
of nano-sized okara. Light microscopy images showed that nano-sized okara was well
distributed in surimi gels, whereas micro-sized okara was not [8]. Additionally, the effects
of regenerated cellulose, bacterial cellulose (BC) microfibrils, and cellulose nano-crystals
(CNC) on the gel properties of whey protein gels were studied. The addition of regenerated
cellulose to acid-induced whey protein gels increased their storage modulus G′ [9]. BC
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microfibrils also increased the storage modulus G′ of whey protein gels [10]. The water-
holding capacity and gel strength of whey protein gels increased with the increase in CNC
concentration from 0% to 1.0% [11].

In our previous study, we used a wet-type grinder (WG) to improve the physico-
chemical properties of okara because WG is used to produce nano-cellulose [4,13,14]. We
examined its effect on the mechanical properties and water-holding capacity of magnesium
chloride-induced SPI gels. When the suspensions of okara were treated with a WG, the
viscosity increased, and the dispersion performance improved with increasing WG passage.
The breaking stress, strain, and water-holding capacity of SPI gels also increased with
the addition of WG-treated okara [12]. These results demonstrate that WG-treated okara
improves the gel properties of SPI. However, the mechanism of action remains unclear.

In this study, the effects of WG-treated okara on the mechanical properties and inter-
molecular forces of WG-treated okara–SPI gels were investigated to explore the mechanism
by which WG-treated okara improves the gel properties of SPI. SPI gels were prepared with
varying amounts of WG-treated okara, and compression measurements were performed.
Protein solubility was examined by homogenizing the gels in four different solutions to
understand the intermolecular forces required to form WG-treated okara–SPI gels.

2. Results and Discussion

2.1. Effect of WG-Treated Okara on the Mechanical Properties of SPI Gels

Heat-induced SPI gels were prepared by adding 3%, 5%, 10%, and 15% WG-untreated
or treated low-protein okara, and their mechanical properties were measured using com-
pression measurements (Figures 1 and 2). The breaking stress of the SPI gels after adding
WG-untreated and treated okara increased, whereas the breaking strain of these gels did
not increase. The breaking stress of the SPI gels containing WG-treated okara was higher
than that of the SPI gels containing WG-untreated okara. These results indicate that WG-
treated okara increases the breaking stress of the SPI gels but not the breaking strain. In
our previous study, we demonstrated that the addition of WG-treated okara increases the
breaking stress and strain of magnesium chloride-induced SPI gels. This effect increased
with the increase in number of WG treatments. The breaking stress and strain of WG-treated
okara–SPI gels also increased with the increase in concentration of WG-treated okara [12].
In addition, the effect of CNC and microcrystalline cellulose (MCC) on the gel properties
of glucono-δ-lactone-induced SPI gels was investigated. The gel strength and storage
modulus G′ of CNC-SPI gels increased with the increase in CNC concentration from 0% to
0.75%, whereas the gel strength and storage modulus G′ of MCC-SPI gels decreased [15].
The results in the present study are in line with these studies.
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Figure 1. Breaking stress in okara–soybean protein isolate (SPI) gels. (a), 3% okara–SPI gels; CO,
control SPI gel (15.52% SPI); UO, wet-type grinder (WG)-untreated okara–SPI gel (15.52% SPI and
0.48% WG-untreated okara); WGO, WG-treated okara–SPI gel (15.52% SPI and 0.48% WG-treated
okara). (b), 5% okara–SPI gels; CO, control SPI gel (15.20% SPI); UO, WG-untreated okara–SPI gel
(15.20% SPI and 0.80% WG-untreated okara); WGO, WG-treated okara–SPI gel (15.20% SPI and 0.80%
WG-treated okara). (c), 10% okara–SPI gels; CO, control SPI gel (14.40% SPI); UO, WG-untreated
okara–SPI gel (14.40% SPI and 1.60% WG-untreated okara); WGO, WG-treated okara–SPI gel (14.40%
SPI and 1.60% WG-treated okara). (d), 15% okara–SPI gels; CO, control SPI gel (13.60% SPI); UO,
WG-untreated okara–SPI gel (13.60% SPI and 2.40% WG-untreated okara); WGO, WG-treated okara–
SPI gel (13.60% SPI and 2.40% WG-treated okara). Different letters indicate significant differences
(p < 0.05).

Figure 2. Breaking strain in okara–soybean protein isolate (SPI) gels. (a), 3% okara–SPI gels; (b), 5%
okara–SPI gels; (c), 10% okara–SPI gels; (d), 15% okara–SPI gels. CO, control SPI gel; UO, wet-
type grinder (WG)-untreated okara–SPI gel; WGO, WG-treated okara–SPI gel. SPI concentrations
and WG-untreated and treated okara in 3%, 5%, 10%, and 15% okara–SPI gels are indicated in the
Figure 1 legend.
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2.2. Effect of WG-Treated Okara on the Intermolecular Forces of SPI Gels

Protein solubility in salts, denaturants, and reducing agents was investigated to
understand molecular forces involved in the formation of protein gels [16]. Deng et al. [17]
assessed protein solubility by homogenizing egg white gels in four different solutions (S1,
0.6 M NaCl; S2, 0.6 M NaCl and 1.5 M urea; S3, 0.6 M NaCl and 8.0 M urea; and S4, 0.6 M
NaCl, 8.0 M urea, and 0.5 M 2-mercaptoethanol (2-ME)) to evaluate electrostatic interactions,
hydrogen bonds, hydrophobic interactions, and disulfide bonds, respectively [17]. In this
study, we used 1.0 M NaOH as S4 and examined protein solubility by homogenizing SPI
gels in four different solutions. There were no differences in protein solubility in S1, S2, and
S4 among the untreated, WG-untreated okara, and WG-treated okara–SPI gels. However,
the protein solubility of WG-treated okara–SPI gels in S3 was lower than that of the without
okara and with WG-untreated okara added SPI gels (Figure 3).

Figure 3. The protein solubility by homogenizing the okara–soybean protein isolate (SPI) gels in the
four solutions (S1–S4). (a), 3% okara–SPI gels; (b), 5% okara–SPI gels; (c), 10% okara–SPI gels; (d), 15%
okara–SPI gels. S1, 0.6 M sodium chloride (NaCl); S2, 0.6 M NaCl and 1.5 M urea; S3, 0.6 M NaCl
and 8.0 M urea; S4, 1.0 M sodium hydroxide. CO, control SPI gel; UO, wet grinder (WG)-untreated
okara–SPI gel; WGO, WG-treated okara–SPI gel. SPI concentrations and WG-untreated and treated
okara in 3%, 5%, 10%, and 15% okara–SPI gels are indicated in the Figure 1 legend. Different letters
indicate significant differences (p < 0.05).

The two major components of SPI are 7S globulin (7S) and 11S globulin (11S). The
effects of various reagents on the formation of the heat-induced gels of 7S, 11S, and SPI have
been previously studied [18–20]. Electrostatic interactions and disulfide bonds are involved
in the formation of 11S gels, whereas hydrogen bonding and hydrophobic interactions
primarily contribute to the formation of SPI gels [18]. In the 7S gelation process, gel
formation was inhibited during the heating process with increasing concentrations of
sodium thiocyanate, which hindered hydrophobic interactions. Furthermore, the gel was
not formed in the presence of more than 4 M guanidine hydrochloride, which prevented
hydrogen bonding and hydrophobic interactions. These results suggest that hydrogen
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bonding and hydrophobic interactions are involved in the formation of 7S gels [19]. The
role of disulfide bonding in the mechanical properties and gel structures of 11S and SPI
was also studied using 2-ME, which inhibited disulfide bond formation. The 11S gels
showed a higher storage modulus G′ and denser gel networks than those of the SPI gels.
With the increase in concentration of 2-ME, the storage modulus G′ and density of the gel
structures of 11S gels decreased, but those of the SPI gels did not change significantly [20].
These studies indicated that hydrogen bonding and hydrophobic interactions are primarily
involved in forming SPI gels.

In this study, the WG-treated okara strengthened the intermolecular forces involved
in the formation SPI gels that were solubilized in S3 (0.6 M NaCl and 8 M urea). In contrast,
there are no differences in protein solubility by S2 (0.6 M NaCl and 1.5 M urea) (Figure 3).
According to Pérez-Mateos et al. [16], 1.5 M urea reduced hydrogen bonding, whereas
8.0 M urea decreased hydrogen bonding and hydrophobic interactions. It is suggested that
during the formation of SPI gels, hydrophobic interactions are enhanced by the addition of
WG-treated okara [16,17].

2.3. Relationship between Mechanical Properties and Intermolecular Forces in Okara–SPI Gels

Because upon addition of WG-treated okara the breaking stress of the SPI gel increased,
and the protein solubility of the SPI gel in S3 decreased compared with those of the SPI
gels without okara or with WG-untreated okara, we examined the relationship between
breaking stress or strain and protein solubility in S3 (Figure 4). A negative correlation
(R2 = 0.86) was observed between breaking stress and protein solubility in S3, whereas no
correlation was observed between breaking strain and protein solubility in S3.

Figure 4. The relationship between breaking stress (a) or strain (b) and protein solubility in S3 (0.6 M
NaCl and 8.0 M urea).

In previous studies, Fourier transform infrared analysis revealed that the band at
1618 cm−1 (associated with the intermolecular β-sheet structure) increased with the forma-
tion of 7S and 11S heat-induced gels. In 7S and 11S, the value of the storage modulus G′
correlated well with the increase in the band at 1618 cm−1 (R = 0.93) [21]. Additionally, the
effect of sugarcane fiber, wheat bran cellulose, or CNC on the rheological properties and
structure of SPI or myofibrillar protein gels was investigated. Adding these fibers to protein
gels increased their water-holding capacity and gel strength. Raman spectra showed that
the formation of the β-sheet structure increased with increasing concentrations of these
fibers [22–24]. These studies suggest that WG-treated okara enhances the intermolecular
β-sheet structure formed in the WG-treated okara–SPI gels.
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3. Conclusions

SPI gels were prepared with varying amounts of WG-treated okara, and compression
measurements were performed. WG-treated okara increased the breaking stress but not the
breaking strain of SPI gels. Protein solubility was examined by homogenizing the gels in
four different solutions. WG-treated okara strengthened the intermolecular forces that were
homogenized in S3 (0.6 M NaCl and 8.0 M urea) to form SPI gels. A significant negative
correlation was observed between breaking stress and protein solubility in S3 (R2 = 0.86).
These results suggest that the WG-treatd okara increases breaking stress and enhances the
hydrophobic interactions of SPI gels. This study will pave the way for future studies on
developing protein-gel-based food using nano-fiber technologies.

4. Materials and Methods

4.1. Materials

Defatted okara (Newproplus 1000) and SPI (Fujipro F) were obtained from Fuji Oil
(Izumisano, Japan). According to the manufacturer, Newproplus 1000 contains 6.0% water,
20.7% protein, 0.2% fat, 69.1% carbohydrates (63.7% dietary fiber), and 4.0% ash; Fujipro F
contains 5.0% water, 86.3% protein, 0.2% fat, 4.0% carbohydrates, and 4.5% ash.

4.2. Preparation of Low-Protein Okara and WG-Treated Okara

The schematic diagram of the preparation procedure for low-protein okara is shown
in Figure 5. A 1 M sodium hydroxide (NaOH) solution was added to the okara and stirred
at 60 ◦C for 30 min to elute the proteins. The alkali-treated okara was centrifuged (9876× g,
10 min) to obtain the precipitate. Next, the precipitate was centrifuged four times with
10-fold distilled water. The amount of protein was determined using the Kjeldahl method
and was found to be reduced from 17.54 ± 0.72% to 2.38 ± 0.01%. For WG-treated okara
preparation, the 2 wt% low-protein okara dispersion was pulverized five times using a WG
(MKCA6-2, Masuko Sangyo, Kawaguchi, Japan) with a − 0.15 mm gap at 1540 rpm of the
stone disk.

Figure 5. Schematic diagram for the preparation procedure of low-protein okara.

4.3. Preparation of Okara–SPI Gels

The preparation procedure for okara-SPI gels is shown in Figure 6. The total content
of okara and SPI was adjusted to 16% and okara and concentrations of WG-treated or
unteated okara and SPI for the preparation of okara–SPI gels are shown in Table 1. For
okara–SPI gel preparation, SPI powder was hydrated by mixing with the WG-treated okara
slurry and dispersed using a homogenizer (IKA Ultra-Turrax T8 Disperser, IKA Japan K.K.,
Higashiosaka, Japan). After adding 1% sodium chloride (NaCl), the sol was degassed and
poured into the casing (inner diameter: 30 mm). The casing was heated at 80 ◦C for 30 min
in a water bath (FSGPD05; Fisher Scientific International, Hampton, NH, USA).
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Figure 6. Schematic diagram of the preparation procedure for okara-soybean protein isolate (SPI) gels.

Table 1. Concentrations of wet-type grinder (WG)-treated or untreated okara and soybean protein
isolate (SPI) for the preparation of okara–SPI gels.

WG-Treated or Untreated Okara SPI

3% okara–SPI 0.48% 15.52%
5% okara–SPI 0.80% 15.20%

10% okara–SPI 1.60% 14.40%
15% okara–SPI 2.40% 13.60%

The total content of okara and SPI was adjusted to 16%.

4.4. Compression Measurements

Compression measurements were performed using a texture analyzer (TA-XT2iHR,
Stable Micro Systems, Godalming, Surrey, UK) attached to a 5 kg load cell at 25 ◦C. A
cylindrical plunger with a diameter of 50 mm was used to sample the gels (30 mm diameter
and 30 mm height) at a compression speed of 1 mm/s. At least six gels were examined in
each experiment.

4.5. Protein Solubility

To evaluate the intermolecular forces involved in the formation of a gel, the protein
solubility in four different solutions (S1, S2, S3, and S4) was examined using a protocol
modified from a method described by Deng et al. [17]; S1, 0.6 M NaCl; S2, 0.6 M NaCl and
1.5 M urea; S3, 0.6 M NaCl and 8.0 M urea; and S4, 1.0 M NaOH [16].

Gels (1 g) in a 9 mL solution (S1, S2, S3, or S4) were homogenized at 12,000 rpm for
30 s and centrifuged (20,000× g, 10 min). The amount of protein in the supernatant was
determined using the BCA protein assay kit (Thermo Fisher Scientific, Waltham, MA, USA).
At least three gels were examined at each point in each experiment.

4.6. Statistical Analyses

Data represent the mean ± standard deviation. Statistical significance was calculated
using one-way analysis of variance followed by Tukey’s post hoc test using the Origin 2020b
software (Origin Lab, Northampton, MA, USA). The data were considered statistically
significant at p < 0.05.
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Abstract: This paper focuses on the effect of malondialdehyde-induced oxidative modification
(MiOM) on the gel properties of duck myofibrillar proteins (DMPs). DMPs were first prepared
and treated with oxidative modification at different concentrations of malondialdehyde
(0, 0.5, 2.5, 5.0, and 10.0 mmol/L). The physicochemical changes (carbonyl content and free thiol
content) and gel properties (gel whiteness, gel strength, water holding capacity, rheological properties,
and microstructural properties) were then investigated. The results showed that the content of protein
carbonyl content increased with increasing MDA oxidation (p < 0.05), while the free thiol content
decreased significantly (p < 0.05). Meanwhile, there was a significant decrease in gel whiteness; the
gel strength and water-holding capacity of protein gels increased significantly under a low oxidation
concentration of MDA (0–5 mmol/L); however, the gel strength decreased under a high oxidation
concentration (10 mmol/L) compared with other groups (0.5–5 mmol/L). The storage modulus and
loss modulus of oxidized DMPs also increased with increasing concentrations at a low concentration
of MDA (0–5 mmol/L); moreover, microstructural analysis confirmed that the gels oxidized at low
concentrations (0.5–5 mmol/L) were more compact and homogeneous in terms of pore size compared
to the high concentration or blank group. In conclusion, moderate oxidation of malondialdehyde
was beneficial to improve the gel properties of duck; however, excessive oxidation was detrimental
to the formation of dense structured gels.

Keywords: malondialdehyde; duck meat; myofibrillar proteins; physicochemical changes; gel properties

1. Introduction

In general, myofibrillar proteins are important biological function proteins. The con-
tent of myosin and actin exceeds 2/3 of them. Myofibrillar proteins have better functionality
and changes in their structure lead to changes that produce good textural characteristics,
whose gel characteristics are the basis of processed minced meat products and directly
affect the sensory properties of the final meat product [1]. In particular, oxidative modifi-
cations show the most pronounced effects. Oxidation of proteins can weaken the protein
interactions and thus alter their gel formation, which has an impact on the quality of the
cleavage, and intermolecular interactions lead to secondary/tertiary structural changes
in the protein [2]. Side chains contain amino acids such as arginine, tyrosine, leucine,
cysteine, phenylalanine, histidine, tryptophan, proline, lysine, and methionine, which are
very sensitive to the action of reactive oxygen species (ROS) [3]. Among them, histidine,
being highly sensitive to sulfide centers, could be oxidized at lower ROS concentrations,
while leucine and proline are converted to hydroxyl derivatives. In addition, lysine is more
likely to form carbonyl residues under metal catalysis [4]. Sulfur-containing amino acids
such as cysteine are most susceptible to oxidation by free radicals, which is reversible, and
it has some cyclic oxidation and reduction [5].

Gels 2022, 8, 633. https://doi.org/10.3390/gels8100633 https://www.mdpi.com/journal/gels
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It is known that malondialdehyde (MDA) is naturally produced under meat processing
conditions and is the most abundant individual aldehyde produced by lipid peroxidation.
At certain ionic strengths, MDA can further promote gelation of myofibrillar proteins [6].
Zhou et al. [7] found that gels are formed by the solubilization of myofibrillar proteins at
certain ionic strengths and form nondisulfide covalent bonds with MDA, a secondary fat
oxidation product. Previous studies have also confirmed that the secondary and tertiary
structures of myofibrillar proteins are readily altered by oxidation, leading to the unfold-
ing of myofibrillar protein structures, which further promotes effective protein-protein
interactions [8]. Thus, the oxidation of protein structures leads to changes in their physical
properties, which are related to the degree of oxidation of the protein, and in general,
the longer the oxidation time, the worse the functional properties of the protein [9]. It is
also important to mention that, according to Wang et al. [10], mild oxidation facilitates
the formation of an elastic gel lattice structure, while excessive oxidation decreases the
copolymerization force and elasticity of the gel. MDA can also bind to proteins, altering
protein interactions and further leading to changes in the functional properties of myofib-
rillar proteins in processed muscle foods. Xiong et al. [11] concluded that MDA can change
the conformation of myofibrillar proteins by altering their side chains and polypeptide
backbone. In addition, MDA can react with the amino group of myofibrillar proprotein to
produce a strong Schiff-base-type intermolecular cross-linking, which also promotes gel
formation [12]. However, few studies have been conducted on the mechanism of action
of MDA on duck myofibrillar proteins (DMPs), which has been selected as an effective
secondary oxidation product during lipid metabolism. Therefore, we hypothesized that
direct incubation of MDA with DMPs could alter the structure of DMPs, leading to affect
the formation of compact and rigid gels. The aim of this study was to investigate the effect
of oxidative modification of malondialdehyde on the physicochemical changes and gel
properties of DMPs, aiming to provide a basis for controlling the degree of meat oxidation
and the rational use of oxidants.

2. Results and Discussion

2.1. Morphological Observation

Figure 1 shows the results of malondialdehyde-induced oxidation modification on
the gel morphology of duck myofibrillar proteins (DMPs). As shown in Figure 1, the
gel morphological state of the DMP samples (dissolved in 0.6 M NaCl) changed from
solution to gel as the MDA concentration increased. It also clearly showed that gel samples
treated at higher concentrations of MDA (0.5, 2.5, 5.0, 10 mM) became brown and gel-like
and did not collapse easily, while the blank group without MDA remained sol-like and
flowed easily.

Figure 1. Morphology observation of duck myofibrillar proteins gels treated with different malondi-
aldehyde concentrations (0, 0.5, 2.5, 5.0, and 10.0 mmol/L).

2.2. Carbonyl Content and Free Thiol Content Changes

Protein carbonylation is an important oxidation reaction of proteins that leads to the
oxidation of new carbonyl groups due to their -NH- or -NH2 groups on the side chains of
amino acids [4]. Figure 2a shows the changes in the carbonyl content of the samples after
oxidative treatment with different concentrations of MDA. The protein carbonyl content
of the samples treated in the absence of MDA was 2.52 nmol/mg protein. The carbonyl
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content of DMPs increased significantly (p < 0.05) with increasing MDA concentration from
0 to 10 mmol/L, because MDA could be added to primary amines in protein molecules in a
certain ratio to produce enamine adducts, resulting in new carbonyl groups. In addition,
the molecular structure of MDA is composed of two carbonyl groups combined, where the
oxidation of one MDA molecule with the protein can introduce another carbonyl group at
the same time. In general, MDA could act on the nucleophilic side chain groups of cysteine,
histidine, and lysine residues, which then react to form the Schiff base [13].

Figure 2. Changes in carbonyl content (a) and free thiol content (b) of duck myofibrillar proteins
treated with different malondialdehyde (MDA) concentrations (0, 0.5, 2.5, 5.0, and 10.0 mmol/L).
Different letters (a–e) indicate significant difference (p < 0.05).

In proteins, sulfhydryl groups are much reactive, so sulfur-containing amino acid
residues can easily interact with each other to produce disulfide bonds, and the earliest
oxidation of sulfhydryl groups in proteins can lead to changes in protein structure, which,
in turn, can have some effects on protein function [14]. As shown in Figure 2b, the free thiol
content of DMPs decreased gradually from 25.62 to 9.58 nmol/mg of protein with increasing
MDA concentration, which was due to the exposure of endogenous sulfhydryl groups
during the breakdown of the protein structure and exposure to pro-oxidant compounds,
resulting in a constant decrease in the total amount of free thiol groups, as confirmed
by the recent findings of Soglia et al. [15]. Previous reports have also indicated that the
loss of sulfhydryl groups in plasma proteins occurs due to the interaction between the
sulfhydryl groups of proteins and the α, β-Michael addition of unsaturated aldehydes [16].
In addition, MDA is electrophilic and can preferentially abstract hydrogen atoms from the
free thiol group of cysteine, leading to a decrease in free thiol content [17].

2.3. SDS-PAGE Profile Analysis

As shown in Figure 3, the intensity of myosin heavy chain (MHC) bands was largely
diminished in samples under nonreducing conditions (without Dithiothreitol, -DTT) after
treatment with 2.5, 5.0, and 10.0 mmol/L MDA, respectively. Other bands of myofibrillar
proteins disappeared (actin bands were slightly blurred) when the MDA concentration ex-
ceeded 2.5 mmol/L, a phenomenon indicating that with increasing oxidation concentration,
protein cross-linking overloaded. Under reducing conditions (with dithiothreitol, +DDT),
similar results were found as under nonreducing conditions (-DTT), where the disappeared
myosin heavy chain components were not recovered and the large polymer remained in
the loaded part of the gel, indicating that the cross-linking was not essentially through
disulfide bonds or similar mechanisms and that the covalent bonds of this cross-linking
were strong and difficult to break. It is important to mention here that fewer polymers were
formed under nonreducing conditions compared to reducing conditions. We supposed that
this might be due to the excessive cross-linking of proteins caused by high concentrations
of MDA, forming polymers of very high molecular weight that simply cannot enter the
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separating gel [18]. Riley and Harding [19] reported that malondialdehyde can react with
lens proteins to form covalent cross-linkages with nondisulfide bonds. Oxidative modifica-
tion at different concentrations of MDA with 0.6 mmol/L NaCl resulted in the unfolding of
myosin, which increased action sites, and also the formation of non-disulfide bonds was
not conducive to separation between myosin and related proteins by SDS-PAGE. In the
presence of MDA, the cross-linking of proteins caused by nondisulfide bonds is more likely
to be associated with the formation of Schiff bases as described above. Recent findings also
suggest that protein aggregation occurs in the MDA-induced oxidation system. Myosin is
involved in gel formation through nondisulfide covalent bonds [20]. Disulfide bonds are
responsible for most of the cross-linking and malondialdehyde also seems to contribute
to cross-linking [11].

MHC 

Actin 

180 KD 

130 KD 

72 KD 

95 KD 

55 KD 

43 KD 

34 KD 

26 KD 

17 KD 

10 KD 

Figure 3. SDS-PAGE pattern changes of duck myofibrillar proteins treated with different malondi-
aldehyde concentrations (0, 0.5, 2.5, 5.0, and 10.0 mmol/L).

2.4. Gel Strength and Water Holding Capacity Analysis

Gel strength is an important quality characteristic of protein gels. As shown in
Figure 4a, the oxidative modification induced by MDA played an important role in affecting
the gel strength. It is clearly shown that the gel strength of the sample increased significantly
from 0.02 N to 0.23 N with increasing MDA concentration. This could be due to the creation
of more cross-linking among proteins through nondisulfide bonds and disulfide bonds
during the thermal treatment of the gel, and the formation of these covalent bonds promoted
the strengthening of the gel structure; thus, the gel strength of the sample was improved [21].
However, when comparing the 5 mmol/L treatment group with the 10 mmol/L treatment
group, gel strength decreased significantly with the further increase in MDA concentration
(p < 0.05). The reason could probably be due to the oxidation at high concentrations leading
to the formation of excessive covalent bonds, which, in turn, might have promoted the
degradation of proteins and decrease in gel strength [22]. Previous studies have shown
that disulfide and other covalent bonds are enhanced, leading to protein cross-linking
and aggregation, which affects gel strength, while enhancing the degradation of actin
and troponin-T [23].
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Figure 4. Changes in gel strength (a), water holding capacity (b), and whiteness (c) of duck myofib-
rillar proteins treated with different malondialdehyde (MDA) concentrations (0, 0.5, 2.5, 5.0, and
10.0 mmol/L). Different letters (a–d) indicate significant difference (p < 0.05).

Similar to gel strength, analysis of the water holding capacity of gels can also reflect
the quality of differently treated myofibrillar protein gels. The water holding capacity
of a gel is related to the spatial structure of the gel and is a response to the ability of the
gel to retain water molecules [24]. As shown in Figure 4b, the water holding capacity
(WHC) of the gel samples increased continuously with the increase of MDA concentration
(0–10 mmol/L), from 65.6% initially to 85.55%, and the trend of its water holding capacity
was basically consistent with that of the carbonyl group. It could be speculated that MDA
promoted the carbonylation of proteins and was responsible for the formation of protein
crosslinks throughout the incubation treatment, thus changing the reticular structure of the
gels and promoting the improvement of the water holding capacity of the gels [25].

As shown in Figure 4c, whiteness decreased significantly with increasing MDA content,
and the results indicate that the brightness, redness, and yellowness values of the gels
were significantly affected, which corresponds to the morphological observations described
previously. Xia et al. [26] also found that repeated thawing and freezing treatments of meat
caused nonenzymatic oxidation reactions between fat oxidation products and amino acids
in proteins, leading to a decrease in their whiteness.

2.5. Rheological Characterization

Storage modulus is an important parameter during the determination of dynamic
rheological properties, which is shown in Figure 5a. First, when the MDA concentration was
0, the curve peaked from 25 ◦C to 46.5 ◦C; afterward, the curve gradually decreased until
70.1 ◦C, and then the curve continued to increase until the end of the test, indicating that
46.5 ◦C was the gel point of myofibrillar protein gel. In the temperature interval from 25 to
46.5 ◦C, DMPs underwent high-temperature denaturation, which exposed its amino acids
and led to changes in the gel structure, resulting in the formation of a gel with high elasticity;
in the temperature interval from 46.5 to 70.1 ◦C, the original gel matrix was destroyed, and
in the interval from 70.1 to 80 ◦C, the ordered cross-linking of disulfide bonds continued,
resulting in the formation of a stable, uniform, dense, and three-dimensional elastic network
with high energy density. At low MDA concentrations (0–5 mmol/L), the storage modulus
trends were similar among different MiOM groups, but the final storage modulus increased
significantly with increasing MDA oxidation concentrations. It should be emphasized here
that the storage modulus of the 10 mmol/L treatment group was lower when compared
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with the 5 mmol/L treatment group. This confirmed that when treated at relatively lower
oxidation concentrations of MDA, protein–protein interactions were enhanced, producing
better binding ability among the proteins, whereas excessive oxidation concentrations of
MDA oxidation could lead to ultra-aggregation and shrinkage of the protein gel, which
was detrimental to the gel-forming ability of DMPs, as described by the previous results on
gel strength of the DMPs.

Figure 5. Storage modulus (a) and loss modulus (b) changes during heating of duck myofibrillar
proteins treated with different malondialdehyde concentrations (0, 0.5, 2.5, 5.0, and 10.0 mmol/L).

The trend of the loss modulus (Figure 5b) was roughly similar with changes in the
storage modulus mentioned above. The loss modulus curve (0 mmol/L) first peaked at
43.1 ◦C and then gradually decreased and leveled off at 56 ◦C. Figure 5b also clearly shows
a gradual increase in the loss modulus of samples treated at different MDA concentrations
(0.5–5 mmol/L) until about 70 ◦C, decreasing afterward, which might be due to the de-
struction of the previously formed gel matrix with increasing temperature [27]. In addition,
the curves of the loss modulus under 10 mmol/L MDA oxidation were generally lower
when compared with those of 2.5 mmol/L and 5 mmol/L treatment groups. These results
coincided with the previous results of gel strength.

2.6. Nuclear Magnetic Characterization

Figure 6 shows the effect of malondialdehyde concentration on the changes in relax-
ation time (T2) of the gels of DMPs. As shown in the figure, three typical peaks were found,
with one peak appearing at 20–96 ms, a larger peak at 131–446 ms, and another peak after
800 ms. Our previous paper found that DMP gels generally show three peaks in the fitted
NMR relaxation curves, corresponding to moderately immobilized water, immobilized
water, and free water, respectively [28]. That is, T21 represents moderate immobilized
water with peaks between 20 and 96 ms, T22 represents immobilized water with peaks
between 131 and 446 ms, and T23 represents free water with peaks after 800 ms. In general,
DMPs cross-link with each other to form a three-dimensional structure, locking up a large
number of water molecules and forming immobilized water, which is understandable. Our
results also showed that the area of T22 (immobilized water) increased with increasing
MDA concentration (from 0 to 5.0 mmol/L). In addition, a decreasing trend of peak area
could be found for the 10 mmol/L treatment group when compared with 2.5 and 5 mmol/L
treatment groups. In addition, there was a decreasing trend of T23 (free water) with increas-
ing MDA concentration, suggesting that especially low concentrations of MDA help to
convert free water to immobilized water and reduce the free water content. These results fit
well with the previous discussed results in water holding capacity, and correspond to the
finding of Wang et al. [29] that the fraction of free water decreased from 7.66% to 0.15% with
increasing MDA addition from 0 to 50 mM. Furthermore, the relaxation component (bound
water) disappeared with the addition of MDA, mainly due to the increase in flexibility
and surface hydrophobicity of the protein. Xia et al. [30] also reported that WHC had
a significant positive correlation with the percentage of immobile water and a negative
correlation with carbonyl content and T23.
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Figure 6. Effect of different malondialdehyde concentrations (0, 0.5, 2.5, 5.0, and 10.0 mmol/L) on
the distribution of the T2 of duck myofibrillar proteins gel. T2 = spin–spin relaxation times (ms) for
different types of water.

2.7. Gel Microstructure Analysis

The results of the gel microstructure analysis are shown in Figure 7. The samples
treated with relatively low MDA concentrations (2.5 and 5 mmol/L) showed a better gel
mesh structure, which were gradually tightened to form an ordered structure with uniform
pore size. This result was consistent with the enhancement of gel strength as described
previously. In contrast, the gel structure remained firm after 10 mmol/L MDA treatment,
and the depression of the gel surface structure could be easily found in the figure, which
could be explained by the weakening of the gel strength in our previous results. These
results clearly indicated that the mesh structure of the gels could be improved at relatively
mild MDA oxidation [31]. Similar results were reported by Zhou et al. [32]. Higher MDA
could cause the collapse of the gel due to the presence of excessive covalent bonds.

(a) (b)

(c) (d)

(e)

Figure 7. Gel microstructure analysis of duck myofibrillar proteins treated with malondialdehyde
(MDA) concentrations of 0 mmol/L (a), 0.5 mmol/L (b), 2.5 mmol/L (c), 5.0 mmol/L (d), and
10.0 mmol/L (e).
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3. Conclusions

MDA-induced oxidation can change the physicochemical structure of DMPs, such as
a significant increase in carbonyl content and a significant decrease in free thiol content; in
addition, gel whiteness and WHC showed a decreasing trend. It should be mentioned that
under proper oxidation conditions, the protein gel hardness increased significantly at low
concentrations of MDA (from 0 to 5 mmol/L); however, it decreased at high concentrations
(10 mmol/L). The enhancement of covalent bonds promoted the consolidation of the gel
structure. These results suggest that covalent bonds induced during heating at mild-low
concentrations of MDA oxidation might improve the gel structure and, thus, improve
the gel quality.

4. Materials and Methods

4.1. Samples and DMPs Preparation

The duck breast meat used in this experiment was obtained from the local market
in Lishui, Nanjing, China. All fat was stripped off and muscles were then placed in a
self-sealing bag in a −80 ◦C refrigerator.

To extract DMPs, 30 g of duck breast meat was added to the extract (5 times volume),
homogenized at high speed for 20 s, and then placed in a refrigerated centrifuge tube and
centrifuged under the following conditions: 4000× g at 4 ◦C for 10 min, repeated three
times. It was then filtered through gauze, and 1% TritonX-100 (5 times volume) was used
afterward to wash the above precipitate. This was repeated three times together with
centrifugation methods, and it was finally washed with 0.1 mmol/L NaCl (5 times volume)
to dissolve, homogenize, and centrifuge again. The supernatant was discarded and the
precipitated DMPs were finally collected by filtration through gauze.

4.2. MDA Oxidation-Modified Myofibrillar Protein Treatment

The MDA stock solution was mainly prepared through 1,1,3,3-tetramethoxypropane
obtained from Sigma-Aldrich Chemical Co. (St Louis, MO, USA) as described by
Wu et al. [33] with minor modifications.

The MDA-induced oxidation system of DMPs was referred to Zhou et al. [7] with
appropriate modifications. At first, the concentration of DMPs was adjusted to 40 mg/mL
with MDA stock solution at different ratios (MDA concentration: 0, 0.5, 2.5, 5.0, and
10.0 mmol/L). The mixture was then placed in a 10 mL centrifuge tube and incubated at
25 ◦C for 24 h. The protein gels were then prepared as follows: protein solutions were
heated directly in a water bath after the above treatment, subject to linear heating at a
starting temperature of 25 ◦C to 85 ◦C at a speed of 1 ◦C/min, maintained at 85 ◦C for
5 min, and then cooled with an ice bath and stored at 4 ◦C before use.

4.3. Carbonyl Content Determination

The protein carbonyl content was modified according to Soglia et al. [34]. The obtained
samples of DMPs were adjusted to a concentration of 20 mg/mL. During the assay, 5%
SDS was used to resolve the precipitates and dinitrophenylhydrazine (DNPH) was used to
label the carbonyl groups. Finally, the absorbance at 280 nm and 370 nm was measured
in solution. The carbonyl content was calculated using 22,000 L/(mol·cm) as the molar
extinction coefficient for conversion and expressed in units of nmol/mg protein, as shown
in the equation:

Carbonyl content (nmol/mg protein) =

[
A370 − A370 (blank)

]
× 106

22, 000 ×
[

A280 −
(

A370 − A370(blank)

)
× 0.43

] (1)

4.4. Free Thiol Content Determination

The protein free thiol content was appropriately determined according to the method
of Bao et al. [35]. The concentration of the oxidized DMPs obtained was adjusted to
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2 mg/mL, and 300 μL of this protein concentration solution was used. Briefly, 0.5 mL
of 10 mM 5,5′-dithiobis-(2-nitrobenzoic acid) was added to the solution, mixed well, and
protected from light for 30 min. The molar extinction coefficient was 14,150 L/(mol·cm),
and the free thiol content was calculated as follows:

Free thiols content (nmol/mg protein) =

[
A412(a f ter) − A412 (be f ore)

]
A280 × 14, 150

(2)

4.5. Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis Analysis (SDS-PAGE)

DMPs with different MDA-induced oxidation modification (MiOM) were adjusted
to 2 mg/mL. The DMPs were pretreated using sample buffer (Invitrogen, Thermal Fisher,
Waltham, MA, USA) with or without dithiothreitol (DTT, Beyotime, Shanghai, China), and
then heated in a metal bath at 99 ◦C for 5 min. Electrophoresis was then run at 220 V for 45
min. The Coomassie Brilliant Blue R-250 (Beyotime, Shanghai, China) solution was used to
stain for 30 min and then decolorized and photoed for analysis.

4.6. Gel Hardness and Water Holding Capacity (WHC)

The gel strength of DPM samples was determined according Zhu et al. [36] using
a texture analyzer (TA-XT plus Plaser, Stable Micro Systems, Surrey, United Kingdom).
Measurement conditions: P/0.5R probe with a pre-measurement speed of 1 mm/s, a
measurement speed of 0.5 mm/s, a post-measurement speed of 10 mm/s, compression
mode, and a depth distance of 5 mm. Each treated sample was repeated 3 times.

The WHC of the gel was determined using centrifugation methods. The gel was
centrifuged at 6000 r/min for 15 min at 4 ◦C. The centrifuge tube was then placed upside-
down on absorbent paper for 30 min. Before centrifugation, the mass of the tube was m,
the total mass was recorded as m1, and the total mass after being placed for 30 min was m2.
Water holding capacity was calculated as follows:

WHC (%) =
m2 − m
m1 − m

× 100 (3)

4.7. Gel Whiteness Determination

The gel samples were determined using a CR 400 colorimeter (Minolta Camera, Osaka,
Japan). Brightness (L*), red (a*), and yellow (b*) were measured three times for each sample,
and the gel whiteness was calculated as follows:

Whiteness = 100 −
√

(100 − L∗)2 + a∗2 + b∗2 (4)

4.8. Rheological Properties Test

The freshly oxidized protein solution was measured using a rheometer (MCR-301,
Anton Paar, Graz, Austria) in oscillatory mode as described by Zhuang et al. [37]. The
following parameters were used: A 50 mm plate material was selected with a gap of 1 mm
between the upper and lower plates, a frequency of 0.1 Hz, a strain of 2%, 25 ◦C/min, the
heating temperature was from 25 ◦C to 80 ◦C at a speed of 2 ◦C/min, and the cooling rate
was 5 ◦C/min. Before the test, paraffin oil was used to drip into the edge of the plate to
isolate the sample from the outside air. The storage modulus and loss modulus during
heating was then recorded.

4.9. Low-Field Nuclear Magnetic Resonance Analysis

Relaxation times (T2) were measured according Han et al. [38] with a nuclear magnetic
resonance (NMR) analyzer (MesoMR23-060H-1, Niumag elctric Co., Shanghai, China). A
standard oil sample was first calibrated, a centrifuge tube of about 2 g was placed in the
tester, and the spin–spin relaxation time (T2) was selected as the Carr–Purcell–Meiboom–
Gill (CPMG) sequence. The proton resonance frequency was set at 22.6 MHz and the
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measurement was performed at a temperature of 32 ◦C. The relevant parameters: the
number of repetition sampling (NS) was 4 times, the repetition interval (time wait, TW)
was 2000 ms, the number of echoes (NECH) was 9000, each test was performed 3 times,
and the obtained curve was an exponential decay sample curve. A large number of data
inversions were achieved through the data query function in the software menu.

4.10. Gel Microstructure Analysis

The gel samples were cut into squares (3 mm × 3 mm × 3 mm) and fixed with 4%
malondialdehyde. Gels were then analyzed with a Hitachi S-3000N scanning electron
microscope (Tokyo, Japan) at an accelerating voltage of 20 kV.

4.11. Statistical Analysis

Data were processed with SPSS 20.0 software (version 20, SPSS Inc., Chicago, IL, USA)
and subjected to one-way ANOVA with Duncan’s multiple range test for statistical analysis.
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Abstract: The aim of the study is to develop and evaluate the printability of k-carrageenan inks
enriched with callus tissue of lupin (L. angustifolius) and to determine the effect of two lupin calluses
(LA14 and LA16) on the texture and digestibility of 3D-printed gel. The results demonstrated that the
enriched ink was successfully 3D printed at concentrations of 33 and 50 g/100 mL of LA14 callus
and 33 g/100 mL of LA16 callus. The feasibility of 3D printing is extremely reduced at higher
concentrations of callus material in the ink. The hardness, cohesiveness, and gumminess of the
3D-printed gel with LA16 callus were weakened compared to the gel with LA14 callus. The results of
rheological measurements showed that an increase in the content of LA16 callus interfered with the
formation of a k-carrageenan gel network, while LA14 callus strengthened the k-carrageenan gel with
increasing concentration. Gel samples at different concentrations of LA14 and LA16 calluses formed
a spongy network structure, but the number of pores decreased, and their size increased, when the
volume fraction occupied by LA14 and LA16 calluses increased. Simple polysaccharides, galacturonic
acid residues, and phenolic compounds (PCs) were released from A-FP gels after sequential in vivo
oral and in vitro gastrointestinal digestion. PCs were released predominantly in the simulated
intestinal and colonic fluids. Thus, incorporating lupin callus into the hydrocolloid ink for food
3D printing can be a promising approach to developing a gelling material with new mechanical,
rheological, and functional properties.

Keywords: lupin; callus culture; k-carrageenan; 3D food printing; gel; texture; rheology; simulated
digestion; phenolic compounds; scanning electron microscopy

1. Introduction

Plant-based foods are essential for a healthy diet, and they are growing in popularity as
their positive effects on human health gain wider recognition [1]. However, it is becoming
more difficult to provide plant food to the constantly growing population of the planet [2].
New technologies need to be developed to produce varied and healthy plant-based foods.
The cultivation of plant cells as a new approach to the production of plant-based food can
become such a technology. A number of food ingredients have been registered and are
currently being produced using plant cell cultures [3,4]. The possibilities of obtaining a
number of valuable nutrients using cell cultures have been studied in some detail, and
approaches have been developed for enriching food with ingredients beneficial to health.

Three-dimensional (3D) printing opens new possibilities for creating complex geo-
metric structures in the individual production of dishes based on the specific nutritional
needs and calorie intake of the individual [5]. The new opportunity provided by food 3D
printing is extremely relevant for people with special nutritional needs, such as the elderly
or patients who have difficulty eating or swallowing, children, and people with various
metabolic and inflammatory disorders. This technology is easy to operate, allows for mass
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production, and also provides economic and environmental benefits by reducing food
waste and financial costs for storing and transporting food [6]. Basically, for 3D printing
food products, the extrusion method is used, in which a liquid or semi-solid material is
extruded through a nozzle, creating a three-dimensional structure layer by layer, according
to the digital model. Mashed potatoes, chocolate, cheese, meat, surimi, vegetable, and fruit
pastes can be used as food printing materials [7]. However, with extrusion printing, it is
not always possible to obtain a programmed 3D design. The decisive factor determining
the quality of the printed product is the physicochemical properties of the food-grade inks
(rheological and thermal properties, water retention capacity, and specific mechanisms of
aggregation and gelation) [8]. Thus, both plant cell cultures and 3D printing are increas-
ingly being used in food production. However, there is little work on the inclusion of
plant cell cultures in 3D printing, although the number of original studies on plant-based
3D-printable materials has increased significantly in the past few years [9]. The question of
how the inclusion of plant cell cultures can change the rheological properties of food ink
and determine the structural and mechanical characteristics of the resulting 3D product
remains poorly understood.

Carrot callus cells have been used as an ingredient for food 3D printing [10]. In this
study, callus-based edible ink was used based on 4% alginate, the gelation of which requires
divalent cations [11]. Therefore, callus-alginate ink requires curing using Ca2+ ions to form
a hard gel after 3D printing. In the present study, we hypothesized that carrageenan-based
inks would be suitable for 3D food inks, as carrageenan is a food-grade hydrocolloid with
good gelling properties [12]. The callus tissue of Lupinus angustifolius, a narrow-leaved
lupin, was chosen to demonstrate the applicability of callus material in 3D printing. Lupinus
species is a genus of a widely consumed leguminous plant of the Fabaceae family. Sev-
eral health-promoting properties of Lupinus species, including L. angustifolius, have been
reported in preclinical and clinical human and animal studies, including antioxidant, anti-
inflammatory, hypolipidemic, hypoglycemic, and hypotensive properties, among others.
These biological activities are attributed to their human-health-beneficial chemical compo-
nents, such as polyphenols, carotenoids, and other phytochemicals [13]. These properties
make the development of cell cultures of lupin for functional food products promising.

The study’s purpose was to develop the proposed k-carrageenan ink for 3D printing
with callus tissue from narrow-leaved lupin, L. angustifolius, evaluate its printability, and
determine the effect of callus on the texture and digestibility of 3D-printed gel.

2. Results and Discussion

2.1. Characterization of Lupin Callus

The cell biomass of two lines of lupine callus was used to obtain food ink for 3D
printing. Callus LA14 was grown in a medium containing 2,4-dichlorophenoxyacetic acid
(2,4-D) and 6-benzylaminopurine, whereas callus LA16 was grown in a medium containing
kinetin and naphthylacetic acid. Callus LA14 had loose, moderately wet grayish-white
tissue (Figure 1A), while the LA16 callus tissue was less loose and consisted of cells of a
browner color than the LA14 tissue (Figure 1B).

Figure 1. Appearance of the calluses LA14 (A) and LA16 (B).
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Callus LA14 consisted of rounded, thin-walled parenchymal cells with an average size
of 129 ± 48 μm. LA16 callus cells had an elongated and curved shape with an average size
of 166 ± 116 μm (Figure 2A,B). The sphericity factors of callus cells LA14 and LA16 were
0.24 ± 0.11 and 0.61 ± 0.10 (p < 0.05), respectively.

Figure 2. Micrograph of the cells of the callus LA14 (A) and LA16 (B). Magnification 10×.

The LA16 callus had 1.6 times the soluble solid content (SSC) of the LA14 callus
(Table 1). LA14 and LA16 were similar in protein content but had different polysaccharide
compositions. Hardly hydrolyzable polysaccharides predominated in both calluses, which
included mainly cellulose and some hemicelluloses. The content of easily hydrolyzable
polysaccharides (EHP), which included pectins, arabinogalactans, etc., was 1.6 times higher
in LA16 than in LA14. The content of phenolic compounds (PCs) was 2.4 times lower in
LA16 than in LA14 (Table 1). The residual content of 2,4-D in LA14 callus was 0.88 mg/kg,
which is unacceptable under food safety requirements. Therefore, LA16 callus was consid-
ered a promising food ink ingredient for the rest of the study, while LA14 callus was used
only for comparison.

Table 1. The composition of callus of narrow-leaved lupin L. angustifolius.

Callus SSC (%) Protein a (%) EHP b (%) HHP b (%) PCs b (%)

LA14 2.68 ± 0.01 0.28 ± 0.01 9.2 ± 0.1 25.0 ± 2.6 1.25 ± 0.02
LA16 4.33 ± 0.11 # 0.30 ± 0.00 # 14.9 ± 0.4 # 30.2 ± 0.4 # 0.53 ± 0.01 #

a—per fresh weight; b—per dry matter contents. SSC—soluble solids content; EHP—easily hydrolyzable polysac-
charides; HHP—hardly hydrolyzable polysaccharides; PCs—phenolic compounds. The data are presented as the
mean ± SD (n = 8). #—p < 0.05 vs. LA14.

2.2. 3D Printing

Three ink formulations, labeled LA14-33, LA14-50, and LA14-66, were prepared by
mixing 33, 50, and 66 g of LA14 callus biomass with 3 g of k-carrageenan dispersed in
100 mL of peach juice. Food inks prepared with 33, 50, and 66 g/100 mL of EA16 callus
were labeled as LA16-33, LA16-50, and LA16-66, respectively. The formulations were
heated to 90 ◦C and loaded into a food capsule for a 3D printer. After extrusion from the
capsule, the ink solidified on the platform in the form of a 3D gel structure. The printability
was qualitatively evaluated in terms of ease and uniformity of extrusion, precision and
accuracy of printing, and stability of the geometry after printing. The use of LA14-33 and
LA14-50 inks allowed for both easy extrusion from the nozzle and good shape retention
even under the load of 30 successive layers (Figure 3A,B). However, the LA14-66 ink could
not be 3D printed. First, the thicker ink of LA14-66 clogged the capsule nozzle, causing the
ink to be squeezed out unevenly during printing; towards the end of printing, the capsule
nozzle became completely clogged, and printing stopped. Second, the structure printed
with LA14-66-containing ink collapsed once printed (Figure 3C).
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Figure 3. Representative results of the 3D printing experiment using LA14-33 (A), LA14-50 (B), and
LA14-66 (C) inks. The top row of photographs is an angled top view; the bottom row is a side view.

Representative results of the printing experiment with food inks containing LA16
callus are shown in Figure 4. The consistency of LA16-33 ink allowed 3D printing to start,
but printing stopped due to an ink clot in the capsule nozzle, so the 3D object was not
printed completely (Figure 4A). 3D printing with LA16-50 and LA16-66 inks was disturbed
due to the formation of thick portions that were squeezed out unevenly from the capsule
nozzle. It was not possible to finish printing with LA16-50 and LA16-66 inks (Figure 4B).

Figure 4. Representative results of the 3D printing experiments using LA16-33 (A), LA16-50 (B), and
LA16-66 (C) inks. The top row of photographs is an angled top view; the bottom row is a side view.

2.3. Rheological and Mechanical Properties of 3D-Printed Gels

Angular frequency sweep measurements are conducted to predict the structural
integrity and mechanical strength of a 3D-printed material. All of the 3D-printed samples,
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excluding LA16-66, exhibited a greater storage modulus (G′) value than loss modulus
(G′′) (Figure 5). This suggests the network integrity of molecules in carrageenan-based
gel samples. The obtained high G′ values (40,000 > G′ > 90,000 Pa) and middle elastic
character (tan δ ≤ 1.0) demonstrated that all 3D-printed gels, with the exception of the
LA16-66 sample, were strong physical gels (Figure 5D).

Figure 5. Rheological properties of hydrogels: storage modulus (G′) and loss modulus (G′′) test
results (A,C); tan δ test results (B,D) represented as a function of frequency. Void symbols represent
the storage modulus G′, filled symbols represent the viscous modulus G′′.

The rheological properties of the 3D-printed gel depended on the type of callus it
contained. The values of G′ and G′′ and complex viscosity increased with an increase in
the content of LA14 in the ink (Figure 5A and Table 2). However, the values of G′ and
G′′, as well as the values of complex viscosity, decreased with an increase in the content
of LA16 callus (Figure 5B and Table 2). For the LA16-66 sample, G′ was lower than G′′ at
an oscillation frequency of less than 15 Hz, indicating that the sample was a transitional
sol-gel phase rather than a gel. G′ became greater than G′′ at oscillation frequencies greater
than 15 Hz, indicating that the LA16-66 sample behaved as a non-Newtonian fluid whose
viscosity is known to change to become more solid at high oscillation frequencies. The
non-Newtonian behavior of the LA16-66 sample appeared to be due to the large number of
callus cells that it contained.

The mechanical behavior of the 3D-printed gels in a double compression test at room
temperature is presented in Figure 6. The parameters evaluated in this study were hardness,
springiness, cohesiveness, and gumminess. The hardness is the peak force during the first
compression cycle and is related to the strength of the gel’s structure when it is under
compression. The hardness of the LA-14 callus-containing gels increased with the increase
in callus tissue content (Figure 6A). The hardness of the LA14-66 gel was 1.5 times higher
than that of the LA14-30 and LA14-50 gels. After the deformation of the sample, the
springiness (extent to which the sample springs back after it has been deformed during the
first compression) was measured. The springiness of the LA14 gel decreased slightly as the
amount of callus in the ink increased (Figure 6B). The next parameter to be measured was
cohesiveness, which is related to how well the gel withstands a second deformation relative
to its resistance under the first deformation. LA14-50 gel exhibited the highest levels of
cohesiveness. The cohesiveness of the LA14-33 and LA14-66 gels was 5 and 46% lower
than that of the LA14-50 gel (Figure 6C). Lastly, gumminess, which indicates the amount of
mastication needed to make a food item ready to swallow, was the same regardless of the
content of LA14 callus in the gel (Figure 6D).
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Table 2. Summary of power law parameters for relationship between storage modulus or viscosity
and frequency (0.01 < ω < 50.00 or at 0.1/10.5 Hz) of 3D-printed gel.

Gels

Storage Modulus Viscosity

A (Pa) B (Slope) R2 ηapp

0.045, Hz
ηapp

10.500, Hz

LA14-33 69,196 0.1047 0.926 145,473.3 ± 29,131.1 a 834.9 ± 134.9 a

LA14-50 77,682 0.0355 0.623 300,836.7 ± 18,894.7 b 1702.3 ± 2.9 b

LA14-66 31,914 0.1159 0.603 359,313.3 ± 59,577.9 b 1601.8 ± 324.1 c

LA16-33 43,765 0.0635 0.893 278,873.3 ± 36,029.6 a 1887.0 ± 328.1 a

LA16-50 77,554 0.0474 0.935 162,349.0 ± 30,465.1 b 962.0 ± 189.0 b

LA16-66 92,050 0.0181 0.406 154,626.0 ± 63,583.1 b 855.9 ± 372.0 b

The data are presented as the mean ± SD (n = 8). Different letters indicate significant differences (p < 0.05) among
means for different callus concentrations.

Figure 6. Mechanical properties of the 3D-printed gels. Hardness (A), springiness (B), cohesiveness
(C), and gumminess (D) are given as the mean ± SD (n = 8). Different lowercase letters indicate
significant differences (p < 0.05) among means for different callus concentrations; #—p < 0.05 vs.
LA16 callus.

The values of the textural parameters of the LA16 gels were significantly lower than
those of the LA14 gels. Increasing the callus content resulted in a decrease in the hardness of
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the LA16 gel such that the hardness of the LA16-66 gel was two times lower than the hard-
ness of the LA16-50 gel and 5.4 times lower than the hardness of the LA14-66 gel (Figure 6A).
The springiness of the LA16 gel decreased slightly when the callus content was increased
from 50 to 66 g/100 mL (Figure 6B). The cohesiveness of the LA16 gel decreased 2.9 times
with an increase in callus content from 50 to 66 g/100 mL (Figure 6C). The gumminess of
the LA16-33, LA16-50, and LA16-66 gels was the same and was lower by 6, 4, and 3 times
than the gumminess of LA14-33, LA14-50, and LA14-66 gels, respectively (Figure 6D).

2.4. Microstructure of 3D-Printed Gels

Figure 7 shows the morphology of 3D-printed gels. Gel samples at different con-
centrations of LA14 and LA16 callus formed a spongy network structure, but the callus
content notably affected sample morphology. The number of pores decreased and their
size increased when the volume fraction occupied by calluses LA14 and LA16 increased.
Callus inclusion in the gel seemed to hinder the ice crystals’ growth during the freezing
process since the porosity formed when the water content was pulled away during the
freeze-drying process. 3D-printed gels containing LA16 callus had smaller pores than gels
containing LA14 callus. In the structure of the gel containing LA16-66 callus, dense, folded
formations were found (Figure 7F). These formations can be clearly seen in the micrographs
obtained using magnifications of 500× and 1000× (Figure 8). It can be assumed that these
are dense conglomerates of callus cells.

Figure 7. Scanning electron micrographs of the 3D-printed gel containing LA14 (A–C) and LA16
(D–F) callus. The content of callus in the ink was 33 (A,D), 50 (B,E), and 66 g/100 mL (C,F). Magnifi-
cation 250×; scale bar 100 μm. The area of dense folded formation is outlined by a dotted line.

EDS analysis revealed similar contents of oxygen (87–92 wt%) in the 3D-printed gels
containing LA14 and LA16 calluses. It has been established that the content of the K+ cation
in the gel increased with an increase in the concentration of callus in the ink. The K+ cation
content was 3.9 ± 0.0, 5.0 ± 0.2, and 6.5 ± 0.0 wt% in LA14-33, LA14-50, and LA14-66 gel
samples, respectively. The K+ cation content was 4.7 ± 0.5, 5.1 ± 0.4, and 7.5 ± 0.3 wt% in
LA16-33, LA16-50, and LA16-66 gel samples, respectively.
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Figure 8. Scanning electron micrographs of the 3D-printed gel containing LA16-66 callus at
(A) magnification 500×; scale bar 50 μm and (B) magnification 1000×; scale bar 10 μm. The ar-
rows indicate the area of dense folded formation.

2.5. Simulated Digestibility of 3D-Printed Gel Containing LA16-33 Callus

The content of SSC in the incubation medium after each phase of simulated digestion
gradually decreased, indicating good digestibility of the 3D-printed gel (Figure 9A). The
incubation medium after each phase of simulated digestion of LA16-33 gel contained PCs.
The most PCs were released in the SIF and SCF media. Two times fewer PCs were released
during the destruction of the gel during in vivo chewing and during the subsequent
in vitro SGF phase than during the SIF and SCF phases (Figure 9B). The content of PCs in
the undigested residue was 21 ± 7 μg/mL.

Figure 9. The amount of soluble solids content (SSC) (A) and total phenolic compounds (PCs)
(B) released from LA16-33 gel during successive oral in vivo (OP) and gastrointestinal in vitro phases
of digestion. SGF, SIF, and SCF—simulated gastric, intestinal, and colonic fluids, respectively. The
data are presented as the mean ± SD. Different lowercase letters indicate significant differences
among means for the different phases of digestion (n = 6, p < 0.05).

During in vivo chewing (OP), the gel containing LA16-33 released the most sugars.
The content of neutral sugars in the incubation medium was 146 ± 20, 81 ± 7, 45 ± 4,
and 22 ± 5 mg/mL after the OP, SGF, SIF, and SCF phases, respectively. The main neutral
sugars that were released during digestion were fructose and glucose (Figure 10). Sucrose
was not detected in phases OP, SGF, and SIF, but it was contained in the SCF incubation
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medium at a concentration of 6.6 ± 1.0 mg/mL. In addition to neutral monosaccharides,
residues of galacturonic acid were found in the digestion medium.

Figure 10. The amount of galacturonic acid (GalA), fructose (Fru), and glucose (Glc) released from
LA16-33 gel during successive oral in vivo (OP) and gastrointestinal in vitro phases of digestion. SGF,
SIF, and SCF—simulated gastric, intestinal, and colonic fluids, respectively. The data are presented
as the mean ± SD. Different lowercase letters indicate significant differences among means for the
different phases of digestion of each sugar (n = 6, p < 0.05).

The present study was devoted to the enrichment of hydrocolloid ink with callus
material for 3D-printed food gel. Inks for 3D printing were prepared from a mixture of 3%
k-carrageenan and biomass of lupine calluses LA14 and LA16. The results demonstrated
that the enriched ink was successfully 3D printed at concentrations of 33 and 50 g/100 mL
of LA14 callus and 33 g/100 mL of LA16 callus.

k-carrageenan is a linear sulfated polysaccharide derived from red algae, which is
widely used in the food industry due to its ability to form thermoreversible gels [12]. In
3D food printing, k-carrageenan has been used as part of multicomponent food inks along
with gelatin [14], starch and xanthan [15], beeswax and xanthan [16], freeze-dried vegetable
powders [17], surimi [18], and others. However, unless the 3D printing parameters were
changed, one-component k-carrageenan ink was only marginally printable [19,20]. Based
on existing data, a 3% solution of k-carrageenan did not allow us to obtain 3D objects
(data not shown). The mechanism of k-carrageenan gelation involves a conformational
transition from a random coil structure when heated to double helices, followed by the
aggregation of helices during the cooling process [21]. The reason for the low printability
of k-carrageenan is that the transition from random coils to double helices is extremely
fast, whereas the subsequent aggregation of double helices to complete the formation of
a gel network takes several hours [19]. The 3% k-carrageenan ink supplemented with
lupin calluses was successfully 3D printed. Therefore, the addition of callus materials
seemed to accelerate the gelation of k-carrageenan. This effect may be related to the gel-
promoting action of ions and polysaccharides contained in the callus. It has been found
that as the content of callus increased, printing deteriorated due to the thickening of the
ink in the printing capsule and difficulty in extrusion. At the same time, there was an
increase in the content of potassium ions in the ink. It is well known that the gelation of
carrageenan is highly dependent on potassium ion concentration [22]. The printability
of ink with LA16 callus at concentrations of 50 and 66 g/100 mL was lower than that of
LA14 callus, possibly due to the higher content of polysaccharides in LA16 callus. Indeed,
the content of easily hydrolyzable polysaccharides in LA16 callus was 1.6 times higher than
in LA14 callus. One of the main easily hydrolyzable polysaccharides is pectin [23], which
is a gel-forming polysaccharide of the plant cell wall [24]. The content of pectin in plant
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callus was previously shown in a number of papers [25–28]. Therefore, we hypothesize
that callus polysaccharides may alter the printability of carrageenan inks. However, the
composition and gelling properties of lupine callus polysaccharides were not established
in the present study.

The effect on the textural, rheological, and morphological properties of a 3D-printed
gel was found to depend on the type and concentration of callus in the ink composition.
Rheological measurements and a double compression test showed that the structure of the
3D-printed gel changed with increasing LA14 callus content. The increase in gel strength
resulting from the addition of LA14 callus may be related to the gel-promoting action of K+

ions and polysaccharides contained in the callus. Carrageenans are formed of alternate dis-
accharide units of D-Gal and 3,6-anhydro-Gal joined by α-1,3- and β-1,4-glycosidic linkage;
hydrogen bonding is well known to be the primary mechanism involved in carrageenan
gelation (Figure 11A). Kappa-carrageenan contains one sulfate group (OSO3

−) per dis-
accharide repeating unit; therefore, mono- and divalent cations cross-link double helices
with outward-oriented OSO3

− groups in addition to hydrogen bonding [29]. K+ ions from
callus material are supposed to provide ionic cross-links between adjacent κ-carrageenan
chains formed by sulfated galactose residues (Figure 11B, K+). Gelling polysaccharides
of the callus cell wall, such as pectins, could also enhance the 3D-printed gel (Figure 11B,
CPs). The size and shape of LA14 callus cells evidently did not interfere with the formation
of cross-links (Figure 11B, LA14 callus cells). In the case of the LA16-containing ink, callus
cell conglomerates may have prevented the convergence of the к-carrageenan chains and
the formation of a three-dimensional network (Figure 11B, LA16 callus cells). As a result, a
less strong gel was formed compared to the ink that contained LA14 callus. Further, the 3D
object that was printed with the highest concentration of LA16 (66 g/100 mL) was not a
“gel” and had the lowest hardness. We hypothesize that the elongated shape of LA16 callus
cells may have contributed to the formation of cell conglomerates, the presence of which
can be inferred from SEM images of gels printed with LA16 callus inks (Figure 6).

The effect of callus cells on the mechanical properties of the gel matrix was previously
shown in the study [10], where the multiplication of carrot callus cells in agar gel reduced
the gel strength of the fabricated structure. The authors considered that the decrease in
the homogeneity of the gel matrix affected its mechanical properties. The encapsulation
of living lettuce leaf cells in pectin-based bio-ink had a negative effect on mechanical
properties [30]. A decrease in product hardness with the addition of cellular material has
previously been shown when incorporating microalgae powder into cookies by conven-
tional methods [31]. Conversely, Vieira et al. [32] incorporated different powder amounts
of microalgae into shortbread biscuits, which promoted an increase in cookie hardness di-
rectly proportional to the microalgae powder content. A decrease in the hardness of the gel
containing LA16 callus was accompanied by an increase in cohesiveness and gumminess.
Similar mechanical behavior was observed when button mushroom powder was added to
wheat dough [33].

The mechanical behavior of food gels during oral processing, such as chewing, bolus
formation, and swallowing, is determined by their textural and rheological properties [34].
Furthermore, hardness, cohesiveness, gumminess, and springiness are critical parameters
for predicting the sensory perception of food gels. Consumers consider hardness to be an
important indicator because it can simulate the force required for food to compress between
teeth or between the tongue and palate [35]. Softening the k-carrageenan gel induced by
LA16 incorporation would presumably make it easier to chew. Therefore, LA16-containing
gel may be required by patients with dysphagia [36]. Semi-solid foods with low hardness
and high cohesiveness values are assumed to be ideal for dysphagic diets [37]. It has
been shown that gel containing LA16 callus at a concentration of 66 g/100 mL had a low
hardness and a high cohesiveness. However, the feasibility of this ink composition for 3D
printing was low. Therefore, further modification of the lupin callus ink composition and
printing parameters is required to improve fluidity during 3D printing.
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Figure 11. Schematic illustration of a proposed gel network in 3% k-carrageenan (A),
3% k-carrageenan enriched with LA callus at 33 g/100 mL (B), and 3% k-carrageenan enriched
with LA callus at 66 g/100 mL (C) inks. CPs–callus polysaccharides. LA14 and LA16–LA14 and
LA16 callus cells, respectively. Ionic and hydrogen bonds are shown as red and blue dotted lines,
respectively. The polysaccharide chain of k-carrageenan is shown as a solid green line.

In terms of nutritional quality, the lupin calluses contained a high concentration of
polysaccharides and PCs. In order to preliminarily assess the nutritional value of the 3D gel
containing LA16-33 callus, it was subjected to simulated digestion. Three-dimensional gels
containing LA14 callus were excluded from this experiment due to food safety reasons—
callus LA14 was grown in a medium containing 2,4-D, and the residual content of 2,4-D in
LA14 callus was detected, which is not allowed in food products.
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Successive oral in vivo and gastrointestinal in vitro digestion of LA16-33-containing
gel in SGF, SIF, and SCF fluids demonstrated a decrease in the SSC content during digestion
and the release of simple sugars. The data indicate good digestibility of the printed gel;
however, it should be noted that some of the simple sugars come from peach juice, which
was part of the ink. The detection of GalA in the incubation medium indicates partial
hydrolysis of the polysaccharides of the callus cell wall. GalA is the main monosaccharide
residue that forms the pectin macromolecule. Pectin is a complex plant polysaccharide that
is resistant in the human stomach and small intestine and is fermented by colonic bacteria
in the large bowel. So, pectin is a dietary fiber with good prebiotic properties [38,39]. Fur-
thermore, pectin is highly valued as a functional food ingredient due to its hypolipidemic,
hypoglycemic, satiating, antibacterial, and antitumor biological effects [40]. Therefore,
it can be assumed that LA16-containing food gel will be a good source of pectin with
health-promoting properties.

PCs represent secondary metabolites of plants and are highly valuable food compo-
nents [41]. Many studies have shown that callus cultures are a good source of PCs [42–46].
PCs possess diverse bioactivities, including antioxidant, anti-inflammatory, and anticancer
effects [47–49]. To predict the part of the gastrointestinal tract where LA16 callus would
bring biological activity, PCs released from LA16-33 gels were evaluated during successive
OP and SGF, SIF, and SCF digestion. The preferential release of PCs in the SIF and SCF
indicates that digesting LA16-33 gel will preserve its biological potential until the lower
intestines. Therefore, lupine callus may be of interest for the development of food gels for
the prevention and treatment of inflammatory bowel diseases (IBD), which has emerged
as a public health challenge worldwide. IBD is characterized by segmental inflammation
anywhere in the intestine (Crohn’s disease) or superficial inflammation of the mucosal
layer of the colon (ulcerative colitis) [50]. PCs have been shown to confer symptomatic and
health-related quality of life improvements in IBD patients [51].

3. Conclusions

In this study, lupin calluses LA14 and LA16 were efficiently incorporated into k-
carrageenan-based food ink for 3D printing. The printability of k-carrageenan ink with
LA14 callus was higher than that with LA16 callus. 3D-printed food gel can contain up
to 50 g per 100 mL of LA14 callus and 33 g per 100 mL of LA16 callus. The feasibility of
3D printing is extremely reduced at higher concentrations of callus material in the ink.
The hardness, cohesiveness, and gumminess of 3D-printed gels with LA16 callus were
weakened compared to gels with LA14 callus. The results of rheological measurements
showed that an increase in the content of LA16 callus interfered with the formation of a
k-carrageenan gel network, while LA14 callus strengthened the k-carrageenan gel with
increasing concentration. The digestibility of 3D-printed gel with LA16 callus in a simu-
lated digestion model showed its nutritional value as a source of simple sugars, cell wall
polysaccharides, and PCs. Wherein PCs were released mainly into the SIF and SCF, demon-
strating the biological potential for the lower intestines. Based on its combination of textural
properties and digestive profile, lupine callus LA16 may be considered an ingredient in
functional food gels for patients with dysphagia and intestinal inflammation. Incorporating
lupin callus into the hydrocolloid ink for food 3D printing can be a promising approach to
developing gelling material with new mechanical and rheological properties.

4. Materials and Methods

4.1. Materials

Refined KA120R k-carrageenan was purchased from Greenfresh Food Co., Ltd. (Longhai
City, Zhangzhou, Fujian, China). The (-SO3-) content in k-carrageenan was 11.7 ± 0.7%. Peach
juice concentrate was purchased from a local supermarket. The reagents, including the Folin
and Ciocalteu’s phenol reagent, pectinase from Aspergillus niger (>1 U/mg), D-(+)-galacturonic
acid monohydrate (99.1%), and ferulic acid (99.8%) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). To build calibration curves, we used: 2,4-dichlorophenoxyacetic acid
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(GSO 9105-2008, Ecolan, Russia), D-(+)-glucose monohydrate (99.9%; Panreac Química SLU,
Barcelona, Spain); and 3,5-dimethylphenol (99.8%, Acros Organics, Waltham, MA, USA).

4.2. Obtaining and Characterizing Calluses

The callus culture of narrow-leaved lupine (Lupinus angustifolius L.) of the legume
family (Fabaceae) was obtained in the laboratories of Vyatka State University’s Department
of Biotechnology. Callus line No. 14 (LA14) was bred from stem segments of a native
plant. Callus was induced on Murashige-Skoog medium with the addition of phytohor-
mones: 2,4-dichlorophenoxyacetic acid (2,4-D)–2 mg/L and 6-benzylaminopurine (6-BAP)–
0.2 mg/L. The optimal combination of phytohormones to support the growth of angus-
tifolia callus during long-term cultivation is a combination of 2,4 D, 2.0 mg/L + 6-BAP,
0.1 mg/L. During several passages, lupine calli were grown on media with various combi-
nations of phytohormones, with a visual assessment of cell growth and viability. The best
transition from medium No. 14 to medium No. 16 (LA16) was observed with the following
phytohormone contents: 1.0 mg/L naphthylacetic acid (NAA) and 0.1 mg/L kinetin.

The specific growth rates of calluses LA14 and LA16 were 0.46 ± 0.04 and 0.46 ± 0.04 g/d,
respectively. The callus cultures were subcultured for 21 days at 26 ◦C in the darkness. A
freshly harvested callus was microscopically examined and chemically analyzed. A portion
of the harvested biomass was frozen for the subsequent preparation of ink for 3D printing.

The size and shape of the cells were studied using a Motic BA300 optical microscope
(China) with a built-in video eyepiece. Each analysis was performed 10 times under the
same optical conditions. Cell shape was determined quantitatively using dimensionless
shape indicators. The sphericity factor (SF) was calculated using the following formula:

SF = (dmax − dmin)/(dmax + dmin), (1)

where dmax is the maximum diameter (μm), and dmin is the minimum diameter perpen-
dicular to dmax (μm).

The content of dry matter in the plant raw materials was determined by the ther-
mogravimetric method. Protein content in callus tissues was determined according to
Barnstein’s method.

The content of easily and hardly hydrolyzable polysaccharides was determined using
the Kizel and Semiganovsky method. A sample was first prepared for the analysis of easily
hydrolyzable polysaccharides: 100 mL of 2% HCl was added to 2.5 g of dry callus tissue,
the resulting mixture was boiled on a stove in a flask under reflux for 3 h, the contents of
the reaction flask were filtered through a paper filter, the filtrate and the washings were
combined in a 250 mL volumetric flask, and the residue on the filter was used. After cooling,
both samples were thoroughly mixed, and the concentration of reducing substances in
them was determined by the ebulliostatic method of Nizovkin and Emelyanova by titrating
copper-alkaline solutions with the obtained samples. The titer of copper-alkaline solutions
was determined by glucose.

The concentration of reducing substances in the analyzed samples was calculated as a
percentage of glucose according to the formula:

X = T × n × 100/V × 100, (2)

where X is the concentration of sugar in the analyzed solution, %; T is the titer of the
copper-alkaline solution for glucose, mg; V is the volume of the analyzed solution used for
titration, mL. The content of EHP was calculated as follows:

XL = CL × VL × k × 100/m × 100, (3)

where m is the mass of absolutely dry plant tissue taken for analysis, g; CL is the con-
centration of reduced substances in the hydrolyzate of EHP, %; VL is the volume of the
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hydrolyzate, mL; and k is the coefficient of conversion of monosaccharides into polysaccha-
rides, which is 0.89.

The content of HHP was calculated by the formula:

XT = CT × VT × n × K × 100/m × 100, (4)

where CT is the concentration of reducing substances in the diluted neutralized hydrolysate;
VT is the volume of acid hydrolysate, in mL; n is the dilution of the hydrolysate during
neutralization; K is the conversion factor for monosaccharides in HHP, which is 0.9.

For PC content in callus tissue, 200.0 ± 0.1 mg of freeze-dried callus tissue was placed
in a 25-mL test tube, to which 5.0 mL of a 70% methanol solution was added, closed with
a cork, and mixed on a vortex-type shaker. The test tube was placed in a water bath at a
temperature of 70 ◦C for 10 min, stirring the contents on a shaker after 5 and 10 min. The
tube was then cooled to room temperature and centrifuged for 10 min at 9000 rpm. The
supernatant was decanted into a 25 mL graduated tube. The extraction of polyphenols
with a 70% methanol solution was carried out twice more (in 5 mL portions). The extracts
were combined, the extraction volume in a graduated test tube was adjusted to 15.0 mL
with a 70% methanol solution, and it was kept in a refrigerator at 4 ◦C for 24 h [52]. A
sample of 0.4 mL of the extract was transferred into a test tube, and 4.0 mL of a 0.2 M
NaHCO3 solution in 0.1 M NaOH was added. Folin–Ciocalteu reagent, mixed for 10 min
at room temperature. A sample of 0.4 mL of the Folin–Ciocalteu reagent was added to
the solution, mixed, and incubated for 30 min in the dark at room temperature. The
absorbance of solutions was measured in a cuvette with an optical path length of 10 mm at
a wavelength of 765 nm. The concentration of polyphenols in the solution was determined
from a calibration curve constructed using ferulic acid (10–100 μg/mL)

Quantitative determination of 2,4-D in callus extracts was determined in the form of
methyl ester by chromato-mass spectrometry on a G2589A gas chromatograph (Agilent
Tech., Santa Clara, CA, USA) with an HP-1MS capillary column (0.25 mm × 30 m) (Hewlett-
Packard, Palo Alto, CA, USA). The carrier gas was helium (1 mL/min). The volume of
the injected sample was 1 μL (flow split 10:1). The evaporator temperature was 250 ◦C.
Temperature conditions of the column thermostat: 50 ◦C (0.5 min) → 100 ◦C (gradient–
25 ◦C/min) → 220 ◦C (gradient–12 ◦C/min). Mass spectrometer 5973 INERT (Agilent Tech.,
Santa Clara, CA, USA): ionization chamber temperature, 230 ◦C; the energy of ionizing
electrons was 70 mV. Quantitative determination of 2,4-D was carried out by extracted
ions (m/z: 175.00; 199.00; 234.00) using the method of absolute calibration using standard
solutions of 2,4-D methyl esters (0.025–0.50 mg/kg).

4.3. Inks Preparation and 3D Printing

To obtain the ink ingredient, the frozen callus biomass was thawed and passed through
a metal sieve with a mesh size of 1 mm to eliminate cell aggregates. Callus biomass (33,
50, or 66 g) and 3 g of k-carrageenan were dispersed in 100 mL of peach juice and left for
one hour with magnetic stirring. The dispersion was heated to 90 ◦C in a slow cooker for
20–25 min. The hot solution was vigorously shaken and transferred into a printing capsule
for a 3D printer. A FOODINI (Natural machines, Barcelona, Spain), an extrusion-based
commercial 3D food printer was used to print 3D samples of different callus-containing
inks. For the experiments in this study, a nozzle size of 1.5 mm was used. To assess the
printability of the food inks, a “flower tower” of 30 layers was printed on a silicone mat.
When the printed samples were able to maintain the structure for at least 15 min, they were
considered printable. For rheological and textural measurements, samples in the form of a
plate 1 cm × 1 cm × 0.3 cm (width, length, and height), and cube-shaped samples with a
side of 5 mm were printed separately.

4.4. Measurement of Mechanical Properties

For two-cycle compression tests, gel samples (5 mm height, 5 mm length, and 5 mm
width) were placed on the platform of the texture analyzer (Texture Technologies Corp.,
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Stable Micro Systems, Godalming, UK). The tests were performed using a cylindrical
aluminum probe P/25 (25-mm diameter). The gels were compressed twice at room tem-
perature. The pre- and post-test speed was 5.0 mm/s and the test speed was 1 mm/s
until a 100% strain. Destructive 100% strain was used to represent gel behavior during
the chewing process. Eight replicates were made for each type of gel. For two cycles,
compression-decompression provided a force-time graph and led to the extraction of eight
parameters: hardness, cohesiveness, springiness, gumminess, chewiness, and resilience.
All calculations were performed using Texture Exponent 6.1.4.0 software (Stable Micro
Systems, Godalming, UK) according to the manufacturer’s instructions. One-way ANOVA
with Tukey’s honest significance test was applied to determine statistically significant
differences. Values of p ≤ 0.05 were considered statistically significant.

4.5. Measurement of Rheological Properties

The rheological property of the samples was determined in a rotational-type rheometer
(Anton Paar, Physica MCR 302, Graz, Austria) equipped with a parallel plate geometry
(diameter 25 mm) and a gap of 4 mm between the two plates. Four repetitions were
performed for each sample. The sample loading area was preheated to 20 ◦C before
gel loading. After loading, the samples were equilibrated at 20 ◦C for 5 min before the
measurement. The obtained mechanical spectra were characterized by the values of G′ and
G′′ (Pa) as a function of frequency in the range of 0.05–50.00 Hz at 20 ◦C and a constant
stress of 9.0 Pa, which was within the linear viscoelastic region. The loss factor tan δ was
calculated as the ratio of G′′ and G′. The degree of frequency dependence for G′ was
determined by the power-law parameters, and is expressed as follows:

G′ = A × ω × B, (5)

where G′ is the storage modulus, ω is the oscillation frequency (Hz), and A is a constant.

4.6. In Vivo Oral Phase (OP) and Static In Vitro Gastrointestinal Digestion

OP digestion was carried out according to the method proposed earlier [53]. Each type
of gel (~4 g) was chewed 20 times by six healthy people (three men and three women) to
simulate the maximum destruction of the sample in the oral cavity according to preliminary
testing in which the largest number of chews was 20. Thereafter, the bolus was spat
three times into a beaker to reduce sample loss. Immediately after this, 4.0 mL of water
was added to the beaker, mixed by shaking, and all the liquid part was separated for
analysis. The gel pieces were transferred to a 20 mL jacketed glass vessel (reactor) for
further in vitro digestion.

After OP, gels were sequentially incubated in 4.0 mL of the pre-heated SGF (pH 1.5,
0.08 M HCl, and 0.03 M NaCl), SIF (pH 6.8, 0.05 M KH2PO4, and 0.05 M NaOH), and
SCF (0.07 M KH2PO4, 0.07 M NaHPO4, and pectinase: 1.7 mg/mL) at 37 ◦C and under
continuous shaking (250 rpm) for 2, 4, and 18 h, respectively. Before replacing it with
another, the medium was completely separated from the gel by a grid (mesh size 350 μm)
and used for analysis. After incubation in simulated colonic fluid, the gel residue was
destroyed by heating (95 ◦C, 10 min) in water (16 mL). The data from SCF and gel residue
were summed up.

The contents of SSC, GalA, neutral monosaccharides, and PCs were determined in
the fluid after each (OP, SGF, SIF, and SCF) phase of digestion. For this, aliquots (1–2 mL)
of incubation medium were taken and centrifuged, and the resulting supernatant was
precipitated with a fourfold volume of 96% ethanol. The precipitate was washed twice
with 96% ethanol before being dissolved in 3 mL of H2O; the resulting solution was
used to calculate the molecular weight of soluble polysaccharides and the content of
GalA by reacting the sample with 3,5-dimethylphenol in the presence of concentrated
H2SO4 [54]. The alcohol supernatant was used to determine the total amount of sugars
using the phenol-sulfur method. The PC content was determined in the incubation medium
as described above.
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4.7. Statistical Analysis

The significance of the differences among the means in the PC content, mechanical
parameters, and digestion study was estimated with one-way ANOVA and Fisher’s least
significant difference (LSD) post hoc test. Statistical differences with p-values lower than
0.05 were considered significant. All calculations were performed using the statistical
package Statistica 10.0 (StatSoft, Inc., Tulsa, OK, USA). The data presented were expressed
as the means ± SD.
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Abstract: This study aimed to optimize the 3D printing parameters of salmon gelatin gels (SGG)
using artificial neural networks with the genetic algorithm (ANN-GA) and response surface method-
ology (RSM). In addition, the influence of the optimal parameters obtained using the two different
methodologies was evaluated for the physicochemical and digestibility properties of the printed
SGG (PSGG). The ANN-GA had a better fit (R2 = 99.98%) with the experimental conditions of the 3D
printing process than the RSM (R2 = 93.99%). The extrusion speed was the most influential parameter
according to both methodologies. The optimal values of the printing parameters for the SGG were
0.70 mm for the nozzle diameter, 0.5 mm for the nozzle height, and 24 mm/s for the extrusion speed.
Gel thermal properties showed that the optimal 3D printing conditions affected denaturation temper-
ature and enthalpy, improving digestibility from 46.93% (SGG) to 51.52% (PSGG). The secondary gel
structures showed that the β-turn structure was the most resistant to enzymatic hydrolysis, while the
intermolecular β-sheet was the most labile. This study validated two optimization methodologies to
achieve optimal 3D printing parameters of salmon gelatin gels, with improved physicochemical and
digestibility properties for use as transporters to incorporate high value nutrients to the body.

Keywords: salmon gelatin; 3D printing; dimensional stability; artificial neural network; secondary
structure; digestibility

1. Introduction

Consumers are increasingly interested in ingesting proteins from alternative sources
such as plant proteins, insects, algae, and food byproducts [1,2]. A recent example used a
byproduct from the fish industry to obtain proteins that have high nutritional and biological
value, such as gelatin extracted from fish skin [3]. Gelatin is a coiled, partially hydrolyzed
form of collagen of great value for the pharmaceutical, cosmetic, and food industries due
to its versatility as an enhancer in a wide range of techno-functional properties. In addition,
gelatin is a hydrocolloid that solidifies when it is cold, and it is thermo-reversible, which
enables it to exist as a solution or gel, depending on the temperature it is exposed to. Earlier,
Carvajal-Mena et al. [3] demonstrated the potential use of salmon skin gelatin as a raw
material for 3D printing.
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Three-dimensional printing is a novel technology that can develop customized food
products with personalized nutrition, and it can create food products easily, economically,
and quickly [4]. Furthermore, 3D printing allows the use and combination of various
ingredients, including drug administration; thus, adapting food for children, the elderly,
and other individuals with special dietary needs [4,5]. However, there are still many
reservations about how 3D-printed foods are perceived by consumers. Some studies have
shown that repeated consumption of 3D-printed foods can increase acceptability, although
in recent times, it has also been claimed that consumers have developed awareness of the
health and environmental benefits of these foods compared to conventional production
techniques [6]. In the meantime, even though the development and knowledge of this
technology are increasing, it is necessary to promote the dissemination of the nutritional
advantages and health benefits that 3D-printed foods can offer.

Extrusion 3D printing is the most widely used in the food industry as it can print
food inks by extrusion; thus, producing objects with high quality and precision [4–7]. The
development of edible food inks used for the 3D printing process are currently limited.
Therefore, optimization of the printing properties and parameters of these food materials is
essential to achieve a customized, self-supporting matrix that guarantees smooth extrusion
through the nozzle, followed by rapid resolidification to maintain the shape of the printed
object [8]. Therefore, it is necessary to optimize the printing parameters for a successful 3D
food printing process. Among the important mechanical parameters are the extrusion speed
and nozzle diameter and height [9]. The extrusion speed directly affects the stability and
quality of the printed geometry, and it has been reported in several studies that a successful
process should use speed values between 10 and 70 mm/s [10]. Similarly, nozzle diameter
and height influence the volume of the printed object, which is associated with the ability
to support weight during printing and prevent deformed printed matrices caused by low
printing efficiency. Various studies have suggested that successful printing requires a nozzle
diameter between 0.41 and 2.00 mm and a height between 0.3 and 1.1 mm [9–11]. Based on
this information, it is feasible to establish a methodology to predict matrix printability by
optimizing the parameters of the 3D printing process.

Recently, artificial intelligence (AI) has been used in the food industry to optimize
extraction processes [12] or to determine specific drying or dehydration conditions [1]. Among
AI methodologies, response surface methodology (RSM) is a multivariate strategy that can
address both experimental design and statistical modeling by investigating the associations
between one or more response variables and a set of experimental factors [12,13]. Therefore,
a more efficient method for solving complicated nonlinear problems with significantly high
predictive ability is artificial neural network (ANN) modeling, which has been used to
establish a more in-depth study of the food industry processes [14]. The ANN is a theoretical
mathematical model that emulates the human brain and consists of linear or nonlinear
processing elements. The ANN can map complex dynamic phenomena based on self-learning,
fault tolerance, and neuron robustness. Meanwhile, genetic algorithms (GA) are a faster
optimization technique than traditional algorithms that include a functional probabilistic
global search system [15]. Some current research has applied AI to study extrusion processes
and its use for predicting physical properties (color and texture) in an extruded rice paste [16]
and optimizing 3D printing of chicken meat and the feasibility of the printed product [15].
Furthermore, modeling of the extrusion process of wheat and soybean flour pastes has
revealed that the ANN methodology was better adapted to the experimental conditions of the
extrusion process than the RSM [17].

Although the experimental optimization of several protein-rich 3D printed foods
formulations has been performed, there is no study available that combines 3D printing
and AI to design foods with specialized nutritional requirements [1]. In addition, there are
no studies on applying these methodologies in 3D printing of protein foods to optimize
and predict printing parameters that improve physicochemical properties and increase the
digestibility of printed products [18]. Therefore, the main objective of this study was to
optimize the 3D printing parameters of salmon gelatin gels (SGG) using artificial neural
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networks with a genetic algorithm (ANN-GA) and response surface methodology (RSM).
In addition, the influence of the optimal parameters obtained using these two different
methodologies was determined for the physicochemical and digestibility properties of the
printed SGG (PSGG).

2. Results and Discussion

2.1. Optimization Using Response Surface Methodology

The ANOVA results enabled the evaluation of the statistical significance of the indepen-
dent variables in the predicted quadratic model (Table 1). The regression coefficients (R2)
were 90.61, 87.43, and 96.76% for viscosity, hardness, and dimensional stability, respectively.
These regression coefficient values showed that the regression model adequately defined
the behavior of the printing variables. The most influential parameters in the printing
process were extrusion speed and nozzle diameter because they significantly affected the
three response variables to achieve an adequate printed gel. Figure 1 shows the influence
of the printing parameters on the physicochemical properties (viscosity, hardness, and
dimensional stability) of the 3D PSGG.

Table 1. Regression coefficients of the second-order polynomial models predicted for the response variables.

Regression Coefficient
Estimated Coefficient

Apparent Viscosity Hardness Dimensional Stability

β0 −149.34 −7.59 35.01
β1 36.17 0.70 3.48
β2 −535.37 −16.64 11.48
β3 758.42 44.17 49.23
β11 −0.49 −0.009 −0.05
β12 −5.33 −0.045 −0.66
β13 −2.09 −0.05 −0.67
β22 304.42 7.67 1.18
β23 30.35 1.29 −0.21
β33 −761.45 −44.96 −35.64

R2 (%) 90.61 87.43 96.76

Linear (β1, β2, β3), quadratic (β11, β22, β33), and interaction coefficients (β12, β13, β23);
intercept (β0); and R2: coefficient of determination. The nozzle diameter used during the
printing process is critical for a high precision surface and finish on the printed gels [19].
Selecting the appropriate nozzle size depends on the printing material and determines
the pressure required to achieve gel creep [11]. Figure 1 shows that increasing the nozzle
diameter negatively affects the physical properties of the printed gels. In addition, the
material flowed faster with larger nozzle sizes and produced thicker lines with poor and
rough surfaces (Figure 1). When comparing the three nozzle sizes, the samples printed
with the 0.70 mm nozzle diameter exhibited a better appearance that was similar to the
designed object, including high dimensional stability and high viscosity and hardness.

The height between the nozzle tip and the printing bed is a fundamental parameter
for good quality of the printed object, and a critical height is established for each printing
material. In this study, the nozzle height significantly influenced the viscosity of the
printed gels. At a lower nozzle height, results showed that the extruded lines were thicker,
and lumps formed on the surface of the printed object because the tip of the nozzle was
submerged in the material, dragging it along with the movement, and producing deformed
and unstable objects. However, when the height was excessive, the gel was deposited in an
imprecise manner with irregular lines. Maintaining an adequate nozzle height is required
to achieve a well-defined target geometry [19] because the distance from the printed layer
to the nozzle tip significantly affects the resolution of printed gels.
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Figure 1. Response surface analysis to optimize salmon gelatin printing parameters related to
extrusion speed and nozzle diameter at optimal values for nozzle height. (a) Apparent viscosity,
(b) hardness, and (c) dimensional stability.

The extrusion speed positively affected the physical properties (viscosity, hardness,
and dimensional stability) of the printed gels, as it is directly related to the quality and
thickness of the extruded filament. As extrusion speed increased, more material was
extruded up to a critical point at which the flow was so high that gels were deformed and
unstable. Likewise, a low extrusion speed produced a discontinuous extruded filament,
which resulted in insufficient structural integrity with a deposit of material that did not
cover the nozzle’s trajectory, showing irregular printed gels with broken internal filaments,
and an erroneous arrangement of the SGG. Earlier, Southerland et al. [20] reported that an
accurate chocolate print was obtained at a slow printing speed but failed to eliminate small
air blockages that can occur during extrusion in the syringe. However, Derossi et al. [21]
demonstrated that high flow rates were required to achieve better definition and uniformity
in the printed object because fruit formulations at low speeds exhibited irregular shapes
with discontinuous material lines and unwanted pores. Therefore, extruded lines were
thinner and continuous at an optimal extrusion speed; thus, forming high-quality PSGG.

A multivariate optimization was performed to establish the optimal printing param-
eters for salmon gelatin (Figure 2a). The multiple regression model explained 86.95% of
the variability experienced in the response variables. The optimal printing parameters
were 31.54 mm/s for the extrusion speed, 0.82 mm for the nozzle diameter, and 0.47 mm
for the nozzle height, and the response values were 323.81 Pa·s for the viscosity, 6.43 N
for hardness, and 97.78% for the dimensional stability. The linear correlation between the
desired optimal and experimental values in the response variables was significant, and the
linear model explained 93.99% of the relationship between both variables (Figure 2b).
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Figure 2. Multiple response optimization analysis. (a) Desirability response surface, and (b) linear
regression analysis between observed and predicted desirability model.

This study shows how printing parameters significantly influenced the physical proper-
ties of the printed gels because, at high extrusion speeds and higher printing nozzle diameters
and heights, gels with irregularly shaped extruded filaments and poor definition were formed;
thus, leading to negative values of viscosity, hardness, and dimensional stability.

2.2. Optimization Using Artificial Neural Networks with Genetic Algorithm

The ANN-GA is a modern modeling technique for process optimization because it
has high prediction and estimation reliability [21]. In this study, an ANN was trained
with a multilayer feed-forward propagation learning algorithm to obtain a function that
was optimized by the GA using the variables of the printing process (extrusion speed,
nozzle diameter, and height) to maximize the viscosity, hardness, and dimensional stability
of the 3D printed SGG (Figure 3). Errors and accuracy of the neural network prediction
were performed through multiple rounds of the learning process. In addition, network
performance was validated and evaluated by the RSME and R2 values obtained at different
stages of this study. The R2 coefficients for viscosity, hardness, and dimensional stability
were 99.88, 99.81, and 99.68% for training; 99.97, 99.29, and 98.94% for validation; and 99.97,
99.29, and 99.30% for testing, respectively. Similar values between training and testing
corroborated the accuracy of the ANN model.

Table 2 shows the mean values for sensitivity when evaluating the predictive ability of
the input neurons. Results indicated that the most significant predictor was the extrusion
speed (100%), followed by the nozzle diameter (55.10%), and nozzle height (30.44%).
Furthermore, extrusion speed was the most influential factor on the response variables,
which closely concurred with the RSM results. Several studies have indicated that printing
speed is a crucial parameter because it directly influences printing efficiency [9]. A lower
resolution with unstable structures at faster printing speeds due to the formation of irregular
layers was reported, while the printing process slowed down at lower speeds, which also
generated structural instability [11–21]. Moreover, nozzle diameter was the second most
important parameter where the printing became larger at greater diameters, which led
to a poor weight distribution that destabilized the base of the printed gel and caused
the figure to collapse. The main drawback of the ANN-GA methodology is that it does
not consider the interactions between the different independent variables. However, the
accuracy and correlation of the predicted and experimental results were higher with this
methodology because it has the potential to train and learn from the experimental data of
the response variables.
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Figure 3. Regression analysis of training, validation, and testing for all the experiments of: (a) appar-
ent viscosity, (b) hardness, and (c) dimensional stability. R2 is the coefficient of determination.

Table 2. Artificial neural networks with genetic algorithm (ANN-GA) sensitivity analysis of salmon
gelatin gels.

Neural Network
(NN)

Extrusion Speed Nozzle Diameter Nozzle Height
(mm/s) (mm) (mm)

NN1 0.35 0.24 0.42
NN2 0.24 0.63 0.13
NN3 0.58 0.10 0.33
NN4 0.52 0.44 0.04
NN5 0.88 0.02 0.09
NN6 0.78 0.11 0.11
NN7 0.42 0.35 0.23
NN8 0.60 0.29 0.11
NN9 0.49 0.31 0.20
NN10 0.48 0.46 0.07
NN11 0.60 0.37 0.04
NN12 0.54 0.25 0.20

Average Importance 0.54 0.30 0.16
Normalized

Importance (%) 100.00 55.10 30.44
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The optimal printing conditions were 24 mm/s for the extrusion speed, 0.70 mm for
the nozzle diameter, and 0.50 mm for the nozzle height to achieve 380.85 Pa·s for viscosity,
7.75 N for hardness, and 98.87% for dimensional stability. These predicted values were
not significantly different (p < 0.05) from the experimental data (R2 = 99.98%) under the
optimal printing conditions (Figure 4).

 
Figure 4. Regression analysis of all the experiments for the total desirability study. R2 is the coefficient
of determination.

2.3. Comparison between Response Surface Methodology and Artificial Neural Networks with
Genetic Algorithm

The comparison between the RSM and ANN-GA methodologies for predictive ability
and statistical accuracy was based on the statistical error parameters. The R2 values were
higher using the ANN-GA model, indicating that this methodology is more accurate, con-
venient, and reliable than the RSM for predicting the viscosity, hardness, and dimensional
stability of the PSGG. The ANN-GA provided better optimization competence because
it learned and predicted models more accurately. In addition, the ANN-GA can also per-
form limited experiments to process nonlinear relationships between network inputs and
outputs and make high-quality predictions.

Several studies have reported the predictive efficiency of the ANN-GA model versus
the RSM and have reported its high predictive ability and accuracy [22–24]. The validation
and testing of the predictive ability of both models involved the predicted values of the
models and the experimental data for the different response variables (Figures 1 and 3).
The R2 values for the RSM and ANN-GA were 93.99% and 99.98%, respectively, which
corroborated a better performance of the ANN-GA model. Based on the results obtained,
the ANN-GA model exhibited lower residuals with minor variation. In contrast, the
deviations between the predicted and experimental responses were more significant in the
RSM model.

Although the ANN-GA for the PSGG showed higher quality, stability, and definition
with respect to the designed object, the RSM for the PSGG also reported high-correlation
values with stable printed structures and no compressed definition of the layers. Therefore,
we studied the physicochemical and digestibility properties of the printed gels under the
optimal conditions determined using both methodologies.

2.4. Thermal Properties

Figure 5 shows the thermograms obtained using the DSC analysis of the gels before
printing and after printing at optimal conditions using the RSM and ANN-GA methods.
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All the gels had two peaks of thermal transitions: the first peak corresponded to the glass
transition and the second peak corresponded to the protein denaturation (Figure 5).

Figure 5. Differential scanning calorimetry thermograms of salmon gelatin gels before and after print-
ing. SGG: salmon gelatin gel; PSGG: printed salmon gelatin gel; RSM: response surface methodology;
ANN-GA: artificial neural networks with genetic algorithm.

The glass transition temperatures (Tg) varied between 58.35 and 65.86 ◦C, and the Tg
values of the gel before printing were significantly higher than the printed gels under both
optimal conditions. This higher transition temperature in the SGG occurred due to the
larger number of bonds and interactions between the gelatin chains that promoted thermal
stability [25]. In addition, gelatin tends to absorb water from the medium, which means
that evaporation of this crystallizable water is also responsible for an increase in Tg [25].

Meanwhile, the pressure exerted on the gels during the extrusion process also affects
the Tg values. The ANN-GA for the PSGG gels had higher Tg values than the RSM for
PSGG gels that can be associated with lower free volume and higher water loss during
extrusion 3D printing. In addition, the ΔH values of SGG and ANN-GA/PSGG showed
no significant differences but were significantly higher than the RSM/PSGG values. The
smaller nozzle diameter used for printing the ANN-GA/PSGG gels generated higher
pressure to which they were subjected; thus, causing minimal polymer expansion and
creating more compact, crosslinked molecular chains, which required higher energy to
achieve molecular mobility [26].

The denaturation temperature and enthalpy of the SGG were slightly higher than for
the PSGG due to the more compact molecular bonds that required higher temperature
and energy to achieve the helix–spiral transition of the gelatin and break the associated
hydrogen bonds.

2.5. In Vitro Digestibility

Figure 6 shows the digestibility of the SGG and PSGG. The DH increases slightly
during the gastric stage, while its increase in the intestinal stage was significant in the first
30 min for all gels studied. Then, pancreatic enzymes broke peptide bonds during the in-
testinal stage, which created more active sites for further hydrolysis [27]. During the gastric
stage, the DH was 15.64% for the SGG and 20.06–21.49% for the PSGG, showing significant
differences between the gels before and after printing under the different conditions.

The DH value of the SGG in the intestinal stage was 46.93%, with significant differences
between gels printed under both conditions, indicating that the extrusion 3D printing

70



Gels 2023, 9, 766

process significantly affected the DH. The protein extrusion process caused conformational
changes such as unfolding, association, aggregation, and crosslinking of molecular chains
for protein degradation or oxidation [28]. In addition, the extrusion process was an efficient
way to increase digestibility due to breaks in the polymeric chains that comprise the protein
structure. Although there were no significant differences between both printed gels, the
DH values for the RSM/PSGG were higher than for the ANN-GA/PSGG during the whole
digestive process. Therefore, during gel formation under the optimal conditions provided
by the RSM, gel network formation was altered, which left more empty spaces between the
layers; thus, enabling the enzymes to enter and diffuse more easily.

Figure 6. Degree of hydrolysis of gelatin gels at: (a) gastric stage, and (b) intestinal stage. DH: degree
of hydrolysis; SGG: salmon gelatin gel; PSGG: printed salmon gelatin gel; RSM: response surface
methodology; ANN-GA: artificial neural networks with genetic algorithm.

The DH for both the SGG and PSGG were higher than values reported in the literature
for other gelatins of marine origin. Earlier, Wang et al. [27] reported values of 31.79% for
gelatin from Nile tilapia flakes. Overall, the results of the gastrointestinal digestion analysis
showed how the extrusion 3D printing process improved the digestibility of salmon gelatin
by increasing the number of bioaccessible amino acids (glycine and proline) for subsequent
gastrointestinal absorption.
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2.6. Fourier Transform Infrared Spectroscopy with Attenuated Total Reflectance

The secondary structures of the SGG and PSGG gels printed under optimal conditions
during the digestion process were analyzed by studying the area of the bands in the amide
I region (1600–1700 cm−1), which consisted of C=O bond stretching vibrations and, to a
lesser extent, C-N stretching vibrations in the polypeptide chain (Figure 7). The quantitative
analysis of the second derivative spectra showed that all the gels exhibited six structures in
the amide I region: 1604–1623 cm−1 β-sheet intermolecular; 1641–1645 cm−1 random coil;
1650–1654 cm−1 α-helix; 1661–1668 cm−1 β-turn; 1681–1684 cm−1 intramolecular antiparallel
β-sheet; and 1699–1701 cm−1 antiparallel β-sheet [29]. The predominant protein structure
in all the gels was the antiparallel β-sheet with initial values between 35.08% and 37.49%.
Meanwhile, the α-helix structure had values close to 20%, similar values to findings reported
by Yang et al. [29] for other gelatins of marine origin (Salmon and Alaska pollock).

Figure 7. Gelatin secondary structure determined using Fourier transform infrared spectroscopy
(FTIR). SGG: salmon gelatin gel; PSGG: printed salmon gelatin gel; RSM: response surface methodol-
ogy; ANN-GA: artificial neural networks with genetic algorithm.
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The variations that occurred in the secondary structures of the gelatin gels during
the digestion process showed that the β-turn structure increased significantly and was
the most resistant to enzymatic hydrolysis of the structures in the gels (Figure 8). The
intermolecular β-sheet structures decreased significantly as the DH increased, reaching
zero during the intestinal digestion stage, which demonstrated that this structure is the
most labile. The behavior of the structure was directly correlated with the higher DH
shown by the printed gels, which indicated that greater protein denaturation occurred
due to the action of pancreatic enzymes during the intestinal stage. After completing the
digestive process, all the gels still exhibited bands of various protein structures, which
could be related to the remaining collagen protein that was not hydrolyzed during the
digestive process.

Figure 8. Percentage of the most resistant and most labile areas of the secondary structure of salmon
gelatin gels during the digestive process. SGG: salmon gelatin gel; PSGG: printed salmon gelatin gel;
RSM: response surface methodology; ANN-GA: artificial neural networks with genetic algorithm.

3. Conclusions

The ANN-GA methodology correlated better with the experimental conditions of
the 3D printing process than with the RSM methodology. Among the three printing
parameters evaluated, the extrusion speed was the most influential parameter established
by both methodologies. The optimal printing parameter values established by the ANN-
GA methodology were 0.70 mm for the nozzle diameter, 0.5 mm for the nozzle height,
and 24 mm/s for the extrusion speed. The final printed product values were 380.85 Pa·s
for the apparent viscosity, 7.75 N for hardness, and 98.87% for the dimensional stability,
and there was a 99.98% correlation between predicted and experimental values. The
optimization methodologies directly influenced the quality of the printed gels by affecting
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the thermal properties because more compact structures were formed, which required
higher denaturation energy and temperatures. The extrusion 3D printing process improved
the digestibility of salmon gels with values ranging from 46.93% (SGG) to 51.52% (PSGG).
In addition, the gel’s secondary structure was modified during the digestive process that
caused higher hydrolysis of the intermolecular β-sheet structures, which were the most
labile of all the gels investigated, while the β-turn structure significantly increased and was
the most resistant. This study demonstrates that artificial intelligence can be used to predict
3D printing process variables of food matrices to produce high-quality printed objects with
improved physicochemical and digestibility properties that can be used as a transporter for
incorporating high value nutrients to the body.

4. Materials and Methods

4.1. Materials

Salmon gelatin was extracted from coho salmon (Oncorhynchus kisutch) skins ob-
tained from the Salmones Aysén S.A. salmon processing plant (Puerto Montt, Chile). The
skins were washed with water to remove muscle debris and scales, cut into squares (20 mm),
and stored at −20 ◦C until further use. All reagents and enzymes were purchased from
Sigma–Aldrich Co. (St. Louis, MO, USA).

4.2. Salmon Gelatin Extraction

Salmon gelatin was extracted following the methodology reported by Carvajal-Mena
et al. [3]. First, salmon skins (100 g) were immersed in a sodium hydroxide solution (2 g/L)
in a 1:3 (w/v) ratio and shaken at a constant speed of 1200 rpm for 1 h. Then, they were
washed 3 times in 1 L of distilled water to remove all traces of sodium hydroxide. They
were treated in an acetic acid solution (4.2 g/L) at a skin/solution ratio of 1:3 (w/v) with
constant agitation at 1200 rpm for 1 h and washed 3 times with distilled water (1 L) to
eliminate any acetic acid in the samples. The gelatin extraction process was conducted
at 45 ◦C for 24 h. The supernatant liquid was filtered, and the gelatin was removed. The
supernatant liquid was vacuum filtered with a paper filter (Whatman 22 mm, Merck,
Darmstadt, Germany) and frozen at −80 ◦C for freeze-drying in a laboratory freeze dryer
(model Beta 1–8 LD, Martin Christ Gefriertrocknungsanlagen, Osterode am Harz, Germany)
that was maintained at −42 ◦C and 10.21 Pa pressure for 24 h. The freeze-dried gelatin was
stored at 4 ◦C until further use.

4.3. Preparation of Salmon Gelatin Gels

Based on preliminary results by Carvajal-Mena et al. [3], it was established that an
8% gelatin concentration was needed to obtain a stable salmon gelatin gel (SGG) for the
3D printing process. First, salmon gelatin (8 g) was dissolved in distilled water (100 mL)
at 60 ◦C for 30 min, and the glass container was covered with aluminum foil during
dissolution to prevent water loss. The resulting solution was cooled to room temperature
and stored at 6 ◦C until further printing.

4.4. Dimensional Printing

The SGG was printed with a 3D System 60M printer (Hyrel International Inc.,
Norcross, GA, USA). Stereolithography files with cubic designs (Figure 9; 20 mm width and
length, and 30 mm height) were converted to G-codes with the Repretel software (Hyrel
International Inc., Norcross, GA, USA). The printing process was optimized by studying
the nozzle height and diameter and extrusion speed variables. The SGG were printed
at four extrusion speeds (20, 30, 40 and 50 mm/s); three nozzle diameters (0.7, 1.05 and
1.4 mm); and three nozzle heights (0.3, 0.5 and 0.7 mm). The printing temperature (15 ◦C)
and printing bed temperature (6 ◦C) were controlled throughout the process using Repretel
software version 3.083.
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Figure 9. Image of the object to be printed on the Repetrel software platform. The pink cube shows
the design of the figure to be printed, represented in a 3D coordinate system that simulates the
printing platform. The blue and yellow lines mark the center of the platform on the “x” and “y”
axes, respectively.

4.5. Optimization of 3D Printing Process
4.5.1. Response Surface Methodology

This study used a multifactorial design with three main variables. The second-order
polynomial model represented viscosity, hardness, and dimensional deviation as a function
of three independent variables (nozzle diameter, nozzle height, and extrusion speed).
The experiments were randomly conducted, and data analyses were performed with the
Statgraphics Centurion XVI statistical software (Statistical Graphics Corp., Herdon, VA,
USA). The response surface model describing the behavior of the dependent variables
(viscosity, hardness, and dimensional deviation) as a function of the three independent
variables is expressed in Equation (1), as follows:

Y = β0 + ∑3
i=1 βiXi + ∑3

i=1 βiiX2
i + ∑2

i=1 ∑3
j=i+1 βijXiXj (1)

where β0 is the constant; βi, βii, and βij are regression coefficients; Xi and Xj are the levels
of coefficients that are independent of the variables; and Y is the dependent variable.

This experimental study design consisted of 36 experiments (Figure 10). Experiments
were randomized, and averages were used for the analyses to minimize variability in the
response variables. The impact of the independent variables on the dependent variables
was accounted for using analysis of variance (ANOVA) of the data at p < 0.05.

4.5.2. Artificial Neural Networks with Genetic Algorithm

Parameter modeling and optimization of the 3D printing process of SGG were per-
formed by artificial neural networks with the genetic algorithm (ANN-GA) using the
MATLAB mathematical software (version 2023a, Natick, MA, USA). The ANN model was
constructed by the backpropagation technique and feed-forward neural network. It con-
sisted of different weights and biases between three input neurons for nozzle height, nozzle
diameter, and extrusion speed and three output neurons for the viscosity, hardness, and
dimensional stability response variables. The multilayer perceptron algorithm in the ANN
modeling was trained with the Levenberg–Marquardt algorithm in 108 runs, including the
3 replicates of each of the 36 experiments. The ANN modeling uses replicates instead of
mean values to assess model variability and variances. The runs were divided into three
parts, 70% training, 15% validation, and 15% test sets. The training data were used to fit
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the parameters of the network model; the test data were used to calculate the estimation
accuracy; and the validation data were used to ensure the robustness of the network and its
parameters. The number of neurons in the hidden layers was determined by a maximum
R2 and a minimum mean square error (MSE) value that were found in 12 hidden neurons
in which the transfer function was a hyperbolic sigmoid function for the hidden layer and
a linear function for the output layer.

 

Figure 10. Experimental design for salmon gelatin gel.

The genetic algorithm (GA) is a multi-objective optimization search technique based
on the principles of biological evolution [15]. The ANN model was convolved with GA
to optimize the variables of the 3D printing process and maximize the desired output
variables. The optimization parameters had a population size of 50 and a cross probability
fraction of 0.8.
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4.5.3. Model Validation

The models were validated by applying the two statistical parameters, root mean square
error (RMSE) and coefficient of determination (R2), using Equations (2) and (3), respectively.

RMSE =

√
∑n

i=1
(
Yei − Ypi

)2

n
(2)

R2 = 1 − ∑n
i=1

((
Yei − Ypi

)2

(
Ym − Ypi

)2

)
(3)

where n is the number of experiments; Yei is the experimental viscosity, hardness, or
dimensional stability; Ypi is the predicted viscosity, hardness, or dimensional stability; and
Ym is the average viscosity, hardness, or dimensional stability.

4.6. Apparent Viscosity

The apparent viscosity of the printed SGG (PSGG) under the different printing condi-
tions was determined with a controlled strain and tension rheometer (Physica MCR 300,
Anton Paar, Filderstadt, Germany). The instrument was equipped with serrated parallel
plate geometry (25 mm diameter) with a 1 mm GAP; the shear rate varied between 0.1 and
100 s−1 at a constant temperature of 6 ◦C. The data of the apparent viscosity curves of the
SGG were recorded with the US200 Physica software version 2.01. The viscosity value was
determined in the portion of the curve where it became linear.

4.7. Hardness

The hardness of the PSGG was determined with a texture analyzer (TAXT plus100,
Stable Micro Systems Ltd., Godalming, UK). The SGG underwent two compression cycles
with a cylindrical probe (Code P/50, Stable Micro System Ltd., Godalming, UK). Test
conditions were 2 mm s−1 pre-test velocity, 1 mm s−1 test velocity, and 5 mm s−1 post-
test velocity, while compression was 50% of its original height at 6 ± 2 ◦C. The time
between the first and second compression was 3 s. The hardness was determined by the
force–time curve.

4.8. Dimensional Stability

Dimensional stability was determined according to the method reported by Carvajal-
Mena et al. [3], using a cube (20 mm width and length, and 30 mm height) as a standard
shape. The length, width, and height dimensions were measured with a Vernier caliper
in five different positions for each direction. Mean values were used, and this measure-
ment was performed after 24 h of printing at 6 ± 2 ◦C. The dimensional stabilities were
determined according to Equations (4) and (5).

DSL,W,H =
(Measured value − Target value)

Target value
(4)

% DST =
DSL + DSW + DSH

3
× 100 (5)

where DST is the total dimensional stability and DSL,W,H is the dimensional stability for
length, width, and height, respectively.

4.9. Thermal Properties

The thermal properties of the SGG were analyzed by differential scanning calorimetry
(DSC) using a DSC instrument (model DSC1, Mettler Toledo AG, Analytical,
Schwerzenbach, Switzerland). Approximately 10 mg of wet gels were placed in a 40 μL
airtight aluminum container with distilled water and used as a reference. The gels were first
subjected to an isothermal phase at 6 ◦C for 5 min and then scanned from 20 to 200 ◦C at a
rate of 5 ◦C/min. Denaturation temperature and enthalpy were estimated by determining
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the area under the transition curves with the Stareware version 10.01 software (Mettler
Toledo, Schwerzenbach, Switzerland).

4.10. Dynamic In Vitro Simulation of Human Gastroduodenal Digestion

The digestibility of in-mold and PSGG under the optimal conditions obtained by the
RSM and ANN was determined by a dynamic model of in vitro human digestion [30]. First,
the gels were subjected to the oral phase, mixed with simulated salivary fluid (1:1 v/v) to a
total volume of 40 mL, and α-amylase was added. Then, the solution was vigorously shaken
for 2 min and was immediately afterward placed in a gastric bioreactor (MiniBio, Applikon
Biotechnology, Delft, The Netherlands). Subsequently, 60 mL of simulated gastric fluid with
pepsin was added to the gastric bioreactor at 37 ◦C, and CaCl2 was incorporated to start
the “my-Control” version 1.0X control software (Applikon, Delft, The Netherlands). The
software was programmed to perform a gastric pH gradient from 4.5 to 1.2 and intermittent
pulses at 200 rpm. The software also controlled the passage of the digested gastric solution
to the duodenal bioreactor through a peristaltic pump 10 min after the start of the digestive
process. According to Levi and Lesmes [30], 10 mL of simulated duodenal fluid was added
to the duodenal bioreactor (MiniBio, Applikon Biotechnology, Delft, The Netherlands), the
temperature was maintained at 37 ◦C, pH was constant at 6.1, and a physiological rate of
bile secretion was controlled by a peristaltic pump. The pancreatic enzymes trypsin and
α-chymotrypsin were added in two pulses, the first at 10 min and the second at 50 min
after the start of the intestinal phase. Total digestion time of the experiment was set at 2 h,
and samples were collected from the gastric and duodenal bioreactors at 0, 30, 60, 90 and
120 min. Gastric solutions were neutralized by rapidly raising the pH to 7 with NaOH
(1 M), while intestinal solutions were quenched with PMSF (0.5 mM phenylmethylsulfonyl
fluoride). Samples were stored at −20 ◦C until further use.

4.11. Degree of Hydrolysis

The degree of hydrolysis (DH) of the protein was determined by the o-phthaldialdehyde
(OPA) method described by Nielsen et al. [31]. The OPA reagent was prepared according to
the methodology described by Opazo-Navarrete et al. [32]: 160 mg of OPA were dissolved
in 4ml ethanol and then were added to a previously prepared solution containing 7.62 g
borax, and 200 mg of SDS dissolved on 150 mL deionized water, mixed well and 176 mg of
dithiothreitol (DTT) was added, made up to 200 mL and then stored in an amber bottle for
24 h after preparation. The L-serine standard curve was prepared at concentrations ranging
from 50 to 200 mg/mL [31]. The digested samples were centrifuged for 20 min at 14,000× g,
and the supernatant was used for measurements. A total of 200 μL of supernatant was mixed
with 1.5 mL of OPA reagent for 3 min, after which absorbance was measured at 340 nm with a
spectrophotometer (Spectroquant Pharo 300, Merck KGaA, Darmstadt, Germany). Free amino
groups in the digested salmon gelatins were expressed as serine amino equivalents (serine
NH2). DH was calculated using Equations (6) and (7).

DH =
h

htot
× 100% (6)

h =
Serine NH2 − β

α
(7)

where the values of the constants were α = 0.796 and β = 0.457 [28]. The htot was determined
as a function of the concentration of each amino acid in the protein and had a value of
13.25 milliequivalent/g.

4.12. Fourier Transform Infrared Spectroscopy with Attenuated Total Reflectance

The Fourier transform infrared spectroscopy (FTIR) spectra of in-mold and PSGG
and digests were recorded with an IRPrestige-21 spectrometer (Shimadzu 21 Corporation
Pte. Ltd., Kyoto, Japan). Approximately 50 μL of the solution was placed on the attenu-
ated total reflectance (ATR) glass and 128 scans were performed in the absorption mode
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with a 4.0 cm−1 resolution at wavelengths from 4000 to 400 cm−1. The amide I region
(1600–1700 cm−1) was smoothed with a twelve-point Savitsky–Golay function, and the
normalized second derivative spectra were obtained with the IRsolution version 1.10 soft-
ware (Creon Lab Control AG, Shimadzu Corporation Pte. Ltd., Kyoto, Japan). Gaussian
curve-fitting was performed on the different second derivative IR spectra with the Origin
version 9.0 PRO software (OriginLab Corporation, Northampton, MA, USA). The content
of each of the structures was calculated from the area under the relative peaks of the
assigned bands.

4.13. Statistical Analysis

Results were analyzed with the Statgraphics Centurion XVI statistical software (Sta-
tistical Graphics Corp., Herdon, VA, USA). Each experiment was performed in triplicate
with three samples in each replicate. Fisher’s LSD test was used to minimize significant
differences with a 95% confidence interval.
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Sergey Popov *, Vasily Smirnov, Nikita Paderin, Daria Khramova, Elizaveta Chistiakova, Fedor Vityazev

and Victoria Golovchenko

Institute of Physiology of Federal Research Centre “Komi Science Centre of the Urals Branch of the Russian
Academy of Sciences”, 50 Pervomaiskaya Str., 167982 Syktyvkar, Russia
* Correspondence: s.v.popov@inbox.ru; Tel./Fax: +78-21-224-1001

Abstract: The aims of the study were to evaluate the influence of pectin isolated from fireweed (FP)
on the mechanical and rheological properties of agar (A) gel, to investigate the release of phenolic
compounds (PCs) and pectin from A-FP gels at simulated digestion in vitro, and to evaluate the oral
processing and sensory properties of A-FP gels. The hardness of A-FP gels decreased gradually with
the increase in the concentration of FP added (0.1, 0.4, and 1.6%). The hardness of A-FP1.6 gel was
41% lower than A gel. Rheological tests found A gel was a strong physical gel (storage modulus
(G′) >>loss modulus (G”)), and the addition of FP up to 1.6% did not significantly change its G’.
The G” value decreased in A-FP gels compared to A gel. The release of galacturonic acid (GalA)
was 3.4 ± 0.5, 0.5 ± 0.2, 2.4 ± 1.0, and 2.2 ± 0.7 mg/mL after digestion of A-FP1.6 gel in the oral
in vivo phase (OP) and subsequent incubation in simulated gastric (SGF), intestinal (SIF), and colonic
(SCF) fluids in vitro. The incubation medium after OP, SGF, and SIF digestion of A-FP1.6 contained
24–64 μg GAE/mL of PCs, while SCF contained 144 μg GAE/mL, supposing a predominant release of
antioxidant activity from the gel in the colon. Chewing to readiness for swallowing A-FP gel required
less time and fewer chews with less activity of the masseter and temporalis muscles. A-FP1.6 gel had
a lower likeness score for taste and consistency and a similar score for appearance and aroma when
compared with A gel. Thus, A-FP gels were weakened compared to A gel and required less time and
muscle activity for oral processing. A-FP gel had antioxidant activity due to the PCs associated with
pectin, while A gel had no antioxidant activity.

Keywords: agar; pectin; hydrogel; phenolic compounds; texture; rheology; simulated digestion;
electromyography; acceptability

1. Introduction

A combination of hydrocolloids is often used to modify rheological characteristics
and impart novel mouthfeels to food gels. Agars and pectins are important hydrocolloids
obtained by extraction of marine red seaweed and higher terrestrial plants, respectively [1].
Agar is a polysaccharide in which residues of 3,6-anhydro-L-galactose and D-galactose
are linked in a linear chain. Upon heating, the galactan chains take a random and rigid
coil conformation, form helices, and form a gel network of combined thick bundles upon
subsequent cooling [2]. Thermo-reversible agar gelation does not require additional cross-
linkers, such as cations, and is convenient for use in the culinary, food, and confectionery
industries [3]. The high polymerization of blocks formed by two different polysaccharides,
alpha and beta bonds, makes it difficult for agar to be cleaved by carbohydrate enzymes [4].
Agar is a dietary fiber, since the human digestive system does not produce agarase, and
agar can be partially fermented and metabolized when entering the large intestine, which is
populated by bacteria [5,6]. Therefore, agar has a prebiotic effect, stimulating the growth of
Lactobacillus spp. and Bifidobacterium spp. and increasing the production of short-chain
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fatty acids [7,8]. In addition, agar has a convenient effect as a bulking and laxative agent
because of its gelling capacity, and it has been found to possess anti-tumor, anti-oxidative,
and hypoglycemic effects [9].

Pectins are complex anionic polysaccharides that can be isolated from various plant
materials. Pectins used in the food industry are mainly obtained from citrus peels and
apple pomace [10]. The pectin backbone comprises 1,4-linked α-D-galacturonic acid (GalA)
residues, with partly methyl- and/or acetyl-esterified carboxyl groups. Side chains com-
posed of neutral monosaccharides (arabinose and galactose residues, predominantly) linked
to rhamnose residues inserted in the galacturonic backbone, forming branched areas of the
pectin macromolecule [11]. Pectin with low (<50%) and high (>50%) degrees of methyl-
esterification are classified as belonging to the low- (LMP) and high-methyl-esterified
(HMP) types, respectively [12]. HMP gels at low pH in the presence of sugar form a
physical network. Multivalent cross-linking cations are required for gelation of LMP, which
can occur over a wide pH range [13]. However, the use of sugar in large quantities may
limit the use of pectin gels in a healthy diet, while the use of various cross-linkers may
impair the palatability of the pectin gel. The high biological activity makes it promising
to include pectin into complex food gels. In particular, pectin has been shown to possess
antioxidant activity [14–18]. Which functional groups of the pectin macromolecule mediate
the antioxidant activity remains unknown. However, some authors believe that the antiox-
idant activity is due not to polysaccharide chains but to the phenolic compounds (PCs)
associated with them [19].

LMP possessing antioxidant activity higher than commercial apple pectin has previ-
ously isolated from leaves of fireweed (Epilobium angustifolium L.) [20]. Fireweed pectin
(FP) fractions scavenge 1,1-diphenyl-2-picrylhydrazyl- and superoxide radicals in vitro
depending on the content of associated PCs [20]. In the present study, we assumed that
incorporating FP into the agar gel would make it possible to obtain a mixed food gel with
antioxidant activity. It has previously been shown that incorporating other hydrocolloids
into agar gel changes its physicochemical properties [21–23]. Rozek et al. [24] supplemented
model agar gel with grape PCs. However, the features of agar-pectin gel and enrichment of
agar gel with PCs associated with polysaccharide have not been previously studied.

The aim of the study was to evaluate the influence of FP on the mechanical and
rheological properties of agar gel and to investigate the release of PCs and pectin from A-FP
enriched gels at simulated digestion in vitro. Electromyography (EMG)-measured oral
processing and sensory properties of A-FP gels were also evaluated with the involvement
of volunteers.

2. Results

2.1. General Characterization and Mechanical Properties of Gels

Agar gels enriched with antioxidant pectin were prepared by heating/cooling a
mixture of 1.5% agar and 0.1, 0.4, or 1.6% FP and named A-FP0.1, A-FP0.4, or A-FP1.6,
respectively. Total PC content in A-FP0.1, A-FP0.4 and A-FP1.6 gels was 23 ± 5, 84 ± 17,
and 418 ± 101 μg gallic acid equivalents (GAE)/g, respectively (Table 1).

Tg and Tm represent the gelling and melting temperatures, respectively; PCs, phe-
nolic compounds; GAE, gallic acid equivalents; WL, the weight-loss during drying. SD,
standard deviation.

The images of 1.5% agar gel (A) and A-FP mixed gels are shown in Figure 1. Evidently,
A gel had a light transparent structure in comparison with A-FP gels. The color of the gel
became markedly darker depending on the concentration of added FP. The dark color of
pectin-containing gels is, apparently, because of the presence of PCs in FP.
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Table 1. Characterization of agar gel (A) and agar gels enriched with fireweed pectin (A-FP).

A A-FP0.1 A-FP0.4 A-FP1.6

Total PC, μgGAE/g (n = 3) - 23 ± 5 a 84 ± 17 b 418 ± 101 c

Loading efficiency, % (n = 3) - 86 ± 18 a 78 ± 15 a 97 ± 23 a

Puncture test:
Hardness, N (n = 12)

Consistency, mJ (n = 12)

1.57 ± 0.09 a

3.18 ± 0.10 a
1.43 ± 0.33 a,b

2.74 ± 0.55 b
1.35 ± 0.26 b

2.66 ± 0.45 b
0.91 ± 0.14 c

1.99 ± 0.29 c

pH (n = 3) 6.22 ± 0.17 a 5.45 ± 0.07 b 5.16 ± 0.03 c 4.77 ± 0.02 d

WL, % (n = 8) 92.2 ± 0.1 a 92.0 ± 0.1 b 91.6 ± 0.1 c 90.3 ± 0.2 d

Serum release, % (n = 12) 0.68 ± 0.08 a 0.67 ± 0.27 a 0.46 ± 0.19 b 0.33 ± 0.09 c

Tg, ◦C (n = 8) 39.8 ± 1.2 a 40.6 ± 1.6 a 40.1 ± 0.9 a 41.0 ± 0.8 b

Tm, ◦C (n = 8) 69.4 ± 4.3 a 69.4 ± 4.4 a 70.2 ± 2.6 a 71.0 ± 2.6 a

Mean ± SD. Different letters among gels—p < 0.05.

 
Figure 1. Appearance of A (A), A-FP0.1 (B), A-FP0.4 (C), and A-FP1.6 (D) gels.

The mechanical behavior of A and A-FP gels was first monitored in the puncture
test, and all gels demonstrated force–distance curves with one peak (Figure 2A). Hardness,
determined as a peak force through the puncture of A-FP0.1, A-FP0.4, and A-FP1.6 gels was
9, 14, and 44% lower than that of A gel, respectively (Table 1). The consistency of A-FP0.1,
A-FP0.4, and A-FP1.6 gel was 13, 16, and 37% lower than that of A gel, respectively.

The texture profile analysis (TPA) results are presented in Figure 2B and Table 2. FP
decreased the hardness of A gel. The hardness of A-FP1.6 gel was 41% lower than A gel.
Similar data was obtained for cohesiveness and chewiness. The cohesiveness of A-FP0.1, A-
FP0.4, and A-FP1.6 gel was 1.3, 1.6, and 2.2 times lower than that of A gel, respectively. The
chewiness of A-FP0.4 and A-FP1.6 gels was 1.5 and 3 times lower, respectively, than that of
A gel. However, A-FP1.6 gel exhibited the highest levels of springiness and resilience. The
springiness and resilience of A-FP1.6 gel was 1.2 and 2.8-fold of A gel sample, respectively.

Table 2. The texture profile analysis (TPA) properties of A and A-FP enriched gels.

A A-FP0.1 A-FP0.4 A-FP1.6

Hardness, N 12.3 ± 0.3 a 10.7 ± 2.8 a,b 10.1 ± 2.0 b 7.3 ± 1.0 c

Cohesiveness 0.43 ± 0.02 a 0.33 ± 0.14 b 0.27 ± 0.12 b 0.20 ± 0.02 c

Chewiness 4.5 ± 0.4 a 3.5 ± 2.2 a,b 3.1 ± 1.8 b 1.5 ± 0.3 c

Springiness 0.83 ± 0.01 a 0.90 ± 0.06 b 0.91 ± 0.06 b 1.03 ± 0.5 c

Resilience 0.16 ± 0.02 a 0.27 ± 0.11 b 0.29 ± 0.12 b 0.45 ± 0.05 c

Mean ± SD. Different letters among gels—p < 0.05 (n = 12).
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Figure 2. Mean (n = 12) force over distance (A) and over time (B) curves in puncture test and double
compression tests, respectively, of A and A-FP gels.

2.2. Rheological Properties of Gels

The viscoelastic properties of A and A-FP gels were studied using oscillatory assess-
ments with recording of the parameters of storage or elastic modulus (G’) and the loss or
viscous parameters modulus (G”). Angular frequency sweep measurements are conducted
to estimate the structural integrity and gel strength. The mechanical spectra are given
in Figure 3A.

Both A and A-FP gels demonstrated high G’ values (10,000 > G’ > 8500 Pa) when the
modulus had only a slight dependence on frequency. The loss factor tan δ << 1 confirmed
the solid state of A and A-FP gels (Figure 3B). The same results were obtained for the
A-FP0.1 gel (data not shown). Thus, A gel was a strong physical gel, and the addition of FP
up to 1.6% did not significantly change its G’, since the G’ values for all studied gels were
the same (Figure 3A). The G” value decreased in A-FP gels compared to A gel (Figure 3A),
coinciding with the viscosity values given in Table 3.

Table 3. Summary of power law parameters (0.01 < ω < 20.00 or at 0.1/10.5 Hz).

Gels

Storage Modulus Viscosity

A (Pa) B (Slope) R2 ηapp

0.045, Hz
ηapp

10.500, Hz

A 8550.0 0.054 0.951 12939.6 ± 3048.5 a 152.1 ± 21.9 a

A-FP0.1 9110.6 0.032 0.998 14143.6 ± 3235.0 a 149.8 ± 29.4 a

A-FP0.4 9478.9 0.037 0.996 14574.9 ± 3323.2 a 149.2 ± 29.3 a

A-FP1.6 7646.3 0.047 0.997 11439.0 ± 1918.9 a 129.3 ± 18.7 b

Mean ± SD. Different letters among gels—p < 0.05 (n = 8).
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Figure 3. Storage modulus (G’, void symbols) and loss modulus (G”, filled symbols) test (A) and tan
δ test results (B) represented as a function of frequency.

The temperature sweep experiments showed that the G’ values of A and A-FP gels first
decreased upon heating to 69–71 ◦C, and then increased (Figure 4). FP failed to significantly
affect the melting temperature (Tm) of agar gel (Table 1). The G’ values of A-FP gels
exceeded that of A gel during the isothermal (95 ◦C) step. All samples demonstrated
sharply increased G’ values upon cooling below 41 ◦C, indicating a sol–gel transition. The
gelling temperature (Tg) of A-FP1.6 was slightly (0.2 ◦C) higher than that of A gel, as
presented in Table 1. The G” values of A gel were higher than A-FP gel at the melting step
(Figure 4). However, after the phase transition, the G” values of A sol were lower than
A-FP sol during the isothermal step.

2.3. Pectin and PCs Release during Simulated Digestion of Gels

The incubation medium after each phase of simulated digestion of A-FP gels con-
tained polysaccharide fractions. The molecular weight of polysaccharides was 225 ± 16,
154 ± 30, 216 ± 11, and 119 ± 24 kDa after successive oral in vivo (OP) and gastrointestinal
in vitro digestion of A-FP1.6 in simulated gastric (SGF), intestinal (SIF), and colonic (SCF)
fluids, respectively. The concentration of GalA in the incubation medium was measured to
determine the release of pectin chains from the agar gel upon digestion since GalA is a ma-
jor component of FP. The amount of released GalA increased in proportion to the increase in
the amount of incorporated pectin at each individual phase of digestion (Figure 5A). When
comparing different phases of digestion, A-FP gel released the highest level of GalA at the
chewing in vivo (OP). The release of GalA from A-FP0.1, A-FP0.4 and A-FP1.6 into SGF
was minimal, namely 3.0, 4.4 and 6.9 times less, respectively, than during OP. The release
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of GalA in SIF and SCF then increased significantly compared to SGF, but was less than
during OP (Figure 5A). The incubation medium of the digestion of A gel did not contain
high molecular polysaccharides or GalA (data not shown).

Figure 4. Temperature ramp tests performed at constant frequency (1.0 Hz) for A, A-FP0.4, and
A-FP1.6 gels. An initial heating step (5 ◦C/min from 20 to 95 ◦C) was followed by an isothermal step
(95 ◦C, 20 min) and a final cooling step (rate: 5 ◦C/min from 95 to 20 ◦C).

Figure 5. The amount of galacturonic acid (GalA) residues (A) and total phenolic compounds (PCs)
(B) released from A-FP gels during successive oral in vivo (OP) and gastrointestinal in vitro phases of
digestion. SGF, SIF, and SCF—simulated gastric, intestinal, and colonic fluid, respectively. Mean ± SD.
Different letters among means for the same gel in different phases of digestion—p < 0.05 (n = 6).

86



Gels 2022, 8, 708

PCs released from A-FP gels were evaluated during successive OP and SGF, SIF, and
SCF digestion to predict the part of the gastrointestinal tract where FP would have an
antioxidant effect. The incubation medium after OP, SGF, and SIF digestion of A-FP1.6
contained 24–64 μg GAE/mL of PCs, while SCF contained 144 μg GAE/mL Figure 5B.

2.4. Oral Processing of Gels

Oral processing of A and A-FP gels was investigated using EMG with a unilateral
chewing style. All participants freely chewed gel samples on the preferred chewing side
of the jaw (left or right) in their habitual manner and did not report any difficulty in
performing the task. Typical EMG signals from rhythmic masseter and temporalis activities
during chewing of A, A-FP0.4, and A-FP1.6 gels are shown in Figure 6. Oral processing of
A-FP0.1 gel was not studied because of the low amount of FP incorporated and released.

Figure 6. Example of electromyography (EMG) during chewing A (A), A-FP0.4 (B), and A-FP1.6
(C) gels in a representative subject. EMG signals of right masseter (RM) and right temporalis (RT)
muscles are recorded. Area between the dotted lines indicates the time of oral processing.

Chewing to readiness for swallowing A-FP1.6 gel required 30% less time and 27%
fewer chews (Figure 6C, Table 4). Consistent with this, masseter and temporalis activity
were approximately 30% lower when chewing A-FP1.6 then when chewing A gel. A-FP0.4
failed to change the chewing pattern compared to A gel (Table 4). Despite the shortening
of the chewing time over the sequence, the duration of the chewing cycle failed to change
significantly. The chewing cycle lasted, on average, 700 ms for both A and A-FP gels (data
not shown). The chewing frequency was similar in all treatments and was equal to 1.5 s−1

(data not shown).

Table 4. Oral processing parameters for chewing of A and A-FP gels.

A A-FP0.4 A-FP1.6

Chewing time, s 13.2 ± 8.2 a 12.6 ± 8.7 a 9.3 ± 5.1 b

Number of chews, times 18.3 ± 6.9 a 18.7 ± 12.0 a 13.3 ± 5.9 b

RM activity per sequence, mV × s 0.26 ± 0.08 a 0.25 ± 0.14 a 0.18 ± 0.93 b

RT activity per sequence, mV × s 0.37 ± 0.20 a 0.35 ± 0.20 a 0.19 ± 0.12 b

Total muscle activities per sequence, mV × s 0.63 ± 0.26 a 0.59 ± 0.29 a 0.40 ± 0.21 b

Total muscle activities per chew, mV × s 0.04 ± 0.01 a 0.03 ± 0.02 a 0.03 ± 0.01 b

Mean ± SD. Different letters among gels—p < 0.05 (n = 16). RM and RT—right masseter and temporalis muscles.
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2.5. Acceptability of Gels

Likeness-scores of A, A-FP0.4, and A-FP1.6 gel samples are displayed in Figure 7.
A-FP1.6 gel had a lower likeness-scores for taste and consistency and similar scores for
appearance and aroma when compared with A gel. The acceptability of A-FP0.4 gel did
not differ from that of A gel.

Figure 7. Sensory scores of A, A-FP0.4, and A-FP1.6 gels. Data are presented as the mean rating
(n = 16). * and ** p < 0.05 and 0.01 vs. A gel.

3. Discussion

The results demonstrated that FP was efficiently incorporated into A gel by the method
used. The efficiency of loading of pectin-associated PCs into agar gel was calculated to be
equal to 78–97% as the total phenolic content in FP was earlier determined to be as much as
27 mg GAE/g [20].

The mechanical behavior observed under puncture and double compression showed
that the structure of A-FP gels was weakened compared to A gel. Hydrogen bonding is
well known to be involved in agarose gelation [3]. The decrease in hardness, which reflects
the maximum load applied to the specimens, the consistency, which represents the required
work of deformation, and the cohesiveness, which reflects the stability of the internal
structure, suggests that pectin molecules interfere with the formation of hydrogen bonds
between agar molecules (Figure 8). The formation of hydrogen bonds with the hydroxyl
groups of pectin can decrease the density of hydrogen bonds between the adjacent D-
galactose and 3,6-anhydro-L-galactose residues of the agarose chains.

The decrease in the mechanical strength of A-FP gels may also result from the decrease
in pH caused by the addition of FP to agar gel. The decrease in A gel strength by FP
is consistent with a previous report [25], where the authors imply carrot juice is able to
weaken agar gel because of pectin content. Incorporating other polysaccharides may reduce
the mechanical properties of the agar gel system. Locust bean gum (LBG), a galactomannan
from the seeds of the carob tree, and salep polysaccharide, a glucomannan from the roots
and tubers of orchids, have been shown to reduce strength and elongation of agar film [21].
In another study [22], the addition of a combination of LBG and xanthan gum reduced the
breaking stress of the agar gel membrane. However, other studies have reported that LBG
may increase the strength of agar gels [23]. According to a rheological study, FP seemed
to dissolve in the aqueous phase of rigid A gel since A and A-FP gels are not significantly
different in G’ value. This result was expected, as FP, being an LM pectin, needs divalent
cations to form a gel network. The addition of FP reduced the G” value of A gel, which is
similar to the effect of konjac gum on agar gel [26].
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Figure 8. Schematic illustration of a proposed gel network in A and A-FP gels.

The sequential digestion model was used to predict the bioactivity of the A-FP gel
in different parts of the digestive tract. It is known that the ability of pectins to bind
glucose and lipids in the small intestine determines their hypoglycemic and hypolipidemic
action [27,28], whereas in the large intestine, pectins stimulate beneficial microflora [29].
Chewing released a large portion of the pectin from the A-FP gel during its destruction in
the oral cavity. However, the pectin is then released predominantly in SIF and SCF, thus
showing a great potential for bioactivity. The minimal release of pectin in the SGF is likely
because of the low pH, which promotes an excessive aggregation of polysaccharide helices.
The measurement of the reactivity of incubation medium with the Folin–Ciocalteu’s reagent
is related to the ability to donate electrons, and therefore indicates antioxidant activity.
The preferential release of PCs in the SCF indicates that digesting A-FP gel will keep its
antioxidant potential until the colonic environment.

The textural and rheological properties of food gels determine their mechanical be-
havior during mastification, including chewing, bolus formation, and swallowing [30].
Furthermore, hardness, cohesiveness, chewiness, and springiness are critical parameters
for the sensory perception of food. Hardness is considered an important indicator for the
consumer, which can simulate the force required for food to compress between teeth or
between tongue and palate. Cohesiveness is the extent to which a material can deform
before it breaks, simulating the compression of food before teeth chew it in the mouth.
Chewiness refers to the energy required for chewing solid food in a swallowable state [31].
The EMG results of the chewing of A-FP gel are consistent with the data of texture analysis.
Softening A gel with FP resulted in chewing it easier has made chewing it easier. The results
of EMG measuring the chewing of A-FP gel are consistent with the data of texture analysis.
Softening A gel with FP made it easier to chew. Various studies have demonstrated that
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consumers adapt their chewing pattern to the textural properties of foods [30,32]. The ob-
servation that the harder samples required increased muscle activity for the oral processing
has been reported for agar caramels [33], gellan [34] and gelatin [35] model gels.

A weaker and faster chewable A-FP gel may be required by children who prefer soft
products [36], the elderly who have difficulty chewing hard foods [37], and patients of
dysphagia [38]. However, the softening of A gel because of the addition of FP lowered
its acceptability. In disagreement with these data, [39] and [40] reported that softer agar
jelly or yogurt, respectively, with softer agar particles have higher liking scores than harder
samples. In addition, overall acceptability of pectin-containing jams is higher in softer
samples [41,42]. It is assumed that decreasing hardness enhances the flavor intensity, which
could lead to an increase in liking of samples. In the present study, the reduced weight-loss
during drying (WL) and lower serum release from A-FP1.6 gel may explain its poorer
acceptability properties, because the separation of liquid from the gel network affects the
perceived texture and taste [43]. It should also be taken into account that a shorter chewing
time of A-FP gel can be associated with fewer signals from the oral cavity reaching the
brain. In addition, shorter chewing may decrease saliva production which is important for
taste perception [32]. However, saliva production was not determined in our study. In any
case, the lower taste and consistency ratings of A-FP gel require further improvement in
gel formulation to improve its acceptability for consumers.

4. Materials and Methods

4.1. Materials

Agar (A) powder was purchased from Zhenpai Hydrocolloids Co., Ltd. (Zhangzhou
City, Fujian Province, China), with moisture 7.97 wt%, pH 6.46, and 1.5% gel strength of
1150 g/cm2. FP was isolated from the leaves of E. angustifolium L. by the treatment of plant
raw materials with aqueous hydrochloric acid at pH 0.8 [20]. The PC content in FP was
27 mg GAE/g. The chemical characteristics of the polysaccharides are shown in Table 5.

Table 5. Chemical characteristics of polysaccharides used.

Sample UA a Gal a Xyl a Glc a Rha a Ara a Mw, kDa

A 3.9 20.0 3.0 0.9 0.2 0.7 280
FP 66.1 1.7 0.9 0.5 1.2 0.9 232

a Data were calculated as wt%. UA—uronic acids, Gal—galactose, Xyl—xylose, Glc—glucose, Rha—rhamnose,
Ara—arabinose.

The reagents, including the Folin and Ciocalteu’s phenol reagent and pectinase from
Aspergillus niger (1.18 U/mg), were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Gallic acid was purchased from MP Biomedicals (Solon, OH, USA). Ethanol (95%, JSC
Kirov Pharmaceutical Factory, Kirov, Russia), pyridine, boric acid, toluene and chloroform
stabilized with ethyl alcohol (Vekton, Saint Petersburg, Russia), methanol (Merck, München,
Germany, 99.5%), 3,5-dimethylphenol (Sigma Aldrich, USA, 99%), sodium borohydride
(Sigma Aldrich, USA, 98.5%), Sulphuric acid (Sigma-tec, Moscow, Russia) were used.

4.2. Preparation and General Characterization of A and A-FP Gels

A (1.5 g), FP (0.1, 0.4, or 1.6 g), and sugar (5.0 g) were dispersed in deionized water (up
to 100 g) and left for one hour under magnetic stirring. The dispersion was heated to 95 ◦C
in a slow cooker for 45 min. The hot solution was vigorously shaken and transferred into a
silicone form (10 × 26 × 26 mm), followed by cooling to room temperature for 2 h. The
gels were covered with a film and kept at 4 ◦C before being used for further experiments.

The pH was determined using an InLab® Science Pro-ISM pH electrode and an S20
SevenEasy™ pH meter (Mettler-Toledo AG, Schwerzenbach, Switzerland) on homogenates
of A and A-FP gels. Gel was weighed and mechanically broken in distilled water in a ratio
of 1:10 (w/v).
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WL was determined as a measure of the water-holding capacity of the gels. The weight
of 12 gel samples batch before and after complete removal of moisture by drying samples
was determined by AG 245 weight (Mettler Toledo International) WL was calculated as:

WL % = (WW − WD)/WW × 100 %, (1)

where WW and WD represent the weight of the gel samples before and after drying,
respectively.

Serum release was determined using the TA-XT Plus Texture Analyzer (Texture Tech-
nologies Corp., Stable Micro Systems, Godalming, UK). A pre-weighed dry filter paper
was placed under the gel block to absorb the serum being exuded from the gel. The gels
were compressed twice to 80% of initials their height at room temperature. The pre- and
post-test speed was 5.0 mm/s and the test speed was 1 mm/s. The wet filter paper was
weighed immediately after the compression. Serum release was calculated by the equation:
(weight of the released serum)/(initial weight of gel). Twelve replicates were made of each
type of gel.

For measurement of PC content, the gel sample (~4 g) was weighed and mechanically
broken. After adding water in a ratio of 1:4 (w/v) the mix was heated in a water bath for
10 min and cooled to room temperature. The content of PCs was determined in the resulting
solution with the Folin–Ciocalteu reagent using gallic acid as a standard [44]. The results
were expressed as μg of gallic acid equivalents (GAE) per mL of solution or as a percentage
of the total amount of released PCs and remaining in the residue.

The PC loading was calculated using the following equation:

Loading PCs (μg GAE/g gel) = (A/B) × 100, (2)

where A and B are the PC content (μg GAE/mL) and the concentration of gel in solution
(g/mL), respectively. The encapsulate efficiency was calculated using the
following equation:

Loading efficiency (%) = (A/B) × 100, (3)

where A and B are the measured and theoretical amounts of PCs (in μg GAE/g gel),
respectively. The theoretical amounts of PCs in A-FP gel were calculated according to the
total PC content in FP.

4.3. Measurement of Mechanical Properties

For the puncture test, gel samples (9 mm height, 14 mm length and 14 mm width) were
placed on the platform of the texture analyzer (Texture Technologies Corp., Stable Micro
Systems, Godalming, UK). The test was performed using a cylindrical aluminum probe P/5
(5 mm in diameter). The method settings, including the pretest, test, and post-test speeds,
were 5.0, 1.0, and 5.0 mm/s, respectively. The distance (depth of insertion) was set at
4 mm of the initial height of the samples. Several mechanical parameters were extrapolated
from the force–distance curves: puncture hardness (the peak force that occurs during the
puncture), elasticity (distance at the peak force), and consistency (the area of work during
the puncture). The test was performed at room temperature. Each analysis was executed
12 times.

For the two-cycle compression test, gel samples (9 mm height, 14 mm length and
14 mm width) were placed on the platform of the texture analyzer (Texture Technologies
Corp., Stable Micro Systems, Godalming, UK). The test was performed using a cylindrical
aluminum probe P/25 (25 mm in diameter). The gels were compressed twice at room
temperature. The pre- and post-test speed was 5.0 mm/s, and the test speed was 1 mm/s
until a 100% strain. A destructive 100% strain was used to represent gels behavior during
the chewing process. Twelve replicates were made of each type of gel. For two cycles,
compression–decompression provided a force–time graph and led to the extraction of eight
parameters: hardness, cohesiveness, springiness, gumminess, chewiness, and resilience.
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All calculations were performed using Texture Exponent 6.1.4.0 software (Stable Micro
Systems, UK) with manufacturer recommendations.

4.4. Measurement of Rheological Properties

The rheological properties of the samples were determined in a rotational-type rheome-
ter (Anton Paar, Physica MCR 302, Graz, Austria) equipped with a parallel plate geometry
(25 mm in diameter) and a gap of 1–4 mm between the two plates. Four repetitions were
performed for each sample.

Temperature sweeps were carried out from 95 to 5 ◦C at a rate of 5.0 ◦C/min. The
storage modulus (G’) and loss modulus (G”) values were recorded by a temperature sweep
test at a constant stress of 9.0 Pa and an angular frequency of 1.0 Hz (linear viscoelastic
region). Tg was determined as the temperature when G’ and G” crossed over [45,46].

The frequency sweeps were expressed in terms of G’ and G” through an angu-
lar frequency range of 0.01–10 Hz. The tests were performed at 20 ◦C and a constant
stress of 9.0 Pa, which was within the linear viscoelastic region [47]. The degree of fre-
quency dependence for the G’ was determined using the power-law parameters [48,49],
expressed as:

G’ = A × ω × B (4)

where G’ is the storage modulus, ω is the oscillation frequency (Hz), and A is a constant.

4.5. In Vivo Oral Phase (OP) and Static In Vitro Gastrointestinal Digestion

OP digestion was performed as proposed previously [43]. Each type of gel (~4 g) was
chewed 20 times by six healthy people (3 men and 3 women) to simulate the maximum
destruction of the sample in the oral cavity according to preliminary testing in which the
largest number of chews was 20. Thereafter, the bolus was spat three times into a beaker
to reduce sample loss. Immediately after this, 4.0 mL of water was added to the beaker,
mixed by shaking, and all the liquid part was separated for analysis. The gel pieces were
transferred to a 20 mL jacketed glass vessel (reactor) for further in vitro digestion.

In vitro gastrointestinal digestion was approached by the method [50] with minor
modifications. After OP, gels were sequentially incubated in 4.0 mL of the pre-heated SGF
(pH 1.5, 0.08 M HCl, and 0.03 M NaCl), SIF (pH 6.8, 0.05 M KH2PO4, and 0.02 M NaOH),
and SCF (0.01 M KH2PO4, 0.05 M NaHPO4, and pectinase: 1.7 mg/mL) at 37 ◦C and under
continuous orbital shaking (250 rpm) for 2, 4, and 18 h, respectively. Before replacing it
with another, the medium was completely separated from the gel by a grid (mesh size
350 μm) and used for analysis. After incubation in SCF, the gel residue was destroyed by
heating (95 ◦C, 10 min) in water (16 mL). The data from SCF and gel residue were summed.

The contents of GalA and PCs were determined in fluid after each (OP, SGF, SIF, and
SCF) phase of digestion. For this, aliquots (1–2 mL) of incubation medium were taken
and centrifuged, and the resulting supernatant was precipitated with a fourfold volume
of 96% ethanol. The precipitate was washed twice with 96% ethanol and dissolved with
3 mL of H2O. The resulting solution was used to determine the molecular weight of soluble
polysaccharides and the content of GalA by reaction of the sample with 3,5-dimethylphenol
in the presence of concentrated H2SO4 [51]. The alcohol supernatant was used to determine
the total amount of sugars using the phenol-sulfur method. The content of PCs was
determined in the incubation medium as described above.

4.6. EMG and Acceptability Test

Sixteen volunteers (8 men and 8 women) with an average age of 36.5 participated
in the study. All of the volunteers were free of masticatory or swallowing dysfunctions
and did not have dentures. The experiment was conducted individually. Participants
took approximately five minutes to accommodate the experimental environment. Each
participant sat on a chair in a vertical but comfortable position with his head in a natural
orientation. Participants were asked to rinse their mouths carefully with water between
testing gel samples. The subjects were allowed to talk, rinse their mouths, and drink
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water freely between each trial. Two sessions were held per subject: (1) In the first session,
participants scored likeness for A, A-FP0.4, and A-FP1.6 gel samples in an acceptability test
(see below). (2) Deliberate unilateral chewing of the gels on the preferred chewing side
with EMG recording conducted as reported previously [52,53].

Acceptability was evaluated by the same panelists using a 9-point hedonic scale, where
1 and 9 points are “extremely disliked” and “extremely liked”, respectively [54]. The four
samples: A gel (a training sample; it was not taken into account), A, A-FP0.4, and A-FP1.6
gel were presented subsequently. Panelists tasted samples in individual booths under
standard light exposure and temperature (20 ◦C).

4.7. Statistics

The significance of the differences among the means in the content of PCs, mechanical
parameters, and digestion studies was estimated with the one-way analysis of variance
and Fisher’s least significant difference post hoc test. A pared t-test for two dependent
means was applied to determine statistically significant differences in EMG variables for
different gels. Results from the liking test were analyzed using the Wilcoxon signed-rank
test. Statistical differences with a p-value lower than 0.05 were considered significant.

5. Conclusions

In this study, FP possessing antioxidant activity was efficiently incorporated into the
agar gel. The gel structure of A-FP gels was weakened compared to A gel. FP, including
polysaccharide chains and their associated PCs, was released from the agar gel after
sequential oral in vivo and in vitro gastrointestinal digestion. Here, PCs are released mainly
into the simulated colonic fluid. Therefore, A-FP gel can be considered as a promising
food gel for enhancing antioxidant protection in the colon. Chewing to readiness for
swallowing A-FP gel required less time and fewer chews with less masseter and temporalis
activity. Therefore, A-FP gel could be recommended for children, the elderly, patients with
dysphagia, and other people who have difficulty chewing hard foods. The A-FP1.6 gel is
the softest and carries the highest antioxidant potential because of PCs. However, its lower
taste and consistency ratings require further improvement in gel formulation to increase its
acceptability for consumers.

Thus, the advantages of agar gel enriched with FP compared to a single agar gel are
demonstrated, since pectin provides its biological activity, and agar provides the necessary
structural and mechanical properties. Incorporation of pectin into a gelling material, such
as agar, can be a promising approach to develop a new food gel with antioxidant properties.
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Abstract: Red chili is a climacteric fruit that still undergoes respiration after harvest. During storage,
it is susceptible to mechanical, physical, and physiological damage and decay incidence, therefore
a method is needed to protect it so that the quality losses can be minimized. One way this can be
achieved is by applying edible coatings that can be made from hydrocolloids, lipids, or composites of
both, in addition to antimicrobial agents that can also be added to inhibit microbial growth. In this
study, we detail the application of an edible coating made of gelatin composite from tilapia fish skin,
which has a transparent color and good barrier properties against O2, CO2, and lipids. To increase its
physicochemical and functional qualities, it must be modified by adding composite elements such
as pectin as well as hydrophobic ingredients such as garlic essential oil. This study was conducted
to determine the effect of a gelatin–pectin composite edible coating (75:25, 50:50, 25:75), which was
incorporated with garlic essential oil (2% and 3%) on the physicochemical properties of red chili
at room temperature (±29 ◦C), RH ± 69%) for 14 days. The best treatment was the 50–50% pectin–
gelatin composite, which was incorporated with garlic essential oil with a concentration of 2 and 3%.
This treatment provided a protective effect against changes in several physicochemical properties:
inhibiting weight loss of 36.36 and 37.03%, softening of texture by 0.547 and 0.539 kg/84 mm2,
maintaining acidity of 0.0087 and 0.0081%, maintaining vitamin C content of 2.237 and 2.349 mg/gr,
anti-oxidant activity (IC50) 546.587 and 524.907; it also provided a protective effect on chili colors
changing to red, and retains better total dissolved solid values.

Keywords: edible coating; fish gelatin; red chili; pectin; garlic essential oil

1. Introduction

Chili is a fruit plant that is very common in everyday life, and in Indonesia, almost
everyone uses it in food and as a spice in daily cooking [1]. Chili can be harvested when it
is still green and when it is ripe [1]. Because chili is a climacteric fruit, the physicochemical
properties of chili can be changed during the ripening stage due to respiration, production
of ethylene, and other physiological reactions. Because of their color, pungency, flavor,
and perfume, chilies (Capsicum sp.) are employed as a spice in many national cuisines [2].
A good quality chili or pepper has several characteristics such as firmness, fresh calyx
and pedicel, and lack of bruises, abrasions, and disease. Shrivel and wilting both have
a significant impact on the visual quality of chilies [3]. Damage to chili during storage,
especially at room temperature, includes physical damage such as injury, loss of weight,
decreased water content, firmness, freshness, and vitamin C content [3].

Chili can be marketed in modern markets or traditional markets. In modern markets,
chilies are occasionally packaged in plastic wrap and stored at a cooler temperature. This is
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in contrast to sales in traditional markets, in which chilies are usually stacked in an open
room. When the chili arrives in the hands of consumers, it is sometimes only stored at
room temperature at home. Therefore, it is necessary to find a method to be able to extend
its shelf life, especially at room temperature [4].

Currently, the use of natural preservatives is increasingly in demand and has garnered
special attraction. One method that can be applied to maintain quality and extend the shelf
life of fruits and vegetables is to provide an edible coating [5–8]. Chili with a thin edible
coating can be consumed without the need to be separated or thrown away because the
edible coating is not dangerous when ingested in the body [9,10].

Edible coatings can be made from hydrocolloids, lipids, or composites of the two. In
addition, antimicrobial agents can also be added to inhibit microbial growth of the product
being coated [11–14]. Another consideration that is also important in choosing this coating
solution material is raw materials that are sustainable, environmentally friendly practical,
and economical [15–17]. The use of materials according to these criteria will certainly in-
crease stability and protection during the product’s shelf life and is expected to reduce total
operational costs while reducing waste generated [13,14,18,19]. One of the most widely
applied biopolymers for various types of food is gelatin. Gelatin has good mechanical prop-
erties, good optical properties, and a barrier effect on the gas flow [20,21]. An alternative
source of gelatin that can be utilized is gelatin from fish industry waste [20,22]. The use
of by-products or agro-industrial and aquatic waste such as tilapia fish skin by-products
will add economic value and have a positive impact from an environmental and social
perspective [21,23]. Tilapia skin gelatin is a species of warm water fish with a greater bloom
value than cold water fish with gelling and melting values similar to mammalian gelatin,
making it suitable for use as an edible coating [10].

The use of gelatin has a limitation—namely, it has a fairly high value of water vapor
permeability (WVP) due to the hydrophilic nature of gelatin; therefore, it is necessary to
improve this property [24,25]. One of the ways to improve the properties of gelatin is
to composite it with polysaccharides such as pectin, which can correct these deficiencies.
Pectin has good mechanical properties and is a good barrier to oxygen and oil [26].

The usage of gelatin in food has been widely employed, although edible coatings have
been widely used on chili peppers themselves, including coating with chitosan, which has
been proven to retain quality and decrease damage to green pepper [7]. In addition to
composites, we can also improve the mechanical and also functional properties of edible
coatings by adding antimicrobial agents such as essential oils to slow down spoilage.
Essential oils that have been widely used, including rosemary in gelatin from fish, have
been shown to reduce WVP by up to 54% because essential oils are hydrophobic so they
can improve the hydrophilic properties of gelatin. In addition, garlic essential oil is an
antifungal agent, and mycotoxins in corn and edible films are made of protein [27].

Several studies on the use of edible coatings with composite materials on fruits and
vegetables—especially chili commodities—have been carried out [28]. The application of
chitosan–gelatin composite material as an edible coating on post-harvest red bell pepper
demonstrated excellent firmness retention compared to single coatings (noncomposite
coating) and untreated fruit [10]. Few reports are available on the use of the edible coating
gelatin–pectin composite with incorporated garlic essential oil in red chili to extend the
period of usability of red chili; however, to the best of our knowledge, no data is yet
available on the combined influence of this composite, or on expanding the shelf-life and
maintaining red chili quality traits. As a result, the purpose of this experiment was to
investigate the effects of the application of the edible coating gelatin–pectin composite with
incorporated garlic essential oil on the shelf-life, weight loss, physicochemical parameters
(such as color, firmness, vitamin C, titrable acidity) of red chili, and disease incidence
during their postharvest storage at room temperature.
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2. Results and Discussion

2.1. FTIR

The FTIR (Fourier Transform Infrared) spectra of a gelatin–pectin composite coating
solution containing garlic essential oil and a gelatin–pectin coating solution without garlic
oil are shown in Figure 1. In general, both coating solutions showed similar main peaks due
to the predominant gelatin–pectin composition compared to the essential oil concentration.

Figure 1. FTIR of an edible coating of Tilapia gelatin composite gelatin–pectin with incorporated
garlic essential oil.

The presence of polyhydroxy chemicals such as flavonoids, nonflavonoids, and
saponins is indicated by the existence of a wide peak at wave numbers 3373.49 and
3404.91 cm−1 on samples with coating with essential oil and without essential oil, re-
spectively. The coating solution containing the essential oil has a higher hydrophobicity
than the coating solution without essential oil, as evidenced by the highest peak amplitude
at wave number 2924.44 cm−1. This is following the hydrophobic moieties CH, CH2,
CH3 as aromatic compounds. Peak is also seen at wave number 2363 cm−1 like the peak
that also appears in the spectrum of garlic essential oil. Strong peaks were also found at
about 1630 cm−1 for coating with essential oils, showing the existence of carbonyl and
carboxylic group stretching. The peak at 1395 cm−1 reveals the presence of flavonoids,
tannins, saponins, and glycosides by indicating the O-H bend of carboxylic acids. The
peak at 1036 cm−1 indicates the organosulfur group including alliin, allicin, and diallyl
disulfide [29].

The peak at approximately 720 cm−1 indicates the C-S bond strain in garlic oil. In the
standard spectrum of garlic oil, high-intensity peaks appear in the range of 990 cm−1 to
900 cm−1. These peaks are caused by the =CH2 deformation of the vinyl groups found in
sulfides and dithiins. This peak was also seen in the coating samples, but it was not as
strong as the standard essential oil. Thus, it can be concluded that essential oils can provide
a cross-linking effect with the coating solution.

2.2. Weight Loss

Figure 2 indicates that applying an edible gelatin–pectin coating supplemented with
garlic essential oil to red chili reduces the percentage of weight loss in red chili held at
room temperature for 14 days more efficiently than the uncoated sample (p < 0.05). The
proportion of weight loss in untreated samples (control) was much greater than in samples
coated with an edible coating (Figure 2). Weight loss is commonly attributed entirely
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to water loss; however, loss of other components may also contribute to this problem.
Nonetheless, other than water loss, the contribution from other components is regarded
as minimal. This water loss reduces the turgor and hardness of the fruits. It could cause
acceleration in the surface depression and deformation of produce. Water loss is associated
with several other changes occurring in fruits and can act as a trigger to initiate these
changes [30]. The edible coatings can cover the surface layer of the fruit, preventing
respiration, transpiration, and syneresis [8,15,16]. This data supports the advantages of
putting the edible coating on fresh-cut red chili pieces, owing to the establishment of a
polymeric barrier, which has been shown to prevent water loss from fresh-cut samples in
other fruits [17,18].

Figure 2. Effect of an edible coating of Tilapia gelatin–pectin composite with incorporated garlic
essential oil on weight loss of red chili during storage The value shown is the average of the three
experimental replications. Control: Uncoated Sample; 1: Gelatin75%-Pectin25%-Garlic Essential
Oil2%; 2: Gelatin75%-Pectin25%-Garlic Essential Oil Oil3%; 3: Gelatin50%-Pectin50%-Garlic Essential
Oil Oil2%; 4: Gelatin50%-Pectin50%-Garlic Essential Oil Oil3%; 5: Gelatin25%-Pectin75%-Garlic
Essential Oil Oil2%; 6: Gelatin25%-Pectin75%-Garlic Essential Oil Oil3%. a–d non-capital letters show
the difference between the samples (p < 0.05). A–C capital letters show the difference between the day
of storage (p < 0.05).

Figure 2 depicts the significant weight decrease of the treated and untreated fruits
(p < 0.05). This weight reduction in the items might be attributed to moisture loss, transpi-
ration, and respiration, which gave the weight loss of the red chili. Water loss in the fruit
occurs mostly through the fruit cuticle, the fruit’s physical properties, or both. The loss
of a carbon atom in each cycle of respiration may result in weight loss as well. A similar
result has been made about bell peppers and green chilies. As a result, an appropriate
concentration of applications of edible coating might prevent weight loss [17,18].

Overall, based on Figure 2, the percentage of weight loss increased with storage time,
the percentage of weight loss in the control sample on the 1st, 7th and 14th observation
days was 1.12, 37.76, and 64.71%, respectively, while in the coated samples the highest
weight loss was in samples 5 and 6 at 54.48 and 55.57%, respectively, on the 14th day of
storage, and the lowest weight loss was in samples 3 and 4 at 36.36 and 38.03%, respectively,
on the 14th day of storage. Based on Figure 2, treatment and storage time had a significant
effect (p < 0.05) on weight loss.

2.3. Total Vitamin C

Figure 3 shows the results of an evaluation of the vitamin C levels in red chili with
an edible coating of a gelatin composite supplemented with garlic essential oil. Figure 3
shows that there was a significant reduction in the control sample and the sample with
the edible coating treated with the addition of essential oil (p < 0.05). The decrease in
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vitamin C levels in red chili during storage was caused by the oxidation process. Vitamin C
oxidizes rapidly to L-dehydroascorbic acid and then to L-dicotigulonic acid [19]. Changes
in vitamin C content are caused by the unstable nature of vitamin C, which is easily oxidized
when exposed to oxygen. Vitamin C contains a hydroxyl functional group (OH) that is
highly reactive in the presence of an oxidizing hydroxyl group and will be oxidized to
a carbonyl group. This is in line with research conducted that showed that there was a
decrease in vitamin C levels in samples during storage [31]. Ascorbic acid (vitamin C) is a
hydrophilic antioxidant that scavenges damaging harmful additional ROS and free radicals.
In the present research, in all treatments, the ascorbic acid content declined continuously
throughout the storage period, and on day 14 of storage, its content in the control samples
(untreated) decreased higher than in the coated sample. The use of an edible coating
gelatin–pectin composite containing garlic essential oil decreased the loss of ascorbic acid
in red chili.

Figure 3. Total Vitamin C of red chili during storage. a–d non-capital letters show the differ-
ence between the sample (p < 0.05). A–C capital letters show the difference between the day of
storage (p < 0.05). Control: Uncoated Sample; 1: Gelatin75%-Pectin25%-Garlic Essential Oil2%;
2: Gelatin75%-Pectin25%-Garlic Essential Oil Oil3%; 3: Gelatin50%-Pectin50%-Garlic Essential Oil
Oil2%; 4: Gelatin50%-Pectin50%-Garlic Essential Oil Oil3%; 5: Gelatin25%-Pectin75%-Garlic Essential
Oil Oil2%; 6: Gelatin25%-Pectin75%-Garlic Essential Oil Oil3%.

The decline in vitamin C in samples without treatment (control) was substantially
greater (p < 0.05) than in samples treated with an edible coating (Figure 3). This is because
the application of an edible coating can inhibit the diffusion of O2 into the fruit tissue.
Therefore, the oxidation reaction that causes damage to vitamin C can also be inhibited.
Meanwhile, in untreated samples (control), the diffusion of O2 was not inhibited as a result,
and vitamin C degradation continued. Our findings demonstrated that the edible coating
gelatin–pectin composite incorporated with garlic essential oil had a substantial effect on
retaining the ascorbic acid content of red chili after 14 days of storage at room temperature.
The capacity of the edible coating composite film to improve the inner atmosphere status
and postpone the ripening process of red chili was linked to the gradual drop in ascorbic
acid level in coated samples.

Naturally, ascorbate oxidase is the primary enzyme responsible for the degradation
of ascorbic acid. Ascorbate oxidase levels increase under stress. Ascorbic acid oxidation
can result in a loss of nutritional value. Essential oils have antioxidant properties and can
help to minimize oxidative stress. As a result, it appears that an edible coating composite
of gelatin–pectin incorporated with garlic essential oil improves the antioxidant activity
of the investigated oil over time by protecting it from degradation by oxygen, light, and
temperature, resulting in less ascorbic acid degradation in the treated sample.

The value of vitamin C from the chili samples treated with coating and the control
samples during the storage period can be seen in Figure 3. From Figure 3, it can be seen
that there was a decrease in the content of vitamin C (p < 0.05) during the storage period
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in all samples. Samples with a composition of gelatin:pectin 50:50 (samples 3 and 4) were
able to maintain the highest vitamin C content, namely 2.237 and 2.349 mg/g; as well as
for other samples treated, the greater the concentration of essential oil given, the better it
was in maintaining the vitamin C content. The uncoated control sample had the lowest
vitamin C content on day 14 of storage, namely 1.898 mg/g, and was significantly different
(p < 0.05) compared to all samples treated on all observation days.

2.4. Firmness

The results of the firmness analysis of red chilies coated with an edible coating of
a gelatin–pectin composite incorporated with garlic essential oil can be seen in Figure 4.
Firmness is a very important parameter in determining the quality of chili that can be
accepted by consumers, and this hardness value will decrease linearly during the storage
period even though the samples have been treated. The Fmax value indicates the hardness
level of the sample; higher Fmax values indicate that the sample tested has a harder texture.
Figure 4 shows similar results in that the hardness value of all samples decreased with
increasing storage time. The largest significant decrease in hardness value (p < 0.05) was
in the control sample on all days of storage, from 0.64 kg/84 mm2 on the first day to
0.449 kg/84 mm2 on the 14th day. Meanwhile, the hardness value for each sample differed
significantly from day to day. The best hardness results during storage occurred in samples
with coating 3, namely from 0.63 kg/84 mm2 on the first day to 0.547 kg/84 mm2 on the
14th day. Therefore, based on the results coating 3 gives the best results.

Figure 4. Firmness of red chili during storage. a–d non-capital letters show the difference between the
sample (p < 0.05). A–C capital letters show the difference between the day of storage (p < 0.05). Control:
Uncoated Sample; 1: Gelatin75%-Pectin25%-Garlic Essential Oil2%; 2: Gelatin75%-Pectin25%-Garlic
Essential Oil Oil3%; 3: Gelatin50%-Pectin50%-Garlic Essential Oil Oil2%; 4: Gelatin50%-Pectin50%-
Garlic Essential Oil Oil3%; 5: Gelatin25%-Pectin75%-Garlic Essential Oil Oil2%; 6: Gelatin25%-
Pectin75%-Garlic Essential Oil Oil3%.

The results of the firmness of red chili during storage revealed that the gelatin–pectin
composite edible coating mixed with garlic essential oil greatly delayed the decline of the
firmness in the coated sample when compared to red chili control samples. The firmness
of the room control samples decreased more throughout the 14-day storage period. This
might be attributed to an increased rate of transpiration by the fruit tissue, which leads to a
loss of cell turgor and, as a result, tissue stiffness. Firmness retention was greater in treated
samples compared to controls under both storage conditions [17,18]. The results of this
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investigation demonstrated that a gelatin–pectin composite edible coating infused with
garlic essential oil considerably delayed firmness loss.

Several mechanisms—including lipid oxidation, water transpiration, and hydrolysis
of pectin components—contribute to the loss of firmness in fruits and vegetables during
storage. Figure 4 depicts the findings of the hardness of control and treated red chili.
According to Figure 4, the longer the storage period, the lower the Fmax value, although
the edible coating treatment can mitigate the Firmness decline. One of the most significant
quality characteristics of all fruits and vegetables, including red chili, is firmness. Tissue
softening is therefore a serious problem that has an impact on visual quality.

Based on Figure 4, the loss of firmness in coated chili fruits was reduced due to barrier
qualities against gases and water loss transpiration, hence keeping cell turgor and firmness.
During storage, firmness in all groups showed a downward trend, and firmness in the
coated group of each variety was significantly higher than its control group, which can be
explained by the coating reducing the respiration rate and ethylene production, thereby
reducing the activity of cell-wall-degrading enzymes. The findings are consistent with
prior research on the application, which looked at the influence of the edible coating on the
firmness of fresh fruit and vegetables during storage. Previous research has also shown
a similar result, in which the application of an edible coating of biopolymers influenced
firmness through the application of an edible coating in cherry fruits during storage
in order to reduce the firmness due to water loss transpiration [5]. In addition to the
transpiration, this is a result of protopectin decomposing into soluble pectin under the
action of cell wall degrading enzymes such as pectin galactosidase, polygalacturonase, and
pectin methylesterase, which reduce adhesion between cells and the mechanical strength
of the cell wall, leading to the softening of fruit tissues and decreased firmness [5].

2.5. Color
2.5.1. Lightness

Color and visual appearance are significant quality criteria that have a direct impact on
the customer’s sense of quality. It is one of the most important and distinctive characteristics
of red chili. The L* or lightness value on red chili samples that were treated with a coating
treatment of a pectin–gelatin composite solution incorporated with garlic essential oil and
samples that were not given any treatment (control) can be seen in Table 1. The brightness
(L*) of samples treated with the coating and the control samples decreased with storage
time. The lowest brightness value was in the control sample, namely 20.4 ± 0.12 on the
14th day of storage. This decrease in the brightness value is due to the activity of the
PPO (polyphenol oxidase) enzyme which causes a decrease in brightness to browning
in fruits. Browning reactions can occur due to the reaction of oxygen with polyphenolic
compounds catalyzed by polyphenol oxidase enzymes to form brown melanin compounds.
PPO (Polyphenol Oxidase) enzyme activity produces a loss in brightness on the surface
of the fruit flesh and leads it to brown [21]. Oxygen can react directly with polyphenol
compounds if some cells or tissues are exposed due to injury. Enzymatic browning degrades
the aesthetic look of fresh/fresh-cut fruits and vegetables, induces undesired taste changes,
and promotes nutritional loss. Such modifications make the goods less appealing to
customers. In any case, browning damages the original color of the product [22]. However,
the drop in brightness value is larger in the control sample than in the sample treated
with the edible coating because the edible coating can minimize the interaction between
oxygen and polyphenol chemicals. Gelatin–pectin combined with garlic essential oil as a
component of edible coatings has high oxygen barrier properties [23,24].
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Table 1. Color Parameter during Storage.

Sample

Color Parameter

L* a* b*

1st Day 7th Day 14th Day 1st Day 7th Day 14th Day 1st Day 7th Day 14th Day

Control 27.42 ± 1.16 24.43 Aa ± 0.24 20.4 Aa ± 0.12 38.94 Bb ± 1.14 30.38 Aa ± 1.33 28.02 Aa ± 0.53 24.69 BCb ± 1.94 15.71 Aa ± 0.80 14.59 Aa ± 0.89
1 28.22 ± 0.57 25.87 Bb ± 1.07 25.42 Cb ± 1.27 34.77 Aa ± 1.61 32.83 Ba ± 4.06 30.41 Ba ± 3.73 21.70 Ba ± 0.86 19.71 Ba ± 3.78 16.71 Ba ± 4.39
2 28.16 ± 0.60 25.99 Bb ± 0.53 24.29 Cb ± 0.72 37.93 Ab ± 1.62 38.50 Bb ± 1.15 35.70 Bb ± 1.19 25.84 Bb ± 1.86 25.84 Bb ± 0.98 24.48 Bb ± 1.34
3 26.84 ± 1.00 26.46 Bb ± 1.16 26.11 Db ± 1.38 33.68 Aa ± 1.20 32.69 Ba ± 2.60 31.34 Ba ± 3.09 17.91 Aa ± 2.16 17.87 Ba ± 3.21 18.62 Ba ± 1.23
4 28.49 ± 0.57 27.48 Bb ± 0.89 27.54 Db ± 0.80 39.47 Ab ± 1.10 37.74 Ab ± 2.58 33.63 Bb ± 1.29 24.18 Ab ± 0.72 25.22 Bb ± 2.59 20.60 Bb ± 0.30
5 28.37 ± 0.66 25.50 Bb ± 0.26 22.20 Bb ± 0.95 39.73 Ba ± 1.30 31.20 Ba ± 2.21 28.63 Ba ± 0.90 25.92 Ca ± 2.41 17.94 Ba ± 1.55 15.44 Ba ± 1.29
6 29.40 ± 0.87 26.08 Bb ± 0.73 23.50 Bb ± 1.28 39.74 Bb ± 1.70 38.92 Bb ± 2.45 33.73 Bb ± 1.17 28.08 Cb ± 2.20 27.82 Bb ± 2.83 26.68 Bb ± 5.10

a, b non-capital letter show the difference between the sample (p < 0.05). A–C capital letter show the difference
between the day of storage (p < 0.05). Control: Uncoated Sample; 1: Gelatin75%-Pectin25%-Garlic Essen-
tial Oil2%; 2: Gelatin75%-Pectin25%-Garlic Essential Oil Oil3%; 3: Gelatin50%-Pectin50%-Garlic Essential Oil
Oil2%; 4: Gelatin50%-Pectin50%-Garlic Essential Oil Oil3%; 5: Gelatin25%-Pectin75%-Garlic Essential Oil Oil2%;
6: Gelatin25%-Pectin75%-Garlic Essential Oil Oil3%.

The brightness of the samples treated with either 2% or 3% garlic essential oil did
not have many different results (p > 0.05). In samples 5 and 6, the brightness value on the
14th day of storage is close to the brightness value of the control sample. The decrease in
brightness in controls tends to be greater than that of samples treated with edible coatings.
Therefore, it can be concluded that the provision of edible coatings can maintain better
brightness due to the presence of a layer as a barrier that reduces contact between oxygen
and polyphenolic compounds. Previous research also reported the same thing, namely that
the brightness value (L) of bell pepper decreased significantly during the storage period
at room temperature and cold temperature [32,33]. This could be explained as coating
formulations being more permeable to O2 due to the presence of a plasticizer, which
decreases the intermolecular interactions among adjacent polymeric chains and facilitates
gas mobility and permeability, which are functions that could cause changes in color
due to oxidation damages that will influence the brightness value. In addition, the main
function of the effect of coatings and edible films is to preserve changes in physicochemical
parameters and biochemical processes such as enzymatic oxidation caused by polyphenol
oxidase (PPO), which is responsible for the browning. This is in contrast with previously
published works indicating the effectiveness of coatings [34].

2.5.2. a (Degree of Redness)

The results of the examination of the reddish (a*) color of red chili coated with an
edible gelatin composite coating are shown in Table 1. According to Table 1, the red
parameter (a) of all red chili samples decreased significantly (p < 0.05) during storage.
Because some carotenoid pigments in red chili can function as antioxidants, it is sensitive
to light and oxygen during storage [25]. Samples with coatings of gelatin–pectin composite
incorporated with garlic essential oil tend to protect against the reduction of a value during
storage. The decrease in the number suggests that coatings can keep color more effectively.
This might be due to the altered environment in the fruit caused by the edible covering,
which influences the respiration rate, postponing color difference among samples more
than the storage duration itself [26].

On the 14th day, it was seen that the control sample had a lower redness value than
the treated sample. A high redness value (a*) of chilies during storage indicates the red
color of chilies is approaching bright red, and the lower a* value means that the red color
of the chilies is closer to dark red. This change can be caused by the oxidation of carotene
and xanthophyll pigments, which are sensitive and easily damaged if exposed to light and
oxygen [1]. Treatment with an edible pectin–gelatin composite coating incorporated with
garlic essential oil could maintain a better red color value in the sample during storage at
room temperature because the respiration rate slowed down.
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2.5.3. b (Degree of Yellowness)

The results of the examination of the yellowish parameter (b*) on red chili covered
with an edible coating of gelatin–pectin mixed with garlic essential oil are shown in Table 1.
On the first day, the b* value ranged from 17–28; on the 14th day, it was seen that the
control sample had a lower value than the treated sample. According to Table 1, the yellow
parameter of all red chili samples tends to fade with time. The decrease in the b value also
suggests that coatings can hold color more effectively. This can also be attributed to the
protective effect of edible coating [8].

2.6. Titratable Acidity

Titratable acidity (TA) is a measure of the amount of acid in a solution and is believed
to be an indicator of chili maturity [26,27]. It demonstrates that the titrable acidity of all
samples declined as storage time increased. There is a significant difference (p < 0.05) in
TA changes over the storage period (Figure 5). Throughout the storage time, the value of
acidity (TA) decreased for all treatments. The decrease in TA in all treatments over the
storage period is consistent with the usual process of fruit ripening. The coating treatment
considerably (p < 0.05) increased the TA during storage durations. This might be because
the coating treatment makes less O2 accessible for the respiratory process, thereby delaying
the usage of organic acids. As a result, the decrease in TA during storage might be caused
by a variety of reasons, including organic acid breakdown. Organic acids, such as citric
acid, are important substrates for respiration. Acidity drop and pH increase are likely to
occur in rapidly respiring fruits. External application or coating decreases respiration rates
and inhibits organic acid activity. The gelatin–pectin composite with garlic essential oil
treatment performed better in sustaining TA and pH at room temperature and under storage
conditions than control samples, most likely due to its buffering function for organic acid
component degradation. The findings are consistent with prior studies of edible coating
for green chilies on the TA and pH of green chilies while they were stored [35]. The results
showed that using a chitosan–pullulan composite edible film kept the acidity and pH of bell
peppers stable throughout storage [33]. This might be related to the activation of defense
enzymes slowing down the respiration rate, metabolic activity, and regulation of enzymatic
activity and anthracnose.

TA values in all samples decreased significantly (p < 0.05) with increasing storage
time (Figure 5). The biggest decrease in TA values was in the control sample, namely
0.0112, 0.0078, and 0.0066% on storage days 1, 7, and 14, respectively. The gelatin–pectin
composite incorporated with garlic essential oil proved to be better at retaining TA under
room temperature storage conditions (±29 ◦C, RH ± 69%) compared to the control sample.
This study observed that TA contents of red chili in all groups showed a downward trend
and that coating treatment inhibited the decomposition of TA due to the oxygen barrier
effect of the coating reducing the oxygen concentration inside the fruit, which also reduced
the intensity of respiration and related enzyme activities, thereby reducing the consumption
of TA.
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Figure 5. Titrable acidity of red chili during storage. a–e non-capital letters show the difference
between the day of storage (p < 0.05). A–C capital letters show the difference between the day of
storage (p < 0.05). Control: Uncoated Sample; 1: Gelatin75%-Pectin25%-Garlic Essential Oil2%;
2: Gelatin75%-Pectin25%-Garlic Essential Oil Oil3%; 3: Gelatin50%-Pectin50%-Garlic Essential Oil
Oil2%; 4: Gelatin50%-Pectin50%-Garlic Essential Oil Oil3%; 5: Gelatin25%-Pectin75%-Garlic Essential
Oil Oil2%; 6: Gelatin25%-Pectin75%-Garlic Essential Oil Oil3%.

2.7. Total Soluble Solids

The total soluble solids (TSS) of fruits and vegetables are known to be an essential
determinant in consumer acceptability. Because of the hydrolytic conversion of complex
polysaccharides into simpler sugars and the transformation of pectic components, the TSS
behavior of red chili steadily rises with the progression of time storage.

The analysis of total soluble solids in red chilies coated with an edible coating of
gelatin–pectin composite incorporated with garlic essential oil shown in Figure 6 can be
taken as an example of the quantity of sugar in a material. Total soluble solids tend to
increase during storage. The increase in the total value of soluble solids during storage
is caused by the accumulation of glucose as a result of the hydrolysis of carbohydrates,
which is faster than the process of converting glucose into energy and H2O [36]. During the
ripening process, the carbohydrate content in red chili can also be hydrolyzed into glucose,
fructose, and sucrose. Reducing sugar levels can change following the fruit respiration
pattern [37]. The appearances of the coated and uncoated red chili samples are shown in
Figure 6. The change of physicochemical characteristics including TSS will also give effect
to the appearance of the red chili during storage.

The value of the increase in the total dissolved solids value of the control sample was
significantly different (p < 0.005) compared to the treated sample. On the first day, the
control sample had a value of 14.9 brix and increased to 18.8 brix on day 14 (Figure 6).
There was a lower increase in value in the treated samples 1, 2, 3, and 4, which were around
16 brix on day 14. Samples 5 and 6 had higher brix values, namely 17.72 and 17.56 brix, and
it can be seen that a decrease in gelatin content increased the total dissolved solids, which
is because the gelatin layer is proven to be a good barrier thereby delaying the ripening
process so that the total dissolved solids value becomes lower.
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Figure 6. Total Soluble Solid of red chili during storage. a–d non-capital letters show the difference
between the day of storage (p < 0.05). A–C capital letters show the difference between the day of
storage (p < 0.05). Control: Uncoated Sample; 1: Gelatin75%-Pectin25%-Garlic Essential Oil2%;
2: Gelatin75%-Pectin25%-Garlic Essential Oil Oil3%; 3: Gelatin50%-Pectin50%-Garlic Essential Oil
Oil2%; 4: Gelatin50%-Pectin50%-Garlic Essential Oil Oil3%; 5: Gelatin25%-Pectin75%-Garlic Essential
Oil Oil2%; 6: Gelatin25%-Pectin75%-Garlic Essential Oil Oil3%.

2.8. Antioxidant Activity

Figure 7 depicts the total antioxidant (IC50) analysis of red chili covered with an edible
coating of a gelatin–pectin composite supplemented with garlic essential oil. It can be
seen in Figure 7 that there is a significant difference in the control sample compared to the
treatment sample (p < 0.005), especially on the seventh day, but for all coating treatments on
the same day, there is no significant difference. On the first day of storage, a low IC50 value
was present at coating 1–coating 4; coating 5 and 6 were almost the same as the control, but
were still below.

There was a significant increase in all treatments on day 7 and some coatings still
increase in IC50 value until day 14 and some decreased. This fluctuating result is due to the
level of maturity of chili itself; the growth conditions of the plant can be different, thus it
will affect the antioxidant capacity of the fruit tissue. On the last day of storage, it was seen
that the addition of pectin and garlic essential oil to the coating solution affected the IC50
value. The greater the concentration of pectin, the lower the IC50 value.

The addition of garlic oil will affect its antioxidant activity, and there was an increase
in the percentage of inhibition along with the addition of the concentration of garlic oil
used. This is because garlic contains the main compounds callicin, alliin, allyl cysteine, and
allyl disulphide, which are active against free radical damage [38]. In Figure 7, it can be
seen that the control sample has a high IC50 value compared to all coating samples on all
observation days, which is in line with the results of vitamin C analysis in this study where
coating samples had the highest levels of vitamin C compared to the control. Vitamin C
has an important role in antioxidant capacity, and it is an organic acid needed by fruit
as a substrate in the respiration process. The treatment given is expected to inhibit the
respiration process so that the vitamin C content is maintained and, of course, it will also
maintain the antioxidant capacity of the fruit [39].
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Figure 7. Total antioxidant of red chili during storage. a–c non-capital letters show the difference
between the day of storage (p < 0.05). A, B capital letters show the difference between the day of
storage (p < 0.05). Control: Uncoated Sample; 1: Gelatin75%-Pectin25%-Garlic Essential Oil2%;
2: Gelatin75%-Pectin25%-Garlic Essential Oil Oil3%; 3: Gelatin50%-Pectin50%-Garlic Essential Oil
Oil2%; 4: Gelatin50%-Pectin50%-Garlic Essential Oil Oil3%; 5: Gelatin25%-Pectin75%-Garlic Essential
Oil Oil2%; 6: Gelatin25%-Pectin75%-Garlic Essential Oil Oil3%.

Based on Figure 7, on the first day of storage, the lowest IC50 value was in samples 1 to 4
and the highest was in the control sample, which was 368.76. On the seventh day of storage,
there was a significant increase in all treatments; later, almost all samples still experienced
an increase in IC50 values until day 14, and some also decreased. This fluctuating yield is
due to several factors such as the maturity level of the chili itself and different plant growth
conditions that can affect the antioxidant capacity of the fruit tissue [40]. In general, on
the 14th day, it was seen that the addition of pectin and garlic essential oil to the coating
solution affected the IC50 value. The greater the pectin concentration, the lower the IC50
value, namely in samples 5 and 6. Among all the samples, the best was the one containing
higher essential oils. The addition of garlic essential oil will thus affect its antioxidant
activity. There was an increase in the percentage of inhibition along with the addition
of the concentration of garlic essential oil used. This is because garlic contains the main
compounds callicin, alliin, allyl cysteine, and allyl disulphide, which are active against
damage caused by free radicals [27]. Coating chili peppers has been shown to provide a
better IC50 value, and the total radical-scavenging activity of chili peppers is also influenced
by the synergism between the total antioxidants in the sample, such as vitamins C and E,
and the content of carotenoid pigments [41]. In this study, the treated samples were able to
retain their vitamin C content better than the control, where vitamin C is an organic acid
needed as a substrate in the respiration process. Coating can inhibit this process so that the
vitamin C content is better maintained and, of course, it will also be able to maintain the
antioxidant capacity of the fruit [13].

2.9. Decay Incidence

One of the causes of rotting in red chili besides anthracnose is the damage caused
by putrefactive fungi such as Aspergillus sp. and Fusarium sp. The percentage of damage
(decay incidence) can be seen in Table 2. A significant difference (p < 0.05) was seen in
the damage between the control sample and the treated sample. On the first day, almost
all of the treated samples were not damaged, while the control samples on the first day
were damaged by 22.22%. Along with the storage time, the percentage of damage caused
by these microorganisms increased, and on the 7th day, the treated samples began to
experience damage. The lowest damage was in coated samples 6 and 3 and the highest
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was in the control sample. At the end of storage on the fourteenth day, the lowest damage
was in sample 3 with a 50:50 composite composition and the highest damage was in the
control sample of 68.89%. In general, the data shows that the addition of more garlic
essential oil (3%) can slightly reduce the damage caused by these microorganisms. This
may be due to the addition of 2% essential oil which is good enough to prevent damage
caused by microorganisms in red chili. However, the addition of essential oils to the coating
solution still shows significant potential for antimicrobial activity, and the addition of
essential oil to chitosan can extend the shelf life by inhibiting the growth of unwanted
microorganisms [9,42].

Table 2. Decay incidence of red chilli during storage.

Sample
Decay Incidence (%)

1st Day 7th Day 14th Day

Control 22.22 cA ± 12.02 42.22 cB ± 6.67 68.89 cC ± 14.53

1 0.00 bA ± 0.00 33.33 bB ± 10.00 48.89 bC ± 10.54

2 0.00 abA ± 0.00 22.22 abB ±12.02 40.00 abC ± 10.00

3 2.22 aA ± 6.67 17.78 aB ± 15.63 28.89 aC ± 14.53

4 0.00 bA ± 0.00 35.56 bB ± 13.33 42.22 bC ± 6.67

5 0.00 bA ± 0.00 33.33 bB ± 12.02 44.44 bC ± 18.56

6 4.44 aA ±8.82 11.11 aB ± 8.82 33.33 aC ± 16.67
a–c non-capital letter show the difference between the sample (p < 0.05). A–C capital letter show the difference
between the day of storage (p < 0.05). Control: Uncoated Sample; 1: Gelatin75%-Pectin25%-Garlic Essen-
tial Oil2%; 2: Gelatin75%-Pectin25%-Garlic Essential Oil Oil3%; 3: Gelatin50%-Pectin50%-Garlic Essential Oil
Oil2%; 4: Gelatin50%-Pectin50%-Garlic Essential Oil Oil3%; 5: Gelatin25%-Pectin75%-Garlic Essential Oil Oil2%;
6: Gelatin25%-Pectin75%-Garlic Essential Oil Oil3%.

Furthermore, the coating helps delay senescence, which makes the commodity more
susceptible to pathogen infection as a result of loss of cellular or tissue integrity. A similar
study was also conducted on bell peppers, in which the fruit coated with chitosan and
chitosan-gelatin composite significantly inhibited microbial spoilage, namely 7.4% and
10.6%. This value is two to three times smaller than that of the uncoated peppers, which is
25.3%. The addition of gelatin to the coating does not reduce the antimicrobial effect [32].
The appearance of red chili can be seen in Figure 8.

Figure 8. Appearance of Red Chili.

3. Conclusions

The treatment of edible coatings from gelatin–pectin composites, especially the con-
centration of 50:50, is incorporated with garlic essential oil with a concentration of 2%

109



Gels 2023, 9, 49

(coating 3) on red chili commodities that are stored for 14 days at room temperature, which
can provide a protective effect against changes in several physicochemical properties such
as inhibition of weight loss by 36.36% and maintaining the decay incidence that began on
the 7th day as 17.78% to 28.89% on the 14th day of storage. The edible coating treatment
of the gelatin–pectin composite, especially the concentration of 50:50 that was incorpo-
rated with garlic essential oil with a concentration of 2% (coating 3), had a hardness value
of 0.547 kg/84 mm2, maintained acidity of 0.0087%, maintained vitamin C content of
2.237 mg/g, antioxidant activity (IC50) 546.587, and provided a protective effect on red chili
discoloration to maintain a better value of total dissolved solids. Our findings reveal that
the application of the edible coating to red chilies can be an effective method to protect the
quality of red chilies and has the potential to extend its storage life up to the 14th day at
room temperature storage (±29 ◦C, RH ± 69%).

4. Materials and Methods

4.1. Materials

Red chili (C. annum L.) aged 1–2 days of harvesting (Pasar Jatimulyo, Lampung,
Indonesia), garlic essential oil (Lansida group, Yogyakarta, Indonesia), tilapia fish gelatin
(Redman fish gelatin, Ang Mo Kio, Singapore), Low Methoxyl Pectin (LMP) (Campectin
4510, Madrid, Spain), and other chemical reagents.

4.2. Preparation of Edible Coatings

First, the dissolving gelatin and pectin in the distilled water are tested separately
with a concentration of 3% (w/v) at 50 ◦C for 120 min. Afterward, several formulas of
the gelatin and pectin solutions with gelatin:pectin ratios of 75:25, 50:50, and 25:75 (v/v)
were then homogenized by stirring using a magnetic stirrer at 40 ◦C for 3 h. Afterward, 7%
glycerol was added as a plasticizer and stirred at 40 ◦C for 60 min. Garlic oil was added to
the solution according to the concentration variations of 2 and 3% (w/v) and then added
between 20 (15% v/v) while stirring continued for 90 min. The edible coating solution was
then ready to use.

4.3. Application for Coating on Red Chili

The process of coating the edible coating solution on red chili (Capsicum annum L.)
referring to the research of Bermudez-Oria et al. (2017) was carried out using the dipping
technique. First, the red chili samples were dipped in the coating solution for 1 min,
then drained and dried at room temperature, and then each sample was stored at room
temperature for 14 days and analyzed on days 1, 7, and 14. The evaluation of the sample
was carried out including physical analysis (weight loss, firmness, and color) and chemical
analysis (titratable acidity, vitamin C content, and total soluble solids). The application for
coating the red chili can be seen in Figure 9.

4.4. FTIR

The coating solution was applied to the KBr plate. Then, the plate was loaded in FTIR
spectroscopy (Thermo, Japan) with a scan range from 400 to 4000 cm−1.

4.5. Weight Loss

The calculation of weight loss is presented below [42].

Weight loss (%)= initial weight(g) − final weight (g) × 100%
Initial weight (g)
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Figure 9. Application of edible coating on red chili.

4.6. Total Vitamin C

Analysis of vitamin C was carried out using modified iodine titration [43]. An amount
of 2.5 g of homogenized red chili sample was weighed and put in a 100 mL volumetric
flask, then 100 mL of distilled water was added into the flask. Afterward, the solution was
filtered to separate the filtrate. The obtained filtrate was placed in an Erlenmeyer flask, then
2 mL of 1% starch solution was added. Afterward, titration was performed using 0.01 N
Iodine solution. Vitamin C content was calculated as mg ascorbic acid/g sample (1 mL
0.01 N Iodine = 0.88 mg ascorbic acid).

4.7. Color

The Minolta CR-400 Chromameter was used to analyze color intensity. The sample is
placed on top of the chromameter sensor, then light is fired at the part to be measured so
that the values of L (lightness), a (green-red chromaticity), and b (yellow-blue chromaticity)
will appear on the chromameter display.

4.8. Firmness

Firmness measurements were carried out using a Fruit hardness tester KM-1 (Fujiwara,
Tokyo, Japan). The firmness test was measured based on the level of resistance of the fruit
to the rheometer needle. The maximum load is 1 kg. Each measurement was repeated three
times per test sample. The value of fruit firmness is read on a pointer scale in kg/84 mm2

units. This value indicates the compressive force required by the needle to pierce the
fruit sample.

4.9. Titratable Acidity (TA)

TA was calculated based on the AOAC method which was expressed in grams of
acid/100 g of the product. The sample was titrated using 0.1 mol/L NaOH and phenolph-
thalein as an indicator.

4.10. Total Soluble Solid (TSS)

The Atago Master-53M refractometer was used to measure total soluble solids. One
to two drops of the sample chili extract are put on the prism of the refractometer at room
temperature, and the Brix % is read through the refractometer’s eyepiece.

4.11. Antioxidant Activity

The DPPH technique was used to assess antioxidant activity (2,2-diphenyl-1-picrihydrazil).
A UV-Vis spectrophotometer with a wavelength of 517 nm was used to measure the
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absorption. The antioxidant activity of the sample is expressed as a percentage of radical
scavenging activity, or the sample’s capacity to trap free radical molecules. The greater the
number of free radical molecules that can be collected, the greater the antioxidant activity
content of the sample. The mathematical results are used to create regression curves. The
IC50 concentration is calculated using the resulting linear regression equation.

DPPH radical scavenging activity (%) =
A blanko − A sample

A blanko
× 100%

4.12. Decay Incidence

The percentage of decay incidence of coated and uncoated (control samples) red chili
were analyzed on days 1, 7, and 14 at room temperature storage (±29 ◦C, RH ± 69%). The
decay incidence was determined by observing whether or not decay was visible on the
sample surface, then the percentage of damaged samples was calculated. Samples are
considered damaged if there is fungal mycelium on the surface and decay occurs. The
results of these observations are expressed as the percentage of samples contaminated with
fungal mycelium.

Decay incidence (%) =
Amount of contaminated sample

Total sample
× 100%

4.13. Statistical Analysis

SPSS 25 was used for the statistical analysis. The analysis of variance (ANOVA) and
DMRT were performed with a degree of confidence of 95%. The studies were carried out in
at least triplicate, and the results were given as mean standard deviation.
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Abstract: Growing environmental concerns drive efforts to reduce packaging waste by adopting
biodegradable polymers, coatings, and films. However, biodegradable materials used in packaging
face challenges related to barrier properties, mechanical strength, and processing compatibility. A
composite gel was developed using biodegradable compounds (prolamin, d-mannose, citric acid), as
a coating to increase the oxygen barrier of food packaging materials. To improve gel stability and
mechanical properties, the gels were physically cross-linked with particles synthesized from tetraethyl
orthosilicate and tetramethyl orthosilicate precursors. Additionally, biocompatibility assessments
were performed on human keratinocytes and fibroblasts, demonstrating the safety of the gels for
consumer contact. The gel properties were characterized, including molecular structure, morphology,
and topography. Biocompatibility of the gels was assessed using bioluminescent ATP assay to detect
cell viability, lactate dehydrogenase assay to determine cell cytotoxicity, and a leukocyte stimulation
test to detect inflammatory potential. A composite gel with strong oxygen barrier properties in
low-humidity environments was prepared. Increasing the silane precursor to 50 wt% during gel
preparation slowed degradation in water. The addition of citric acid decreased gel solubility. However,
higher precursor amounts increased surface roughness, making the gel more brittle yet mechanically
resistant. The increase of precursor in the gel also increased gel viscosity. Importantly, the gels
showed no cytotoxicity on human keratinocytes or fibroblasts and had no inflammatory effects on
leukocytes. This composite gel holds promise for oxygen barrier food packaging and is safe for
consumer contact. Further research should focus on optimizing the stability of the oxygen barrier
in humid environments and investigate the potential sensitizing effects of biodegradable materials
on consumers.

Keywords: food packaging; composite gels; biodegradable polymers; cytocompatibility; in vitro
testing

1. Introduction

The food packaging industry is continuously looking for ways to improve packaging
materials to ensure optimal durability and strength for food products’ shelf lives. The food
packaging industry’s primary concerns are to ensure the safety of food contents and to
prolong their shelf life by protecting them from spoilage, oxidation, and external contami-
nants. But in response to growing environmental concerns, there is a concerted effort to
additionally reduce packaging waste through the increased use of biodegradable polymers,
coatings and films [1,2]. Degradable materials used in packaging face challenges in terms
of their barrier properties, mechanical strength, and processing compatibility [3,4]. Key
considerations in the development and introduction of these materials are: (i) ensuring ad-
equate barrier properties to protect the packaged products from oxygen and the following
degrading oxidation reactions; (ii) achieving sufficient mechanical strength for durability;
and (iii) finding processing methods that are compatible and efficient. Nanocomposite films
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and coatings containing inorganic particles have been investigated for their potential appli-
cations in food packaging [5–8]. These nanocomposites have exhibited satisfactory barrier
properties, attributed to the particles effectively impeding the diffusion of molecules [9–11].
In addition to their exceptional barrier performance, the incorporation of nanomaterials can
enhance stability, mechanical strength, and overall durability in degradable food packaging
coatings [12,13]. Additionally, the incorporation of nanomaterials serves to enhance the
water resistance of the inherently hydrophilic degradable polymers. This aspect holds
particular significance, considering that the majority of food products characteristically
contain higher moisture levels [14,15]. A composite gel with an oxygen barrier for food
packaging was developed using in-situ sol-gel polymerization in a matrix of biodegradable
polypeptides, polysaccharides, and organic acids. Controlled sol-gel conditions (time,
temperature, pH) created a semi-solid gel with a continuous network of nanoparticles and
pores [16,17]. Polar groups in proteins enhanced the oxygen barrier by slowing down oxy-
gen diffusion [2,18]. D-mannose served as a carrier, and citric acid as a catalyst for the silane
precursor reaction [19,20]. Physical cross-linking with particles synthesized from tetraethyl
orthosilicate and tetramethyl orthosilicate improved gel stability [21,22]. Comprehensive
analysis included molecular structure, morphology, and topography investigations.

At the same time, new materials for food packaging potentially coming into contact
with the skin need to be assessed for biocompatibility and eliciting inflammatory reactions
and skin irritation in humans [23]. Natural polymers, derived from sources such as plants
or animals, may contain sensitizing or irritating components that can initiate inflammatory
reactions in susceptible individuals [24–26]. These reactions can range from mild symp-
toms, such as skin irritation, to more severe consequences, including tissue damage and
health complications [27–29]. Identifying and evaluating skin irritants in natural polymers
and their derivatives is necessary for consumer safety. To develop safe materials, the
synthesized gels underwent a series of biological assays. Cytotoxicity was assessed using
in vitro assays with human keratinocytes and fibroblasts exposed to various extraction
mediums that mimic environmental conditions. Additionally, an initial evaluation of in-
flammatory potential was conducted by detecting sulfidoleukotrienes following leukocyte
stimulation [30]. This preliminary assessment allows to gain insights into the gels initial
response to immune cells and potential initiates of inflammation [31].

This study examines the physical and chemical properties of a novel prolamine silica
composite gel designed as a coating to enhance oxygen barrier properties in food packaging
materials. Additionally, it proposes a testing method to evaluate cytocompatibility for
biodegradable materials, thus ensuring the safety by utilization.

2. Results and Discussion

Sol-gel coatings (ProMa) with different amounts precursor consisting of tetram-
ethoxysilane (TMOS) and tetraethoxysilane (TEOS) were obtained by in situ polymerization
in a 70% ethanol solution containing extracted wheat gluten prolamins, d-mannose and
citric acid.

2.1. IR Spectroscopy Studies

Prolamins extracted in 70% EtOH/H2O v/v % from gluten, the storage protein unit of
wheat and the coating with the polymer matrix and 50 wt% precursor were analyzed with
FT-IR spectroscopy to investigate molecular structure of the gel.

The proposed network structure of the material consists of different types of chemical
bonding, including peptide bonds within the polypeptides, glycoside bonds of d-mannose,
and intra- and intermolecular hydrogen bonds. Additionally, ionic bonds between citric
acid and amide groups, as well as potential hydrogen bonding, contribute to cross-linking.
It is also hypothesized that the silica particles may possess a negatively charged sur-
face, allowing for the adsorption of polymers due to favorable surface area and energy
ratios [32,33]. These various bonding interactions result in a network structure, providing
mechanical stability and reinforcing the material’s overall properties. However, further
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research is needed to confirm and fully understand the significance of these bonds in the
network.

In Figure 1 the presence of the amide bonds I and II in the polypeptides within the
polypeptide structure of the coating is clear from the distinct peaks observed at 1650 cm−1

and 1550 cm−1, respectively [34].

 

Figure 1. FT-IR spectra (4000–500 cm−1 spectrum): (a) ProMa 50 wt% precursor gel on silicon wafer
(b) Prolamins extracted from Gluten Powder (>75%) on silicon wafer.

The peak at ~950 cm−1 and the peak at 1000–1200 cm−1 (C-O-C stretching) can be
attributed to the glycosidic linkage in a polysaccharide. The peaks 809 cm−1 and 1068 cm−1

are characteristic IR signals of the d-mannose [35]. Silica bonds are superimposed by the
matrix bonds in the spectrum, but can be determined at 1096 cm−1 and 960 cm−1 when
the polymer matrix is subtracted from the spectra [36]. The peak around ~3300 cm−1 is
characteristic for –OH groups and the ~2900 cm−1 for saturated hydrocarbons [37,38].

2.2. Tensile Strength Examinations of Composite Gels

Texture analysis was performed to evaluate additional material properties of structure
and composition, which are relevant for processability, coating stability and material
strength. The strain-stress curve (Figure 2) of a material can show the mechanical properties
such as elasticity and strength. In this study, the gels were cast dried and analyzed as thin
foils to determine differences between the coating compositions. The results are not directly
transferable to conclude the material behavior if the gels are coated onto different materials
but allow a basic comparison between the gel compositions tested.

The strain stress curve shows that the polymer matrix ProMa 0 wt% precursor is an
elastic material that exhibits a long necking phase before the material breaks [39]. As the
amount of silica precursor for this material is increased in ProMa 10 wt% precursor and
ProMa 20 wt%, the elasticity decreases while the yield strength of the material increases.
From this, it can be concluded that the material becomes harder and more resistant to
mechanical forces [40]. On the other hand, the fracture point is reached at a lower load.
This means that the material becomes more brittle and less ductile [41,42].
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Figure 2. Stress σ [mPa] as a function of Strain ε [%] for ProMa with 0/10/20 wt% precursor.

The Young modulus was fitted to the strain stress curves and the average of six
curves was taken (Table 1). The Young modulus is a material parameter that describes the
proportional relationship between stress and strain during the deformation of a solid body
with linear-elastic behavior and serves as an indicator of its stiffness and strength.

Table 1. Young modulus [MPa] of ProMa with 0/10/20 wt% precursor determines from stress
strain curve.

ProMa
0 wt% p.

ProMa
10 wt% p.

ProMa
20 wt% p.

Young Modulus MPa 10.01 17.12 21.07
SD 4.96 10.07 7.28

A higher Young modulus as seen in ProMa 20 wt% precursor compared to ProMa
0 wt% precursor, signifies a greater ability to resist deformation under external pressure,
indicating increased stiffness and strength. It reflects the sample capacity to withstand
stress without undergoing permanent deformation. This correlation supports that the
incorporation of silica precursor contributes to the reinforcement and improved mechanical
resistance of the polymer matrix [17,18].

This data emphasizes the observed trend that as the silane precursor concentration
within the gel rises, intermolecular chain entanglement becomes more pronounced. The
rigidity of the gel increases and the movement of molecular chains of the degradable matrix
decreases [43]. This heightened entanglement is manifested in reinforced gel interactions,
as evidenced by an increase in tensile strength and a corresponding decrease in elongation
at break [14,44]. Hence, it becomes imperative to determine the ideal precursor quantity
that can enhance the mechanical properties, specifically elevating tensile strength while
keeping material brittleness within acceptable limits.

2.3. Atomic Force Microscopy Analysis

The analysis of the surface topography and structure of the gels was conducted by
atomic force microscopy (AFM). Silica particles have a rough, irregular surface structure,
and when dispersed in a polymer matrix [45], they produce a roughened surface (Figure 3).
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(a) (b) 

Figure 3. AFM picture of (a) ProMa 0 wt% precursor (b) Proma 50 wt% precursor.

The arithmetic mean of the surface level (Sa) increased from 3.18 nm for ProMa
with 0 wt% of precursor to 9.48 nm for ProMa 50 wt% precursor (measured over a
10 μm × 10 μm area) [46]. Increased particle aggregation, which is present in samples
with high silane precursor can lead to an increase in surface roughness, which result in the
increased material brittleness observed in texture analysis (Figure 2) [47,48]. This supports
the restricting of molecular chain movement and increased entanglement. The roughness
increases the surface area of the material, which promotes the adhesion of additional coat-
ing. At the same time, the material becomes more hydrophilic, meaning it attracts more
water. This could be beneficial for distribution and adhesion of additional coating, such as
a water vapor barrier [49].

2.4. Scanning Electronic Microscopy Analysis

The material surface and morphology of cross sections were determined using scan-
ning electronic microscopy (SEM). The distribution of particles within the sample appears
to be homogeneous through the polymer matrix, indicating an even dispersion through-
out the material. Figure 4 provides insight into the size estimation of the silica particle
agglomerates, which is estimated to be around 100 nm. This finding suggests that the silica
particles have formed relatively uniform agglomerates within the material.

  
(a) (b) 

Figure 4. SEM images of ProMa + 20 wt% precursor (a) surface and (b) fracture edge, dried with CO2

critical control point method and gold sputtered.

2.5. Rheological Investigations of Composite Gels

The rheological properties were analyzed to obtain data for viscosity, flow behavior
and altering of the gel, to understand the processability and applications possibility. By
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examining the data from viscosity measurements, changes in the material’s flow behavior
over time can be observed, reflecting the altering rheological properties [50]. This infor-
mation is crucial to understanding the material’s process ability and gelling time. The
rheological properties and viscosity of the polymer matrix vary depending on the amount of
silica precursor present during the modification process [51,52]. The viscosity of all samples
decreased with increasing shear rate, which demonstrates the shear thinning effect [53,54].
This phenomenon can be attributed to the entanglement of polymers within the network
and their subsequent detanglement in response to applied shear stress. The viscosity for the
gel ProMa 0 wt% precursor does decrease from 9.4 mPa·s after 1 d to 6 mPa·s at 7 d whereas
for the ProMa 50 wt% precursor the viscosity increases from 8.76 mPa·s after 1 d up to
28.3 mPa·s at 7 d. Figure 5 provides a visual representation of the viscosity immediately
after synthesis and the median viscosity measured over a one-week period after synthesis.

 
(a) (b) 

Figure 5. Viscosity curve of ProMa + 0/10/20/50 wt% precursor (a) directly after synthesis (b) median
of measuring 1 d, 3 d and 7 d after synthesis.

At very low shear rates, the viscosity tends to infinity. After the shear-thinning valley,
a slight shear thickening effect is observed at very high shear rates. This shear thickening
phenomenon is attributed to the increased frequency of particle collisions within the
solution, even in samples without addition of silica precursor, suggesting that it is not
solely caused by formed particles.

Furthermore, the addition of up to 50 wt% silica precursors to the solution results in
a slightly increased viscosity trend, in general, the materials behave in the same ways as
a thin liquid and are very easy to process. During one week of gel altering, the viscosity
curve intercepts at a log shear rate of 100. If the flow rate and viscosity overlap, it means
that at low shear stress (low flow rate) the viscosity of the material is high indicating
that it is thick and viscous. However, with increasing shear stress (higher flow rate), the
viscosity decreases, and the material behaves more like a thin fluid [53]. The decline of
polymer entanglement in ProMa with 50 wt% precursor indicates a shift towards silica
network formation, which will increase the amount of chemical bonding in the gel. This
leads to increased viscosity, which is crucial for coating processes [54]. Additionally, silica
particles aggregate, strengthening the gel and further elevating viscosity [33]. This viscosity
change highlights distinct processing times, depending on precursor concentration. Lower
concentrations of precursor such as ProMa 10 wt% and ProMa 20 wt% are not showing
a strong viscosity increase, this could be due to reduced aggregation and therefore less
crowding, improved electrostatic repulsions and increases solvent interactions [55,56]. This
results in longer shelf life compared to ProMa 50 wt% precursor, underscoring viscosity’s
role in solution stability.
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2.6. Water Stability

The water stability of the gels was determined to analyze if the stability of the degrad-
able gel coating could be improved upon gel alteration by incorporation of silica. The
amount of silica precursor also directly affects the coating’s ability to dissolve or disperse
in water [57]. Higher concentrations of silica precursor as in inorganic material generally
result in reduced water solubility, while lower concentrations may lead to increased solu-
bility and influenced functionality, as it is demonstrated in Figure 6 [58,59]. The decline
in solubility of the gels containing 50 wt% precursor can be attributed to a substantial
increase in hydrogen bonding. These interactions occur between the SiO2 particles and the
degradable matrix, leading to a reduction in both the mobility of the polymer chains and
the accessibility of hydroxyl groups. This decrease in solubility is a result of these intricate
hydrogen bonds forming, which restrict the overall movement of the polymer chains and
limit the availability of hydroxyl groups within the system [60]. Integration of silica pre-
cursor for 10 wt% and for 20 wt% did not show a decrease in solubility of the gel matrix,
concluding that the amount of silica particles formed is not sufficient for available hydroxyl
groups of the polymer chains. The incorporation of citric acid into the polymer matrix plays
a significant role in enhancing the water stability of the material. Observation shows that
with citric acid incorporation decreases the weight loss further from around 60% to around
50% weight loss. Citric acid is used to lower the gel’s pH to 3. In this pH range, silica
particles typically reach their point of zero charge (PZC), which typically falls within the pH
range of 2 to 4 [61]. This results in a neutrally charged surface that demonstrates a strong
affinity for adsorbing anionic polymers, such as prolamins. However, it’s important to note
that prolamins, which generally carry a net negative charge, may be less likely to adsorb
onto the silica particle surface in a pH 3 environment. This is due to the fact that at pH 3,
the carboxyl groups of the amino acids in prolamins are likely to be protonated, resulting in
a reduction or neutralization of their negative charge. As a result, the electrostatic attraction
between prolamins and the silica surface may be diminished, making adsorption less likely.
In conclusion citric acid’s hydrophilic properties introduce more hydroxyl groups, forming
hydrogen bonds with neutral silica particle surfaces forming a sturdy three-dimensional
network in the matrix that prevents water-induced dissolution [62,63].

Figure 6. Weight loss [%] over time [min] of ProMa 0/50 wt% precursor and ProMa 50 wt% precursor
without adding citric acid during synthesis. A cross-linking of the components chemically and
not just physically could increase mechanical stability and decrease solubility of the gel in water.
Chemical cross-linking can also make the material less susceptible to natural degradation processes.
Microorganisms that aid in the biodegradation of polymers might find it more challenging to break
down the material due to the increased cross-linking, leading to reduced biodegradability and change
the environmental impact of the material.
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2.7. Oxygen Permeability of Composite Gels on PET

The oxygen permeability was tested of the composite gel coated onto a matrix (PET),
to determine if the gels increase the oxygen barrier properties of the matrix material at
different relative humidities (r.H.) (Figure 7).

Figure 7. Oxygen Permeability (OP) for PET+ ProMa 0/10/20/50 wt% precursor at different relative
humidities 20–80 r.H. [%].

The gels increase the oxygen barrier properties of PET [64,65] in low r.H. environ-
ments significantly, but the additional barrier properties cannot be sustained in higher r.H.
environments over 60% r.H. When r.H. is increased, there are more water molecules in the
surrounding environment. In the case of a polymer matrix, water molecules are attracted
to the polar groups within the matrix due to the presence of polar or hydrophilic regions.
This attraction leads to the adsorption of water molecules onto the polymer matrix. As
water molecules adsorb onto the polymer matrix, they can create gaps or voids within
the structure. These gaps act as channels through which other molecules, such as oxygen
molecules, can enter. Oxygen permeation through the polymer matrix can be problem-
atic in certain applications [1,66]. The higher the relative humidity and the more water
molecules adsorbed, the greater the potential for gaps and increased permeation of oxygen
through the matrix [67]. The addition of silica to the polymer matrix plays a vital role in
improving the water stability of the material. A subtle reduction in oxygen permeability,
noticeable at 80% relative humidity, is evident in gels comprising 50 wt% precursor, while
no discernible difference is observed in gels with precursor concentrations ranging from
0 wt% to 20 wt%. Silica particles, known for their hydrophilic properties, effectively act
as a barrier against water permeability [32] when incorporated into the polymer matrix.
Consequently, the incorporation of silica greatly improves the durability and longevity of
the polymer matrix in moisture-sensitive conditions. As can be seen in Figure 7, the oxygen
permeability decreases only slightly compared to the polymer coating without precursors.
The incorporation of silica precursors leads to an improvement in water stability but does
not prevent the formation of voids in the matrix, even though silica incorporation has
been reported to improve the oxygen barrier significantly [68,69]. In order to increase the
stability of the oxygen barrier in humid environments, it would be useful to increase the
crystallinity of the material and decrease the amount of polar groups so that the oxygen
barrier remains intact but the attraction to water might decrease [70]. Tailoring particle
shape during synthesis could greatly enhance oxygen barrier performance. A lamellar
morphology proves more effective in improving barrier properties than spherical parti-
cle [71,72]. This also suggests a promising approach for enhancing oxygen barrier stability
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in high-humidity environments [73]. In summary, higher r.H. does lead to the adsorption
of water molecules to the polymer matrix, creating gaps within the structure. These gaps
allow oxygen molecules to permeate through the matrix, reducing the material’s overall
effectiveness as an oxygen barrier. Therefore, multilayer oxygen barriers and water vapor
barriers would be the best option for sufficient food packaging with this gel coating [49].

Cytocompatibility

2.8. In-Vitro Cytotoxicity Testing

The material extracts were subjected to testing in accordance with standard conditions
specified in DIN EN ISO 10993-5 [74], which is primarily intended for medical products
and demands an incubation between 24 h and 72 h [75]. However, since food packaging
materials typically have shorter contact times compared to medical products, the materials
were incubated with cell medium for a 24-h period to allow interaction with the cells. This
modified incubation period ensures that the materials have sufficient exposure within a
timeframe that more closely matches their contact time in food packaging applications.
Subsequently, the extracts were assessed for cellular triphosphate (ATP) content and lactate
dehydrogenase release to determine effects on cell viability as well as cell cytotoxicity
(Figure 8).

Remarkably, none of the tested materials exhibited any cytotoxic effects, which was
confirmed by the lactate dehydrogenase assay. However, it is worth noting that the ATP
concentration in fibroblasts decreased slightly, which may be due to reduced fibroblast
proliferation associated with the presence of citric acids in the extract. It is known that
fibroblasts are sensitive to specific organic acids [76]. However, this sensitivity is concentra-
tion and acid dependent. The pH of the cell medium solution after extraction was measured
for control and was determined at pH ~8.0 for fibroblasts. Since the citric acid only slightly
affected cell proliferation and no direct cytotoxic effect was observed, the results were
considered acceptable to continue further investigations.

Since the material may be exposed to skin cells under various conditions, it was
important to investigate the effects of human sweat and saliva on the extraction of specific
compounds. To achieve this, extracts of the material were prepared using artificial saliva
(SV) and artificial sweat solutions (SSL). The same tests that were conducted with the cell
medium were then performed with these extracts (Figure 9). Subjecting the materials to
artificial saliva and artificial sweat solutions aimed to simulate more realistic conditions for
use and evaluate any potential cytotoxicity. These additional tests provide a comprehensive
assessment of the material’s cell compatibility, considering the potential interactions with
skin cells in the presence of specific compounds found in human sweat and saliva. The
results of these tests will contribute to a deeper understanding of the gels performance and
safety in real-life scenarios.

No cytotoxic effects for the material extracts were detected in either the sweat solution
or the artificial saliva, which indicates their cell compatibility. However, a slight decrease in
fibroblasts was observed when exposed to the sweat solution extracts, which may be due to
the presence of citric acids in combination with the lower pH of the sweat solution (pH~5.5)
that inhibits cell proliferation [77]. There can be several reasons for this, as the pH affects
various cell components (i.e., the enzymatic activity, the DNA stability and replication, the
protein function, and the cellular metabolism) and can also cause cell cycle arrest [78].

Interestingly, increased cell proliferation was observed in the artificial saliva (pH 6.8).
Exposure to saliva can result in improved cell growth and proliferation, due to growth
factors, protease inhibitors and a humid environment [79,80]. Since artificial saliva is not a
complete replica of human saliva, the constituents are mainly sodium chloride, potassium
chloride, potassium thiocyanate, potassium dihydrogen phosphate and urea [81–84]. These
electrolytes play an important role in maintaining the balance of fluids in the body and
are involved in various bodily functions. It appears that the saliva acts as a buffer to
neutralize organic acids. When acids are present in the mouth, saliva helps maintain
the pH balance by neutralizing them [82]. Since the citric acid is the component that
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lowers the pH and can hinder cell proliferation, buffering this component in addition
with a dense nutrient supply for the cells may result in increased cell proliferation. In
addition, the artificial saliva incorporates urea, which can disrupt protein structures. This
leads to differences in the materials degradation depended on the extraction medium,
shown in Figure 10. This supports the hypothesis that the conditions for testing must
be adapted to the intended purpose, to enable accurate safety assessment of the material.
Protein structure disruption can produce free amino acids and smaller peptides, which can
influence cell proliferation. Especially glutamine is a crucial amino acid for cell metabolism
and is required for the synthesis of nucleotides, proteins, and other cellular components. It
plays a role in supporting the energy needs of rapidly proliferating cells [85,86].

(a) (b) 

(c) (d) 

Figure 8. (a) cell viability [%] of HaCaT cells exposed to sample extracts in DMEM for 24 h determined
with bioluminescent ATP assay (b) cytotoxicity [%] of HaCaT cells exposed to sample extracts in
DMEM for 24 h, determined with LDH-Assay (c) cell viability [%] of Fibroblasts exposed to sample
extracts in DMEM for 24 h, determined with bioluminescent ATP assay (d) cytotoxicity [%] of
Fibroblasts exposed to sample extracts in DMEM for 24 h, determined with LDH-Assay. Asterisks
indicate significant deviations from the negative control (* p < 0.05; *** p < 0.001).
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(a) (b) 

(c) (d) 

Figure 9. (a) cell viability [%] of HaCaT cells exposed to sample extracts in artificial sweat solution
(SSL) and artificial saliva (SV) for 24 h, determined with bioluminescent ATP Assay (b) cytotoxicity
[%] of HaCaT cells exposed to sample extracts in SSL and SV for 24 h, determined with LDH Assay
(c) cell viability [%] of Fibroblasts exposed to sample extracts in SSL and SV for 24 h, determined with
bioluminescent ATP Assay (d) cytotoxicity [%] of Fibroblasts exposed to sample extracts in SSL and
SV for 24 h, determined with LDH Assay. Asterisks indicate significant deviations from the negative
control (* p < 0.05; ** p < 0.01; *** p < 0.001).

   
(a) (b) (c) 

   

Figure 10. Extract solutions (a) DMEM, (b) artifical sweat solution, and (c) artificial saliva after 24 h,
37 ◦C and the sample after supernatant removal.
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2.9. In-Vitro Inflammation Potential Testing

Another important factor for asserting consumer safety of new materials, especially
those which are based on natural polymers, is the inflammatory potential [29,87]. Inflam-
mation is a natural defense mechanism, but excessive or prolonged inflammation can lead
to tissue damage and other health complications. Testing materials for their potential to
induce inflammation helps to ensure that they do not cause harmful effects when exposed
to living tissues or cells.

During inflammation, various cells, particularly leukocytes such as mast cells and
eosinophils, produce and release leukotrienes [88]. Upon stimulation by inflammatory
signals, the cell membrane phospholipids release arachidonic acid. The arachidonic acids
activates the 5-lipoxygenase, which converts arachidonic acid into a reactive intermedi-
ate, being then further processed to leukotriene B4 (LTB4) and the cysteinyl leukotrienes
(LTC4, LTD4, and LTE4) [89,90]. The produced leukotrienes contribute to the inflamma-
tory response by promoting vasodilation and increasing vascular permeability, as well as
attracting and activating immune cells [91]. They act as signaling molecules, homing other
leukocytes to the site of inflammation and promoting the release of other inflammatory
mediators, such as cytokines [92]. The levels of leukotrienes (LTC4, LTD4, and LTE4) in
the affected tissues or body fluids can be measured to assess the extent and severity of
inflammation. An immunoassay technique [31] was used to measure the release of sulfi-
doleukotrienes (sLTs) from isolated leucocytes after incubation with the respective material
extracts (Figure 11).

Figure 11. Concentrations of sulfidoleukotrienes (sLT) in (pg/mL). For the leukocyte stimulation
assay, the measurements were performed in triplicate (n = 3) for each individual and in duplicate
(n = 2) for ELISA. Asterisks indicate significant deviations from the untreated control (* p < 0.05).

The concentrations of sLTs (expressed in picograms per milliliter, pg/mL) were de-
termined. A reading of 100 pg/mL above the untreated control indicates a significant
inflammatory stimulation [93,94]. However, none of the tested materials resulted in a peak
concentration that high. The polymer matrix ProMa 0 10 mg/mL led to a slight increase in
the sLT production, which could be an effect of the sample’s degradation into the buffer
and the cell interaction with polypeptides and organic acids. As the assay components
probably stabilize the pH sufficiently, the slight increase in sLT release might be caused
by degradation of the sample so that the components would be free to interact with the
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leukocytes. The samples with incorporated silica demonstrated greater withstanding to dis-
solution. However, they also release ions into the buffer that reduce the pH. The materials
were milled to yield small particles and formed an emulsion with the buffer. Since particles
can lead to an increase in sLT production due to physical disruption of the cell membrane, a
particle control was also prepared. There is a correlation between the leukocyte stimulation
assay and skin sensitization testing [95]. By adopting it to safety evaluations, an effective
screening procedure for testing of the inflammatory potential of materials can be estab-
lished, thereby promoting consumer safety. The comprehensive evaluation of materials
for their inflammatory potential and skin sensitization is crucial in ensuring the safety
and efficacy of materials used in the food industry. This testing approach helps identify
potential risks, allowing for the development of safer and more biocompatible materials
and products. As a result, it plays a pivotal role in enhancing consumer trust and ensuring
the overall quality of food-related materials and applications.

3. Conclusions

This study presents the development of a composite gel, consisting of a biodegradable
polymer matrix based on prolamins with increased incorporation of a silica precursor. The
functional oxygen barrier of the gel in food packaging materials was effectively demon-
strated when subjected to low relative humidity conditions, as evidenced by the oxygen
transmission rate measurements. However, when precursor amounts were increased to
50 wt%, a slight decrease in the gel’s oxygen permeability was observed under higher
relative humidity conditions. This can be attributed to the inherent property of silica
particles to absorb moisture and subsequently safeguard the integrity of the gel matrix. The
addition of precursor amounts did not enhance the gel’s barrier properties in low humidity
environments, nor did it diminish the gel’s oxygen barrier properties in such conditions.
Significantly, the incorporation of the silane precursor greatly improved water stability.
The resulting silica particles interacted with hydroxyl groups in polysaccharides, polypep-
tides and citric acid reducing their interactions with water and restricting polymer chain
movement. It was observed that higher precursor amounts improved mechanical resis-
tance but also increased brittleness, as molecular movement of the polymer chains became
hindered, and entanglements increased. This was accompanied by an increase in surface
roughness due to particle agglomeration, which further supported the entanglement of
the gels. Future research endeavors should prioritize the optimization of water stability
and hygroscopic properties to achieve a reduced oxygen transmission rate, particularly in
elevated humidity environments.

The cell compatibility of the gels was assessed through cytotoxicity testing using
human keratinocytes and fibroblasts, according to DIN EN ISO 10993-5. Encouragingly,
no cytotoxic effects were detected, indicating the safety of the gels for consumer contact.
Furthermore, a leukocyte stimulation test was performed to evaluate the gel’s potential for
causing inflammatory effects in end consumer contact scenarios. From the results obtained,
it can be concluded that the gels are safe, based on the parameters of the selected bioassays.
However, it is necessary to recognize that the leukocyte testing alone might not be sufficient
to comprehensively evaluate the interaction of the gels with human skin. To ensure more
comprehensive testing, for further research additional in vitro assays for possible skin
sensitization and evaluation of allergenic potential is recommended. This step is crucial in
assessing any potential risks related to sensitization and ensuring the overall safety and
efficacy of the gels for consumer use.

Overall, this research contributes valuable insight to the development of composite
gels for potential food packaging applications, demonstrating promising oxygen barrier
properties and cytocompatibility. The study emphasizes the significance of thorough testing
to guarantee the safety and suitability of these materials for human contact.
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4. Materials and Methods

4.1. Materials

Wheat Gluten (CAS No. 8002-80-0) for prolamin extraction was purchased from Carl
Roth (Karlsruhe, Germany) with a >75% protein content purity, d-Mannose > 99% (CAS
No. 3458-28-4) was bought from Thermo Fisher Scientific (Waltham, MA, USA). The pre-
cursor tetraethyl orthosilicate (CAS No.78-10-4) and tetramethyl orthosilicate (CAS No.
681-84-5) were purchased with 98% purity from Sigma Aldrich (St. Louis, MO, USA).
The citric acid (99.9%, CAS No. 77-92-9) was acquired from VWR International (Dresden,
Germany). For the cell medium, the Dulbecco’s Modified Eagle Medium DMEM was
bought from BioConcept Ltd. (Allschwil, Switzerland). The antibiotic-antimycotic solu-
tion (10,000 U/mL penicillin, 10,000 μm/mL streptomycin, 25 μg/mL amphotericin) was
bought from PromoCell (Heidelberg, Germany), the fetal calf serum from PAN Biotech
(Aidenbach, Germany) and the insulin (5 mg/mL) from PELOBiotech (Planegg, Germany).
The Recombinant Human Fibroblast Growth Factor-2 (rhFGF2) was bought from Sarto-
rius CellGenix GmbH (Freiburg, Germany), trypsin ethylenediaminetetraacetic acid and
gentamycin (10 mg/mL) from Gibco, Life Technologies Limited (Thermo Fisher Scientific,
Waltham, MA, USA). The bioassay ATPLite M Assay was purchased from PerkinElmer
(Waltham, MA, USA) the cytotoxicity detection kit (LDH) from Roche (Basel, Switzerland)
and the CAST® ELISA for the sulfidoleukotrienes detection from Bühlmann Laboratories
(Schönenbuch, Switzerland). The dextran solution was also obtained from Bühlmann Labo-
ratories (Schönenbuch, Switzerland). For the preparation of the artificial sweat solution
the natriumchlorid NaCl (>99.5%, CAS No. 7647-14-5), the hydrochloric acid 37% HCL
(CAS No. 7647-01-0) and the sodium hydroxide NaOH (>99%, CAS No. 1310-73-2) were
all purchased from Carl Roth (Karlsruhe, Germany) and the L-Histidine C6H9O2N3 ·H2O
(>98.5%, CAS No. 5934-29-2) from AppliChem GmbH (Darmstadt, Germany). The sodium
dihydrogen phosphate dehydrate NaH2PO4 · 2H2O (> 98%, CAS No. 13472-35-0) and
artificial saliva for pharmaceuticals acquired from Sigma Aldrich (St. Louis, MO, USA). For
extract sterile filtration a 0.2 μm filter from Sarstedt AG & Co.KG (Nümbrecht, Germany)
and for blood storage EDTA monovettes were used (Sarstedt AG & Co.KG).

4.2. Preparation of Composite Gel

In a beaker, 20 g of wheat gluten were extracted with 200 mL of 70% ethanol. After
stirring for 1 h the mixture was centrifuged with 4000 rpm for 10 min. The supernatant
was used for further synthesis. 1 g of d-mannose was solved in 10 mL supernatant of the
prolamin extraction. The precursors tetraethoxysilane and tetramethoxysilane were mixed
in the volume ratio 30:70% v/v. Then 0.14 mL, 0.28 mL and 0.68 mL of this precursor was
pipetted in the pre solution of prolamin and d-mannose. Anhydrous citric acid was added;
the solution was stirred for 1 h and altered for 12 h at room temperature.

For the texture analysis, the sol-gels (ProMa) were weighed in at 6 g in a 70 × 40 mm
Teflon cast and dried for 24 h in a desiccator filled with dry silica. For the water stability
testing a volume of 1 mL of the solution was carefully pipetted into 25 mm2 Teflon casts
and allowed to dry for a duration of 24 h.

4.3. IR Spectroscopy Studies

The chemical structure and composition of the gels were studied using the IR MB 3000,
ABB Automation products GmbH (Alzenau, Germany). The gels were applied on double
polishes silicon wafers, and dried at 80 ◦C in the oven for 30 min. The prepared samples
were then analyzed with FT-IR spectroscopy, absorbance spectrum 4000–500 cm−1.

4.4. Tensile Strength Examinations of Composite Gels

The tensile strength of the gels was determined using the Texture Analyzer TA. XT2i,
Stable Micro Systems Ltd. The films were punched with a stamping press into samples of
35 mm length, 2 mm width. For the sample with 50 wt% precursor it was not possible to
solvent cast a stable film, the thickness was too high and the material to brittle. The samples
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were clamped into two brackets of the texture analyzer with gap distance of 20 mm. The
thickness of each sample was measured before the experiment using a caliper gauge and
multiplied with the height of the experiment design to determine the cross-section area of
the samples. The samples were pulled apart with a speed of 1 mm/s until they break. The
tensile strength stress σ and strain ε can be derived, this was determined from measured
load and deflection the material sample, cross sectional area S0 and length l0. The stress
strain curve was determined following Equations (1) and (2) [41].

σ =
F
S0

(1)

ε =
dl
l0

(2)

4.5. Atomic Force Microscopy Analysis

The surface analysis of the gels was obtained with the MFP 3D-Classic, Asylum
Research. The gels ProMa 0 wt% precursor and ProMa 50 wt% precursor were diluted
1:1 V% with 70% ethanol and applied in a thin layer on a polished silicon wafer, dried
in an oven at 80 ◦C for 30 min. After drying observations were carried out using an
MFP 3D-Classic Atomic Force Microscope (Asylum Research, Santa Barbara, CA, USA),
operating in air under ambient humidity and room temperature conditions. Gels samples
were examined in tapping mode with a resolution of 256 × 256. The drive frequency was
273.9 kHz. Areas of 1 × 1 micrometer and 10 × 10 micrometer were acquired, with an
aluminum coated Micro Cantilever of 160 μm in length (160AC-NA, OPUS by MikroMasch,
Sofia, Bulgaria) with a force constant 26 N/m (nominal value). The images were analyzed
by MarSurf MfM Premium (Version 7.4.8737) according to ISO 25178 [96], including the
calculation of roughness parameters.

4.6. Scanning Electron Microscopy Analysis

The morphology of the samples was analyzed on the surface and the cross section of
dried gel samples. The gel samples were dispersed in 80%, 90%, 95% and 99% ethanol for
each 5 min and dried using CPD 7501 Critical Point Drying Apparatus (Quorum Technologies,
East Sussex, UK). The samples were gold sputtered with a turbomolecular-pumped sputter
coater Quorum Q150V ES plus (Quorum Technologies, East Sussex, UK) and analyzed using
Field Emission SEM Zeiss Gemini SEM 460 (Carl Zeiss AG, Oberkochen, Germany).

4.7. Rheological Investigations of Composite Gel

The viscosity of gel solutions was analyzed at different altering states with an Rheome-
ter MCR 301 (Anton Paar GmbH, Graz, Austria) at T = +25 ◦C with a cone plate system
(25 mm, 1 ◦C angle) following the measuring methodology of Mezger [97]. The measure-
ment is shearing rate controlled with logarithmically increasing steps. With increasing
shear rate, the measuring point duration was steadily shortened, starting at the shear rate
of 0.001 Hz with 1000 s per measuring point and at the end of the experiment at the shear
rate of 1000 Hz with only 1 s per measuring point. For the solutions altered for 1 d, 3 d, 7 d
the measuring point duration was steadily shortened, starting at the shear rate of 0.001 1/s
with 350 s per measuring point and at the end of the experiment at the shear rate of 1000 1/s
with 10 s per measuring point.

4.8. Water Solubility of Composite Gels

The water solubility was determined in accordance to the protocol developed by
Pearson [98]. After the drying process, the samples were weighed and subsequently
immersed in 10 mL of deionized water for specified time intervals (1 min, 5 min, 15 min,
30 min, 60 min, 300 min). Following the immersion period, the water was filtered using
a paper filter (Grade 392, Satorius AG, Göttingen, Germany), dried at room temperature
for 24 h, and weighed again. The weight loss percentage was calculated by comparing
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the initial weight of the samples before immersion with the final weight after filtration
and drying.

4.9. Gas Permeability of Composite Gels on PET

The gels were applied as a 4 μm wet film (dried film thickness 900 nm) onto a polyethy-
lene foil (PET) with a thickness of 12 μm. Subsequently, the samples underwent a drying
process at 80 ◦C for a duration of 30 min. After drying, the samples were carefully in-
serted into a Gas-Transmission Tester, manufactured by Brugger Feinmechanik GmbH.
The testing procedure employed oxygen as the test gas following the ISO 15105-1 [99]
guidelines and demonstrated from Startek et al. [64]. The chamber was maintained at a
temperature of 23 ◦C, and the relative humidity was adjusted to 20%, 40%, 60%, and 80%
relative humidity (r.H.).

4.10. In-Vitro Cytotoxicity Testing

Cell compatibility was assessed by preparing sample extracts following the DIN EN
ISO 10993-12 [100] guidelines as previously reported [77]. To accomplish this, 200 mg
samples (n = 3) of each material were mixed with either 10 mL of DMEM, 10 mL of a
controlled sweat solution (5 g NaCl, 2.2 g NaH2PO4 · 2H2O, 0.5g C6H9O2N3 · H2O + HCL,
0.1 N NaOH—pH 5.5) or artificial saliva for pharmaceuticals (250 mL, Sigma-Aldrich) in
Erlenmeyer flasks. The flasks were then shaken in a ThermoBath (GFL, Deutschland) for
24 h at 37 ◦C. Following the incubation period, any residual material was removed, and the
extracts were sterilized using filtration through a 0.2 μm filter (Sarstedt AG & Co.KG).

Human keratinocytes HaCaT (provided by Prof. Fusenig, Heidelberg) were cultured
in DMEM supplemented with 1% antibiotic-antimycotic solution and 10% fetal calf serum
in 75 cm2 cell culture flasks. Normal human fibroblasts (PELOBiotech GmbH, Planegg,
Germany) were cultured in DMEM supplemented with 500 μL insulin, 2.5 mL gentamycin,
250 μL rhFGF2 and 2% fetal calf serum. The cultures were maintained at 37 ◦C in a
humidified atmosphere with 5% CO2 for seven days.

Afterwards, the cells were detached using trypsin ethylenediaminetetraacetic acid and
seeded into 96-well plates at a cell density of 2 × 105 cells/mL human keratinocytes and
1 × 105 cells/mL fibroblasts. The plates were then incubated for 48 h. Subsequently, the
medium was replaced with fresh medium, a controlled sweat solution or artificial saliva
(negative control), material extracts, and Triton-X 100 (cytotoxicity control). The cells were
incubated for 24 h.

Cell viability and proliferation were assessed using the ATPLite M Assay according
to the manufacturer’s instructions. The cell count was calculated as a percentage of the
negative control at each respective time point. The cytotoxic effects of the material were
determined using the cytotoxicity detection kit according to the manufacturer’s instructions.
Optical density was measured at 490 nm using a SPECTROstar-Omega plate reader (BGM
Labtech). Cytotoxicity was calculated using Equation (3).

cytotoxicity [%] =
n − positive control

negative control − positive control · 100
(3)

4.11. In-Vitro Inflammation Potential Testing

The inflammation potential was assessed using an enzyme immunoassay for the
quantitative determination of sulfidoleukotrienes produced by isolated leukocytes.

Materials were dried and milled in fine particles and suspensions of 10 mg/mL,
0.1 mg/mL and 0.01 mg/mL were prepared in stimulation buffer. For particle control pure
SiO2 particles were prepared following the same process as for the gels, a dispersion of
10 mg/mL was prepared. Particles were washed 5 times with distilled H2O to remove
possible contaminants.

For the study, EDTA whole blood samples from two patients were collected [101] and
stored in EDTA monovettes. The blood was transferred into 50 mL tubes, and 15 mL of
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the blood sample was mixed with 4 mL of dextran solution. The mixture was inverted
and allowed to sediment for 30 min. After sedimentation, the supernatant was carefully
collected using a Pasteur pipette and transferred into new 50 mL tubes. These tubes
were then centrifuged at 160× g for 10 min to remove any remaining supernatant. The
discarded supernatant was replaced with 15 mL of stimulation buffer, which was added to
the isolated leukocytes. A volume of 200 μL of the leukocyte stimulation buffer solution
was subsequently added to the samples and controls, with each determination performed
in triplicate. The samples were sealed and incubated at 37 ◦C for 50 min. Following
incubation, the samples were vortexed and centrifuged at 4 ◦C, 1000× g for 6 min. The
supernatants from the triplicate determinations were combined (pooled). These pooled
supernatants were then frozen and stored at −20 ◦C for further analysis.

The concentration of sulfidoleukotrienes (sLTC4, sLTD4, sLTE4) was determined using
the CAST assay kit. The release of sulfidoleukotrienes (sLT) from the stimulation control
and allergen was calculated using the following Equation (4):

sLT = sLT [α]
( pg

mL

)
− sLT [backround]

( pg
mL

)
(4)

Here, “α” represents the control and samples.
The color absorbance was measured spectrophotometrically at a wavelength of 405 nm.

For the quantification of sLTD4, a four-parameter fit regression model was used, with a
calibration range of 50–3200 pg/mL. To determine a positive stimulation response, a
threshold of ≥100 pg sLT/mL was considered after subtracting the value obtained from
the negative control.

4.12. Statistical Analysis

IBM SPSS Software 29.0.0.0 was used to test the biological data for normal distribution,
subsequently a Mann–Whitney-U-Test was carried out to determine the central tendencies
of two independent random samples. Asterisks indicate significant deviations from the
negative control (* p < 0.05; ** p < 0.01; *** p < 0.001).
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Abstract: The significant concerns associated with the widespread use of petroleum-based plas-
tic materials have prompted substantial research on and development of active food packaging
materials. Even though fish gelatin-based films are appealing as active food packaging materials,
they present practical production challenges. Therefore, this study aimed to develop an edible film
using Ficus carica L. leaf extract (FLE), as it is affordable, accessible, and has superoxide anion radical
scavenging action. This edible film was produced by adding FLE to mackerel skin gelatin at varied
concentrations (2.5–10% w/w). The results showed that adding FLE to gelatin films significantly
affected the tensile strength (TS), elongation at break (EAB), transmittance and transparency, solu-
bility, water vapor permeability (WVP), antioxidant activity, and antibacterial activity. Among all
the samples, the most promising result was obtained for the edible film with FLE 10%, resulting
in TS, EAB, solubility, WVP, antioxidant activity, and antibacterial activity against S. aureus and
E. coli results of 2.74 MPa, 372.82%, 36.20%, 3.96 × 10−11 g/msPa, 45.49%, 27.27 mm, and 25.10 mm,
respectively. The study’s overall findings showed that fish gelatin-based films incorporated with FLE
are promising eco-friendly, biodegradable, and sustainable active packaging materials.

Keywords: edible film; fish gelatin; sustainable packaging; Ficus carica L.

1. Introduction

Packaging is essential for maintaining the quality of food products by protecting them
from all forms of physical, chemical, and microbiological damage [1]. The most common
material used in food packaging comes from petroleum. The packaging industry prefers
these materials because they form highly transparent films and have mechanical strength,
water vapor resistance, and gas resistance [2]. However, if not treated properly in the
process, these films can cause environmental pollution. Most petroleum-based plastics
are not biodegradable and can break down into dangerous microplastics, threatening
ecosystems and wildlife. Furthermore, improper disposal of plastic packaging can result in
litter accumulating in natural environments and contributing to plastic pollution in oceans
and rivers. Therefore, it is necessary to develop an alternative food packaging film made
from natural, biodegradable, and sustainable materials [3,4].

The use of biodegradable biopolymers for food packaging has gained interest, given
the inconvenience to sustainability of conventional food packaging [5]. Biodegradable
and renewable polymers, including proteins, can replace non-environmentally friendly
synthetic packaging. Proteins have the potential to form transparent films with specific
mechanical properties, excellent oxygen barrier capabilities, and the ability to form tissues
and induce plasticity and elasticity [6,7]. Gelatin is one form of protein that may be
utilized to generate edible films. Gelatin is a denatured protein with exceptional gelling
characteristics and is commonly used in the food industry. Gelatin-based edible films have
potent gas and lipid barrier properties and can incorporate antibacterial or antioxidant
compounds [6,7].

Gels 2023, 8, 918. https://doi.org/10.3390/gels9110918 https://www.mdpi.com/journal/gels
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Globally, most gelatin comes from the skin and bones of land mammals [8]. However,
gelatin derived from land mammals can cause bovine spongiform encephalopathy (BSE)
and foot and mouth disease (FMD), so its safety is questionable. Even foods and medicines
with a gelatin composition derived from land mammals have been banned by several
European countries [9]. Gelatin derived from the skin of narrow-barred Spanish mackerel
(Scomberomorus commerson) can be an alternative because the gelatin content is relatively
high, at around 18% [10]. In Indonesia, mackerel production in 2020 reached 435,835.39 tons.
This vast amount of production will undoubtedly result in a substantial amount of fish
skin by-products produced by the fish processing industry [11].

Gelatin-based films can be combined with plant extracts with bioactive compounds
that enhance the functional properties of the films. Many edible films have been developed
by incorporating plant extracts, such as green tea extract (GTE) and Lepidium sativum extract
(LSE), into gelatin. A higher GTE content integrated into gelatin films confers significantly
higher tensile strength and lower elongation at break, water solubility, and water vapor
permeability. Moreover, there is no notable difference in the mechanical parameters of
tensile strength and elongation at break in films enriched with LSE [12,13].

Ficus carica L., commonly known as fig, originated in western Asia (Turkey), and its
cultivation spread to other parts of the world through Mediterranean countries. This plant
belongs to the Moraceae family and is believed to have been used as a medicinal herb for
centuries. The fruit, roots, and leaves of the Ficus carica L. plant contain phytochemicals
and various bioactive compounds. Specifically, the leaves are rich in polyphenols with
antioxidant, anticancer, antidiabetic, and anti-inflammatory properties and hepatoprotec-
tive activity that could benefit human health [14–17]. Therefore, the leaf extracts of this
plant are suitable for incorporation into gelatin to form an edible film. Fig leaf extract (FLE)
contains flavonoids, terpenoids, and tannins that can enhance the physical properties of
gelatin edible films and increase their antioxidant activity [18,19]. Nevertheless, no study
has reported the incorporation of FLE into fish gelatin as an active food packaging material.
Hence, this study was carried out to assess the physical properties, antioxidant activity,
and antimicrobial activity of mackerel skin gelatin-based films enriched with fig leaf extract
(FLE) as a bioactive component in these films to create eco-friendly, biodegradable, and
sustainable active packaging.

2. Results and Discussion

2.1. Fig Leaf Extract (FLE) Antioxidant Activity

Before being used for film preparation, fig leaf extract was tested for its antioxidant
activity using the DPPH method. From the tests that were conducted, fig leaf extract
requires a concentration of 27.18 ± 0.44 ppm to inhibit 50% of DPPH free radicals. In
comparison, BHT requires 19.75 ± 0.23 ppm. These findings demonstrated that fig leaf
flavonoids had high antioxidant activity. Flavonoids and polyphenols have a higher
concentration of phenolic hydroxyl groups, which exert antioxidant action by lowering
hydroxyl groups. They can help stabilize free radicals and act as antioxidants by supplying
hydrogen ions [20].

2.2. Color

As FLE was incorporated into fish gelatin films, the color of the films changed from
greenish to yellowish, and this finding was validated by color parameter measurements. As
shown in Table 1, increasing FLE incorporation into fish gelatin films raised the b and ΔE
values of the films while decreasing the L and a values. The ΔE measurement quantifies the
difference between the displayed color and the original color standard of the input content.
The results were consistent with a prior study, which found an increase in yellowness
after incorporating plant extract into gelatin-based films [7,21]. Previous research also
showed that increasing the concentration of fig leaf extract causes a decrease in brightness
and redness but an increase in yellowness and ΔE in chitosan-based films [7,22]. The
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observed color variations in the film were generated by naturally colored pigments in the
Ficus carica L. extract (Figure 1).

Table 1. Color properties and transparency at 600 nm of the films.

Film Samples L* a* b* ΔE* Transparency (600 nm)

FLE 0% 86.19 ± 0.93 e −1.52 ± 0.08 e 3.82 ± 0.21 a - 0.61 ± 0.02 a

FLE 2.5% 82.21 ± 0.89 d −2.48 ± 0.22 d 7.56 ± 0.12 b 5.57 ± 0.66 a 1.95 ± 0.24 b

FLE 5% 80.27 ± 0.66 c −4.37 ± 0.29 c 12.89 ± 0.59 c 11.20 ± 0.87 b 3.68 ± 0.01 c

FLE 7.5% 77.47 ± 0.43 b −7.22 ± 0.26 b 18.15 ± 0.27 d 17.72 ± 0.32 c 6.12 ± 0.28 d

FLE 10% 71.14 ± 0.78 a −9.78 ± 0.18 a 22.85 ± 0.22 e 25.64 ± 0.34 d 7.44 ± 0.23 e

FLE: Ficus carica L. leaf extract; L*: brightness; a*: redness; b*: yellowness; ΔE*: total color difference. Significant
differences (p < 0.05) are shown by different superscript letters in the columns.

 

Figure 1. Development of an edible film enriched with Ficus carica L. leaf extract.

2.3. Transmittance and Transparency

Transmittance refers to the ability of an edible film to allow the passage of light or other
electromagnetic radiation through it. Films with high transmittance are more transparent,
allowing more light to pass through, while those with low transmittance are less transparent
or even opaque [7]. The transmittance of fish gelatin edible films incorporated with FLE
at 200–800 nm wavelength is shown in Figure 2. The percentage of light that could pass
through the edible film decreased as the concentration of FLE increased.
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Figure 2. Transmittance of fish gelatin edible films incorporated with Ficus carica L. leaf extract.

These results determined the transparency value of the film, where the transparency
value was directly proportional to the film’s transmittance. The transparency values
are presented in Table 1. Increasing the concentration of FLE significantly affected the
transparency of the film samples. Higher transparency values correspond to a higher visible
light absorbance, which indicates a lower transparency of the film [23–33]. Therefore, the
edible film with 10% FLE had the best UV barrier but had the lowest transparency.
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This finding was in line with previous studies showing that phenolic compounds dis-
tributed within a film matrix affect the morphology and light transmission of films [34–36].
The edible film based on fish skin gelatin incorporated with FLE exhibited good UV barrier
properties, making it suitable for application in products vulnerable to UV light-induced
damage, especially foods susceptible to UV light-induced lipid oxidation [37,38].

2.4. Thickness

Table 2 shows the thickness of the gelatin films containing various concentrations of
FLE. The addition of Ficus carica L. leaf extract to gelatin films resulted in no significant
variation in film thickness. FLE was equally distributed in the gap between the gelatin
film matrix because the hydroxyl groups of polyphenols in FLE generated intermolecular
hydrogen interactions with the amino/hydroxyl groups in gelatin. As a consequence, the
integration of FLE had no significant effect on the thickness of the gelatin films [23].

Table 2. Physical properties of the films.

Film Samples Thickness (mm) Tensile Strength (MPa) Elongation at Break (%) Elastic Modulus (MPa)

FLE 0% 0.126 ± 0.01 a 1.13 ± 0.20 a 321.58 ± 15.33 ab 0.35 ± 0.05 a

FLE 2.5% 0.124 ± 0.01 a 1.21 ± 0.21 a 302.37 ± 17.97 a 0.40 ± 0.09 ab

FLE 5% 0.127 ± 0.01 a 1.68 ± 0.21 b 325.03 ± 25.58 ab 0.52 ± 0.07 b

FLE 7.5% 0.126 ± 0.01 a 1.84 ± 0.25 b 348.23 ± 9.28 bc 0.53 ± 0.06 b

FLE 10% 0.127 ± 0.01 a 2.47 ± 0.28 c 372.82 ± 14.89 c 0.66 ± 0.05 c

FLE: Ficus carica L. leaf extract. Significant differences (p < 0.05) are shown by different superscript letters in
the columns.

2.5. Tensile Strength, Elongation at Break, and Elastic Modulus

The effect of FLE inclusion in gelatin films on tensile strength (MPa), elongation at
break (%), and elastic modulus was studied. Tensile strength (TS) is directly related to
polymer chain cohesion, whereas elongation at break (EAB) is related to flexibility and
extensibility before breaking. Moreover, the elastic modulus is a quantity that measures an
object or substance’s resistance to being deformed elastically when a stress is applied to it.
The interaction of the gelatin polymer chain with other components, including antioxidant
extracts, water, and plasticizers, can have a substantial impact on the mechanical character-
istics of the resultant mix films. Furthermore, the combination of the biopolymer matrix,
plasticizer, and active agent might affect the mechanical characteristics of the resultant
active blend films [24].

Table 2 shows the tensile strength (MPa), elongation at break (%), and elastic modulus
(MPa) data. The TS of the gelatin-based films rose as the FLE concentration increased. This
was due to the ability of hydroxyl groups in polyphenolic chemicals to form hydrogen
bonds with hydrogen acceptors in gelatin molecules. The formation of intermolecular
hydrogen bonds between FLE and gelatin rendered the films more compact and resistant to
tensile stress [25]. A previous study discovered that including green tea extract raised the
TS of gelatin films, which was induced by interactions between the phenolic compounds
of the extract and the amino acids of the gelatin [26]. The addition of FLE, on the other
hand, enhanced the EAB of the gelatin-based films. The slightly higher EAB in these
gelatin-based films was most likely due to polyphenols acting as plasticizers, increasing the
flexibility of FG-HBE films [27]. When plant extract was introduced into gelatin films, the
EAB improved similarly because the interactions between polyphenols and gelatin created
a more cohesive and flexible film matrix [28]. The addition of FLE increased the rigidity of
the film, thus increasing the elastic modulus. This result is in line with similar research that
demonstrated an increase in Young’s modulus as tensile strength values increased [29].

2.6. Solubility

Water solubility is defined as the proportion of water-soluble compounds in the film
and is sometimes referred to as a film’s water resistance. According to the results, the water
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solubility of the films decreased dramatically in proportion to the FLE content (Table 3).
These findings are consistent with prior studies in which green tea extract was combined
with gelatin films [22]. With the addition of FLE, the gelatin films’ solubility decreased
due to the creation of stronger cross-links between polyphenols and gelatin in the polymer
matrix, which reduced the polar groups and hydrophilic qualities of the films [30].

Table 3. Physical properties of the films.

Film Samples Solubility (%) WVP × 10−11 (g/msPa)

FLE 0% 46.47 ± 0.28 e 5.61 ± 0.25 c

FLE 2.5% 42.80 ± 0.17 d 5.04 ± 0.61 bc

FLE 5% 40.86 ± 0.20 c 4.89 ± 0.18 b

FLE 7.5% 37.46 ± 0.29 b 4.57 ± 0.27 ab

FLE 10% 36.20 ± 0.09 a 3.96 ± 0.18 a

Significant differences (p < 0.05) are shown by different superscript letters in the columns.

2.7. Water Vapor Permeability (WVP)

WVP is a critical feature of edible films used in food packaging applications to protect
food from water-induced deterioration. As demonstrated in Table 3, the WVP of FLE-
gelatin films decreases steadily as the FLE content increases. The lower WVP values of all
film formulations might be attributed to the formation of a film matrix via the interaction
of phenolic chemicals with gelatin. The addition of fig leaf extract might limit the free
volume in the polymer matrix and enhance the tortuosity of the water molecules’ passage
across the network, lowering the rate of water molecule diffusion through the films [31].
According to the literature, comparable behavior was reported for green tea extract-gelatin
films [22].

2.8. Antibacterial Activity of the Films

The antimicrobial activities of films against Gram-negative and Gram-positive bacterial
species were evaluated by determining the inhibition zones (mm) on solid medium. Table 4
shows that the inhibition zone of the film against Staphylococcus aureus and Escherichia coli
increased in size as the FLE concentration increased. A larger zone of inhibition indicates
greater antibacterial activity. These findings are in line with similar research describing the
antibacterial ability of gelatin-based films incorporated with Ginkgo biloba extract [39].

Table 4. Antibacterial activity of the films.

Film Samples
Inhibition Zone (mm)

S. aureus E. coli

FLE 0% - -
FLE 2.5% 18.64 ± 0.24 a -
FLE 5% 23.61 ± 0.12 b 22.33 ± 0.22 a

FLE 7.5% 25.69 ± 0.20 c 23.17 ± 0.18 b

FLE 10% 27.27 ± 0.15 d 25.10 ± 0.28 c

FLE: Ficus carica L. leaf extract. Significant differences (p < 0.05) are shown by different superscript letters in
the columns.

Previous studies have shown the antimicrobial activity of Ficus carica L. extracts against
Gram-positive and Gram-negative bacteria. This antibacterial activity is due to phenolic
compounds in FLE, such as flavonoids, caftaric acid, quercetin, p-hydroxybenzoic acid,
caffeic acid, and gallic acid. Phenolic compounds can disrupt the integrity of bacterial walls
and cell membranes, resulting in the release of intracellular components from microbial
cells. This process inhibits microorganism growth by blocking electron transfer, nutrient
absorption, nucleotide synthesis, and membrane ATP activity [39–41].

141



Gels 2023, 8, 918

2.9. Antioxidant Activity of the Films

Because antioxidant films may preserve food from oxidation and deterioration, they
are essential for active packaging. The DPPH radical scavenging experiment assessed the
antioxidant properties of all the film samples.

As demonstrated in Figure 3, integrating FLE greatly enhanced the DPPH value of
the films. The powerful antioxidant capacity of phenolic compounds in FLE was ascribed
to the increased DPPH radical scavenging activity in FLE-gelatin films. The phenolic
components in Ficus carica L. extract chemically cross-link with the gelatin compound via
covalent bonds. The oxidation of phenolic compounds to radicals results in covalent bonds
between phenolic chemicals and proteins. These interactions between phenolic chemicals
and gelatin amino acids enhance the antioxidant properties of the films [30].
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Figure 3. Antioxidant activity of fish gelatin edible films incorporated with Ficus carica L. leaf extract.

3. Conclusions

In this study, fig leaf extract (FLE) was incorporated into gelatin-based edible films
to develop a sustainable active packaging material. The results lead to the conclusion
that the incorporation of FLE improved the properties of these edible films compared to
control films. The edible film enriched with 10% FLE showed the best tensile strength
(2.47 MPa), elongation at break (372.82%), solubility (36.2%), WVP (3.96 × 10−11 g/msPa),
antioxidant activity (45.49%), and antibacterial activity against S. aureus (27.27 mm) and
E. coli (25.10 mm). These findings align with previous studies indicating that the addition
of plant extracts can enhance the characteristics of gelatin-based edible films. We hope
that this study promotes the development of sustainable packaging that can be applied
to several food matrices. A further physicochemical investigation is required for such
novel gelatin-based films to study possible relaxations of the gelatin matrix with extract
molecules. This investigation represents a part of a future project involving the application
of such films as active food packaging materials for preservation.

4. Materials and Methods

4.1. Materials

Fish skin gelatin was obtained from the domestic industry in Bandung, Indonesia.
Fig leaves (Ficus carica L.) were harvested at Jogja Ara Garden in Sleman, Indonesia.
CV. Nura Jaya, Surabaya, Indonesia, provided food-grade glycerol. All chemicals were
analytical grade.

4.2. Preparation of Fig Leaf Extract (FLE)

Fig leaves were cleaned and dried in a cabinet dryer at 50 ◦C for 24 h. Dried fig leaves
were crushed and passed through a sieve with a mesh size of 60. For 48 h, 75 g of fig leaf
powder was macerated in 600 cc of 70% ethanol (Merck, Germany) (1:8 w/v). The solution
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was filtered using Whatman No. 1 filter paper and concentrated at 40 ◦C in a rotating
vacuum evaporator.

4.3. Antioxidant Activity of FLE

The antioxidant activity of the extract was determined using a previously described
DPPH radical scavenging assay with modifications [6]. A total of 4 mg of DPPH was
dissolved in 100 mL of methanol to make a 0.1 mM DPPH solution. Dissolving 0.1 g of
FLE in 100 mL of methanol yielded a 1000 ppm stock solution. Following that, sample
test solutions with graded concentrations of 10, 20, 30, 40, 50, and 60 ppm were created.
One milliliter of each sample solution concentration was combined with two milliliters of a
0.1 mM DPPH solution. The mixture was vortexed and incubated for 30 min at 27 ◦C. A UV-
VIS spectrophotometer was used to detect absorbance at 517 nm, with methanol serving
as the blank solution. Using the following equation, the antioxidant ability (%Radical
Scavenging Activity/%RSA) to inhibit free radicals was obtained:

%RSA =
abs blanko − abs sample

abs blanko
× 100% (1)

The % inhibition of free radicals was plotted against the concentration of the test
solution. The linear regression equation was used to get the IC50 value, which is the
concentration of the test solution capable of blocking 50% of free radicals. Using the
following formula, the computed results were inserted into the linear equation:

y = ax + b (2)

where y is the % inhibition (50), a is the slope, x represents the concentration (μg/mL), and
b represents the constant.

4.4. Preparation of Edible Films from Mackerel Skin Gelatin Incorporated with Fig Leaf Extract

The preparation of gelatin edible films was based on a previous method with modifi-
cations [6]. At 50 ◦C, gelatin powder was dissolved in distilled water at a concentration
of 4% (w/v) and agitated for 30 min at 500 rpm. The gelatin solution was then mixed for
5 min with 25% (v/w) glycerol from the quantity of gelatin. Furthermore, fig leaf extract in
the amounts of 0%, 2.5%, 5%, 7.5%, and 10% (w/w) of the amount of gelatin was added
to the mixture and mixed for 30 min. For 5 min, the solution was homogenized with an
Ultra-Turrax homogenizer at 4000 rpm. The liquid was put into the mold and dried for
20–24 h in a cabinet dryer set to 50 ◦C, after which the edible film sheet was removed from
the mold.

4.5. Film Characterization
4.5.1. Color

The color analysis of the edible film was based on the previously reported method [6].
The color of the edible film was assessed using a digital colorimeter at six random spots on
each sample with an 8 mm aperture, yielding values of L* (brightness), a* (red/green), and b*
(yellow/blue). The total color difference (ΔE*) was calculated using the following equation:

ΔE∗ =

√
(L ∗ −L0∗)2 + (a ∗ −a0∗)2 + (b ∗ − b0∗)2 (3)

L*, a*, and b* are the color parameters of films incorporated with FLE; L0*, a0*, and b0* are
the color parameters of the control films (100% gelatin films).

4.5.2. Transmittance and Transparency

The transmittance and transparency of the films were measured according to a previ-
ously reported method [7]. The barrier qualities of the film against ultraviolet (UV) and
visible light were tested using a UV-Vis spectrophotometer at the specified wavelength
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range of 200–800 nm, while the transparency value of the film was computed using the
following equation:

Transparency = 2 − log10(%T)/x (4)

%T denotes the percent of transmittance at 600 nm, while x denotes the film thickness (mm).

4.5.3. Thickness

The determination of film thickness was based on a previously reported method [7].
Ten spots on each sample were randomly measured with a micrometer, and the average
value was calculated as the edible film thickness.

4.5.4. Tensile Strength, Elongation at Break, and Elastic Modulus

Tensile strength (TS) and elongation at break (EAB) were determined using a previ-
ously reported approach and a Universal Testing Machine (UTM) [7]. Film samples were
clipped to be 5 cm long and 1.5 cm wide. The film was put on the UTM stretcher and
dragged by the device. With three replications, the test results yielded Fmax data, which
are a measure of TS (MPa) and EAB (%). The elastic modulus (Young’s modulus) was
obtained from the comparison of TS and EAB [32], expressed in mega Pascals (MPa), and
formulated with the following equation:

E =
Tensile strength (MPa)

Elongation at break
(5)

4.5.5. Solubility

The solubility of the edible films was determined using a previously described pro-
cedure [7]. Briefly, 2 × 2 cm samples were dried in an oven at 105 ◦C for 24 h. W1 was
calculated after weighing the dry samples. Following that, the samples were immersed in
30 mL of aquades for 24 h at ambient temperature (25 ◦C). The samples were then dried
again in a 105 ◦C oven for 24 h before being stored in a desiccator for 15 min. The samples
were weighed, and W2 was obtained. The percentage of sample solubility in water was
determined using the following equation:

%S =
W1 − W2

W1
× 100% (6)

S denotes the sample’s solubility, W1 the weight of the dried sample before immersion,
and W2 the weight of the dried sample after immersion.

4.5.6. Water Vapor Permeability (WVP)

The water vapor permeability of the film was calculated as previously described [7].
A glass cup-shaped container containing 6 mL of distilled water was sealed with the film at
the mouth. The sample was then placed in a desiccator for 7 h at room temperature. Every
hour, the sample was weighed using an analytical balance. The following equation was
used to compute the WVP value:

WVTR =
ΔW

A ΔP
(7)

WVP =
WVTR × L

ΔP
(8)

where:

WVTR = the water vapor transmission rate;
ΔW = the weight of water vapor passing through the film (g);
A = the surface area of the film π.r2 (m2);
ΔP = the partial pressure difference in water vapor (Pa);
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L = the thickness of the film (mm);
WVP = the water vapor permeability (g/msPa).

4.5.7. Antibacterial Activity of the Edible Films

The antibacterial activity of the films was assessed against Escherichia coli (E. coli)
and Staphylococcus aureus (S. aureus) using the method of a previous study with a slight
modification [33]. The bacteria were individually cultured by transferring frozen E. coli
and S. aureus into separate tubes of 10 mL of sterile nutrient broth with an inoculating
loop. The organisms were incubated for 24 h at 37 ◦C for reactivation. Rejuvenation of
the bacteria was carried out by streaking a loopful of pure culture onto a sterile nutrient
agar plate and incubating at 37 ◦C for 24 h. The bacterial suspension density was adjusted
to 0.5 M of McFarland Standard, which is equivalent to a bacterial suspension containing
approximately 1 × 108 CFU/mL. A dried surface of Mueller–Hinton agar was inoculated
with each bacterium with a sterile swab. A film sample with a diameter of 15 mm was
placed on the agar. The plate was incubated at 37 ◦C for 24 h. The diameter of the inhibition
zone surrounding the film disc and the contact surface of the edible film with the agar
surface were observed.

4.5.8. Antioxidant Activity of the Edible Films

The measurement of the antioxidant activity of the edible films was based on a previ-
ously described method with modifications [6]. Twenty-five milligrams of film was dipped
into 3 mL of methanol for 3 h to obtain a film extract solution. Then, 0.1 mL of the solution
was added to 3.9 mL of 0.1 mM DPPH and incubated in the dark for 30 min before the
absorbance was measured at 517 nm using a spectrophotometer. Methanol and DPPH
solutions without the film extract were used as blanks, and the DPPH radical scavenging
capacity was measured as follows:

%RSA =
abs blanko − abs sample

abs blanko
× 100% (9)
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Abstract: Food hydrogels are effective materials of great interest to scientists because they are
safe and beneficial to the environment. Hydrogels are widely used in the food industry due to
their three-dimensional crosslinked networks. They have also attracted a considerable amount of
attention because they can be used in many different ways in the food industry, for example, as
fat replacers, target delivery vehicles, encapsulating agents, etc. Gels—particularly proteins and
polysaccharides—have attracted the attention of food scientists due to their excellent biocompatibility,
biodegradability, nutritional properties, and edibility. Thus, this review is focused on the nutritional
importance, microstructure, mechanical characteristics, and food hydrogel applications of gels. This
review also focuses on the structural configuration of hydrogels, which implies future potential
applications in the food industry. The findings of this review confirm the application of different
plant- and animal-based polysaccharide and protein sources as gelling agents. Gel network structure
is improved by incorporating polysaccharides for encapsulation of bioactive compounds. Different
hydrogel-based formulations are widely used for the encapsulation of bioactive compounds, food
texture perception, risk monitoring, and food packaging applications.

Keywords: hydrogels; food applications; bioactive compounds; mechanical strength; microstructure

1. Introduction

In order to develop novel and innovative consumer-based functional foods, food
processing industries are facing numerous challenges. Recent food processing trends are
based on ensuring food safety and nutritional value to safeguard consumers. Furthermore,
under proper storage, shipping, and delivery circumstances, the longevity of a product
can be extended [1]. Researchers are creating new forms of food matrices that can be
synthesized artificially [2] or with the assistance of different microbes [3], plants [4], or
insects to assure quality and safety [5]. Foods with gelation characteristics have recently
become much more popular in the marketplace due to their delicious taste, features that
increase satiety, low calorie content, and high moisture content. These factors combine to
make these foods healthier. In addition, rheological properties and sensory qualities of food
hydrogels are essential for their excellent market price [6]. Natural gels made from food
biopolymers have made significant strides over the past few decades, and in comparison,
to their synthetic analogs, they have a wider range of applications and superior properties
in a variety of contexts.

Gels are colloidal systems containing a continuous phase (i.e., a solid matrix) and a
dispersed phase (i.e., aqueous solvent), leading to the formation of a semisolid texture [7].
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The biopolymers that make up these gels are the primary ingredient that gives them their
structure. Polysaccharides and proteins are the two types of biopolymers that are most
frequently used. These biopolymers provide a variety of food products with a semisolid
consistency. These biopolymer-based gels are composed of networks of various shapes,
such as blocks, particles, or fibers, which exhibit a range of behaviors when subjected to
mechanical stress [8].

Hydrogels are 3D polymer networks that are elastic because they are bound together
by weaker bonding forces in the form of hydrogen or ionic bonds and crosslinked covalent
bonds. These factors contribute to the ability of hydrogels to hold their shape. Hydrogels
are used in current food design for a variety of purposes, including the creation of complex
shapes through 3D printing, the replacement of fats, increased satiety with less food, and
the maintenance of metastable structures of products [9]. Gels are also effective for reducing
the unpleasant tastes induced by several bioactive compounds and medications because
gel formation limits or slows molecular transport [10]. On the other hand, the use of flavor
enhancers such as salt and sugar can be reduced by using liquid or brittle gels, which
intensify the flavor [11]. If a gel is to be fully integrated into a liquid without altering the
flavor of the food, its size must be drastically reduced before it can be used in liquid foods,
such as beverages.

In order to satisfy the worldwide demand for food and provide sustenance for the
growing human population, several food products that are environmentally friendly,
inexpensive, safe, and packed with nutrients are required. In this context, food gels are
considered sustainable food matrices containing a high concentration of nutrients. The
employment of hydrogels mostly in the industry of food technology is not nearly as
widespread as it is in other branches of the scientific community, such as tissue engineering
and biomedicine. Therefore, the design of the structure of food hydrogels will require
investigation of additional functional applications in order to advance the development
of functional foods. Owing to the widespread sensorial acceptance of these medicinal
and healthful foods, which were made possible by incorporating food gels, an increase
in consumption of such food products has been observed [12]. When utilizing gels in
food production systems, it is vital to consider how these substances will react inside the
body. As a result, it is essential to take a number of factors into consideration in order to
control the discharge or retainment of bioactive substances across the digestive system [13].
Enzymes and the acidic atmosphere of the stomach present the most significant challenge to
maintaining the integrity of the shell for subsequent passages through the gastrointestinal
tract because the stomach is the first organ that the shell must pass through [14]. Therefore,
it is expected that the smart layout of the structure of the hydrogel will lead to an increase
in the number of useful applications for new food items. In this review, we focused on
the possible implementations and hydrogel interactions pertaining to the microstructure
of various hydrogels and their food applications. The novelty of this review lies in the
understating of the formation, rheological characteristics, and impact of the microstructure
of hydrogels. An understanding of the interlaying mechanism of hydrogels could provide
an opportunity for a wider range of applications in the food industry.

2. Gelling Agents

Gelling agents are added to a wide range of foods, such as jellybeans, sweets, and
chocolates, to make them thicker and more stable. As a result of gel formation, these
ingredients give such foods their distinctive textures. In addition to their other functions,
stabilizers and thickeners can also act as gelling agents. The application of plant- and
animal-based proteins as gelling agents in the food industry is illustrated in Figure 1. Only
a small fraction of gums can be used to make gels, and even among those that can be used
for such purposes, there is a wide range of gel characteristics and textures that dictates their
use in different food contexts. Natural gums, enzymes, pectins, starches, and agars are just
some of the proteins and polysaccharides used as gelling agents. Heteropolysaccharides
and hydrocolloids make up the vast majority of gelling polysaccharides (Table 1). Structures
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can be complex but well-defined repeating units, block copolymers, or either regularly or
irregularly branched structures. They come from various sources, such as plant, animal,
and microbial sources in nature. Gel formation is the primary focus, although thickening is
a possible side effect. Jams, jellies, salad dressings, desserts, marmalade, jujubes, yogurts,
etc., are just a few of the uses. However, many proteins are also employed in gel fabrication
(Table 2). Corn zein and various animal proteins such as gelatin and whey are among these.

 

Figure 1. Different types of plant- and animal-based ingredients as gelling agents in the food industry.
Figure 1 is reprinted with permission from Munir et al. [15] (Copyright © 2022 by authors).

3. Conditions Necessary for the Formation of Gels

Gel formation occurs as a consequence of the combination of a straightforward poly-
mer dispersion or particle suspension with an extrinsically modifiable temperature or
solution composition [16]. As a consequence of this, the process of converting sol-gels
typically involves the aggregation of either particles or macromolecules, with the end
result being the formation of a network that encompasses the entire volume of the con-
tainer [15,17]. Gelation reactions can be roughly classified into two categories: those that are
driven by physical forces (e.g., heat and pressure) and those that are induced by chemical
processes (e.g., acidic, ionic, and enzymatic processes) [18,19]. The gelation of proteins
requires a driving force to unfold the native protein structure, followed by an aggregation
process, resulting in a three-dimensional organized network of aggregates or strands of
molecules crosslinked by non-covalent bonds or, less frequently, by covalent bonds [20].
The numerous physicochemical characteristics covered in the subsequent sections are the
primary determinants of the conditions that must exist for gel to form [21]. Figure 2 depicts
the primary factors that influence the formation of gels and further information on each of
these factors is addressed below in this section.

 
Figure 2. Different factors affecting the formation of food hydrogels.
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Table 1. Sources of gelling agents, as well as their textures, rheological properties, and applications.

Gelling Agent and
Concentration

Source
Texture and Rheological

Properties
Binding Blocks Applications Ref

Pectin (0.5–1%, w/w)

Heteropolysaccharides
from higher terrestrial

plant cell walls and
fruits, such as citrus

fruit, guava, and apple

Newtonian behavior

Partially esterified
α-(1–4)-linked

D-galactouronic and
mannuronic acid;

rhamnose, galactose, and
arabinose can replace

galacturonic acid

Jelly, jam, marmalade,
fruit chews, and yogurt [22]

Cellulose
(0.5–2%, w/w)

Chemically modified
plant cell walls

Shear thining
crossmodelling and

viscoelastic behavior

Homopolymer of
D-glucose β-(1, 4)

Sweets and salad
dressings [22,23]

Agar (1–2%, w/w) Red algae or seaweeds

Thermoreversible gels
upon cooling; lowest
viscosity at low shear
rates; with increasing

concentration of agarose,
the particle size and

particle surface decrease

Utilization of agarose and
agaropectin together in a

single product

Vegetarian gelatin and
laxative [22,24]

Guar gum
(1–5%, w/w) Endosperm

Although it is
independent of

electrolytes and has
extremely high low-shear
viscosity and high-shear
thinning, it degrades and

loses viscosity at high
temperatures and low pH

Galactomannan
molecular sequence

Sweets, yogurt, and
various forms of liquid

cheese, along with fillings
for pastries

[25,26]

Carrageenan
(0.5–3%, w/w) Red seaweeds

High hardness,
compressibility,

adhesiveness, and
cohesiveness

Sulfated D-galactose and
L-anhydrogalactose

Desserts, cell/enzyme
immobilization gel [27,28]

Carob gum or locust
bean gum

(0.16–1.84%, w/w)
Carob tree seeds

High-shear thinning; very
high low-shear viscosity,
despite being degraded

and losing viscosity
regardless of the presence
of electrolytes at high and
low pH levels and high

temperatures

Galactomannan Glue [29]

Xanthan gum
(1–3%, w/w)

Xanthomonas
campestris is

responsible for the
process of fermenting

glucose, as well as
sucrose

High-shear thinnability;
maintains viscosity in the
presence of electrolytes,

high temperatures, and a
wide pH range

Two -D-glucose units are
linked at positions 1 and

4 along the
polysaccharide chain; the

primary structure has
two mannose and one

glucouronic acid, forming
repeating modules of five

sugar molecules

As emulsifiers, texture
modifiers, fruit salads,

and sauces, colloidal oil
and solid ingredients are
kept from turning into a

cream

[30,31]

Alginate
(1–2%, w/w) Brown seaweeds

Pseudoplastic
non-Newtonian and
viscoelastic behavior

Different arrangements of
(1-4)-linked

-D-mannuronate and its
C-5 epimer

α-L-guluronate residues
form a linear copolymer

Appetite-suppressant
jellies, divalent ionic

gelation, cell
immobilization, and

encapsulation

[32,33]

Gum Arabic
(1–5%, w/w)

Acacia senegal and
Acacia seyal sap

Low-viscosity gum; shear
thinning occurs at low
shear rates below 10/s,
and near-Newtonian

behavior occurs above
shear rates of 100/s

Combination of
saccharides and

glycoproteins

Hard gummies,
chocolates, and gums [34,35]
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Table 2. Application of proteins as gelling agents.

Gelling Agents Source Binding Blocks Applications Ref

Whey protein Acid/sweet dairy whey β-lactoglobulin and α-lactalbumin Thickener and gelling agent [36]
Soya proteins Soybeans Glycinin and β-conglycinin interact Heat-set gel [37]

Egg proteins Egg
Albumen is made up of almost 70%

globular proteins with ovomucin
fibers and 30% egg white

Confectionery gelling and
bulking agent [38]

Zein Corn Peptide chain (prolamine)
Encapsulations in candies, nuts,
fruit, and pills, along with other

foods and baked products
[39]

Gelatin Animal skin and bones Glycine–proline protein Jelly, jam, yogurt, and margarine [40]

3.1. Pressure

Because high pressure may be used by itself or in conjunction with other processes,
such as elevated temperatures, it provides more options for tailoring the functional molecu-
lar properties. Reactions that reduce the volume of a system are generally favored under
high pressure. Dissociation of water at high pressure lowers its pH value. Gels formed
under heat or pressure has distinct visual and rheological properties [41].

3.2. pH

The addition of acids or the fermentation of microorganisms can cause changes in
pH, and these changes can alter the net charge of the molecule, which, in turn, can change
the attractive and repulsive forces that exist between molecules, as well as the interactions
among molecules and the solvent, also known as the hydration properties. In addition, the
solubility of salts shifts depending on the pH, which is another factor that might play a
role in gel formation. The theory of fractal aggregation may provide an explanation for the
technique underlying the formation of acid gel [42].

3.3. Ionic Strength

A gel’s band gap can be increased by incorporating monovalent and divalent cations
such as Na and Ca into the mixture. Gelation is possible as a result of the reduction or
neutralization of the electrostatic repulsive forces that normally exist between molecules.
It has been reported that pre-denatured whey proteins can undergo ionically induced
gelation, which, in contrast to heat-induced gelation, is referred to as cold gelation [43,44].
In polysaccharide gels, such as xanthan gum, glucans, or guar gum, ionically induced
gelation plays a more significant role than in other types of gels.

3.4. Temperature

The majority of gels are obtained by heating their constituents to a critical tempera-
ture [45]. The first step in the gelation process is uncovering or molecular fragmentation
in response to the energy required, which exposes the reactive sites. Step two involves
the joining or sticking together of unfolded compounds to make complexes with a higher
molecular weight. Whereas the first process might be reversible; the second is almost
always irreversible. Hydrophobic interactions and disulfide (-S-S-) bridges are likely to
play essential roles. According to the relative reaction rates of the individual steps over
a given temperature range, the unfolding or aggregation reaction can dictate the overall
reaction rate.

3.5. Availability of Enzymes

Enzymes control complex procedures and active interaction in natural systems and
their potential for building self-regulating soft matter systems is growing [46]. Enzymat-
ically induced gelation works by adding artificial covalent cross links to food proteins.
Protein crosslinking works best with reactions set off by transglutaminase (TG), polyphenol
oxidase, and lipoxygenase [47].
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3.6. Gelling Agent Concentration

Gel formation is only possible once the critical minimum concentration (denoted by
the symbol C∗), which is unique to each hydrocolloid, has been reached. Agarose can form
gels at concentrations as low as 0.2%, whereas acid-thinned starch requires a concentration
of at least 15% before gels can be formed [48].

3.7. Solvent Quality

The nature and presence of solvent has a significant effect on gel formation; for
instance, concentrated sugar solution is an ineffective solvent for pectin [47]. Only in a
concentrated sugar solution can hydrogen bonds form in the junction zones, so gelation
can only occur in this type of solvent [49].

4. Gel Types and Mechanism of Gel Formation

Food gels can be categorized in various ways based on their biopolymer networks,
gelation mechanisms, morphologies, interactions, etc. Gel structures can be classified either
as simple networks (made up of a single biopolymer such as polysaccharides or proteins)
binary/mixed networks (made up of two or more biopolymer types), or composite/filled
networks (made up of a biopolymer network and various other particles such as fat
globules) [18]. Cold-set gels, heat-set gels, ionotropic gels, acid or enzymatically induced
gels, etc., are all distinct types of gels that form for different reasons. Gels can be classified
as either filamentous or crystalline or as a soft particle suspension, depending on their
morphological characteristics.

Gels may contain a variety of interactions, including hydrogen bonding, interactions
involving hydrophobic groups, non-covalent interactions, and covalent chemical bonds.
Among the many types of chemical bonds, H-bonding is the most common type of interac-
tion. Polymer gels can be divided into three categories: strong, weak, and pseudogels, all
of which are fundamentally determined by the three-dimensional layout of the biopolymer
network [7]. Hybrid gels of polymers that have been subjected to chemical crosslinking are
regarded as particularly robust gels. The crosslinks in these gels are irreversible and cannot
be repaired if they become broken. Colloidal gels and certain biopolymer gels are examples
of weak gels that contain crosslinks that are capable of being broken and reformed [50,51].
Long-lasting physical interactions within the polymer matrix can function like chemical
crosslinks, which gives these materials gel-like properties. Therefore, polymer systems
that get tangled up are sometimes called “pseudogels” [51]. If the stress is kept constant,
the steady-state response of a pseudogel to an extreme stress is to flow like a fluid. It is
possible that different criteria could be used to classify food gels; however, in order to make
it simpler to comprehend the methodology of gelation and the microstructure of gels, in
this chapter, we describe gels based on the category of the biopolymer system they contain.

As previously stated, gelling agents include any of the polysaccharides and proteins
found in plants, animals, and microbes [52]. Polysaccharides, also known as natural
gums, are used frequently in the food industry and include ingredients such as agar, guar
gum, alginate, xanthan gum, starches, and glucans. The most popular proteins contain
pectin, glutenin, skim milk, soy milk, egg albumin, and zein. Many of these proteins and
polysaccharides are employed as thickeners in culinary creations. The viscosity and shear
modulus can differentiate between thickening and gelling. Gel formers usually increase
the solubility until the gel point, when the viscosity becomes (possibly) infinite and the
elastic modulus above the gel point is finite [53]. The first steps in the gelling process are
the uniform dispersion of the gelling agent, followed by the hydration of the agent. The
subsequent formation of the network is responsible for giving the product its texture.

4.1. Polysaccharide Gels

There are just few polysaccharides that can form a gel when exposed to a certain
concentration of the gelling agent, which is typically referred to as the critical concentration.
Other polysaccharides, on the other hand, are utilized in various foods as thickeners and sta-
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bilizers. Polysaccharide critical concentrations are significantly lower than those of protein
critical concentrations. After polysaccharides have been completely hydrated, the polymer
strands begin interacting (crosslinking) with one another in order to produce junction zones.
When the polymer solution (dispersion) reaches a certain critical polymer concentration
and a certain degree of crosslinking, the polymer solution eventually transforms into a gel
that possesses a stable network structure. The composition of the polysaccharide and the
conditions under which the gel is formed can result in a wide variety of junction zone con-
figurations (Figure 3). Some polysaccharides, known as thermos or heat-set gels, crystallize
when heated and then cooled again, whereas other polysaccharides, known as cold-set gels,
do so at room temperature by utilizing particular types of cations, adjusting the pH of the
solution, or incorporating particular cosolutes. Curdlan is a special polysaccharide because
it can produce gels that are heat-set as well as cold-set. This ability sets it apart from other
polysaccharides [54]. In the following sections, we discuss polysaccharide gels, which are
utilized the vast majority of the time [55].

 

Figure 3. Different junction zones in polysaccharide gels: (A) connecting points, (B) extended junction
zone resembling a block, (C) model of crosslinks in alginate and pectin gels based on an egg-box
structure, (D) the region of the double-helix junction, and (E) junction zone for the aggregation of
polysaccharide chains. Figure 3 is reprinted with permission from Nazir et al. [8] (Copyright © 2017
Elsevier Ltd., Amsterdam, The Netherlands).

4.1.1. Alginate

In the presence of divalent cations, alginate gels are produced, and the strength of the
resulting gels is directly proportional to the type of cation used. Ca++-induced gelation is
the most significant among the various cation-induced gelations for functional foods [56].
In general, alginate gels are not affected by heat and are irreversible. Egg-box structures
are formed when cations begin a linkage among polyglucuronic acid regions of adjacent
polymers. This linkage occurs because buckled conformations in the polymers provide
efficient binding sites. Egg-box structures are also known as egg crates. Because alginates
can form a gel even when the temperature is just above room temperature, they can be
used in a variety of food applications.

4.1.2. Pectin

The degree of esterification of pectin significantly impacts the gelling properties
exhibited by pectin [57]. Pectin’s with a high methoxyl content only set into a gel when
sugars or other cosolutes are present [58], such as carbohydrates, polyols, or monohydric
alcohols, and with a sufficiently low acid concentration (3.0 to 4.5) [59]. Low-methoxyl
pectins are capable to formgel in the presence of divalent compounds, such as calcium.
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4.1.3. Agar

In both bacterial media and food products, agar gels experience a synergistic effect [60].
Agarose, a neutral polysaccharide, and agaropectin, a charged polysaccharide with sulfate
groups, combine to form an agar gel. Accordingly, the gel osmotic pressure increases, and
the degree of syneresis decreases as the agaropectin fraction increases [61]. In most cases,
the total sulfate content has an inverse proportional relationship with the amount of water
extracted from the agar gel. The total polymer concentration in the gel follows the same
pattern. Intriguingly, the extent of syneresis in agar gel was found to be roughly inversely
proportional to the square of the concentration. The uncharged polymer’s osmotic pressure
scales approximately to this value.

4.1.4. Starch

Amylose, a linear chain, and amylopectin, which is branched, are the two types of
polymers that make up starch granules (branched) [62]. Granules are embedded within an
amylose matrix in the composite gel that is formed as a result of its formation. A process
known as gelatinization is responsible for the gelation of starch. During this process, starch
granules are heated, which causes them to absorb a sufficient amount of liquid and swell
to several times their original size. After being cooled, the amylose fraction becomes
ordered (in the form of single helices) around the swollen granules and is leached out by
the granules. The method that causes the starch to gel differs depending on the source
of the starch; for example, chitosan-based hydrogel and its mechanism are illustrated in
Figure 4A.

4.1.5. Carrageenan

Carrageenan is a type of ionic polymer that, when cooled in the presence of salts
(electrolytes), particularly potassium ions, forms helical gels. Both the formation of helices
and the setting of gels can be facilitated by particular cations, such as K+, Rb+, Cs+, and
NH4

+. A coil–helix transition is experienced by molecules, followed by the aggregation
of helices [63]. The formation of “ordered domains” is a common step in carrageenan
gelation [64], which typically involves the association of polymer chains through the
formation of intermolecular double helices. Gelation takes place after the subsequent
aggregation of these domains, which is mediated by the specific binding of the cations
that are responsible for gelation. The transformation of carrageenan from its disordered,
random coil state into its ordered, helical state is the first step in the gelation process [65].

4.1.6. Gellan Gum

In terms of their chemical composition, gellan gums can be broken down into two
categories: high- and low-acyl gellan gums [66]. Gels with high-acyl gellan tend to be soft
and elastic, whereas gels with low-acyl gellan tend to be hard and brittle [67]. The presence
of ions facilitates the association of double helices, which, in turn, leads to gelation.

4.1.7. Cellulose Derivative Gels
Carboxymethyl Cellulose (CMC)

CMC is a water-soluble cellulose derivative widely used in the biopolymer indus-
try. It is produced by replacing 2, 3, and 6 hydroxyls on the backbone of cellulose with
carboxymethyl groups [68]. Cellulose containing numerous hydroxyl groups is an abun-
dant and inexpensive natural biopolymer, making it a desirable starting material. CMC
also exhibits bioactivity, solubility, and biodegradability. CMC is prepared in a nonaque-
ous monochloroacetic acid/soda solvent medium to achieve the substitution degree via
carboxymethylation [69].

CMC-based hydrogel has the potential for use in enzyme immobilization [70], wound
healing [71], drug delivery [72], and adsorption [73]. Hydrogels from nanoparticles/CMC
can be used for their antimicrobial properties [74], wound healing, drug development, and
tissue engineering [75]. The performance of carboxymethyl cellulose hydrogel is enhanced
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by the addition of nanoparticles [76]. Nanoparticles enhance carboxymethyl cellulose
hydrogels by virtue of their superior mechanical, electronic, optical, and physicochem-
ical properties. Carboxymethyl cellulose derived from pineapple plants is an effective
vehicle for papain immobilization and forms a strong hydrogen bond between the em-
ployed materials [77]. Although CMC can be easily extracted from biomass resources [78],
bagasse [79] and empty fruit bunch [80] have also been used to produce carboxymethyl
cellulose. Every type of biomass resource imparts unique characteristics to CMC, such
as exceptional absorption and adsorption, a high swelling ability, and superior optical
properties. In addition to being advantageous for the production of CMC hydrogels, a high
level of methylation groups in various types of biomass waste is also beneficial [81].

Hydroxypropyl Methyl Cellulose (HPMC)

Cellulose derivative HPMC is utilized extensively in controlled-release applications,
owing to its ability to thicken, gel, and swell. It is also safe to use, easy to compress, has
properties that make it swell, and can handle high drug levels.

Owing to its excellent bioactivity, HPMC can be a thermosensitive natural polymer that
forms a transparent, highly stable, colorless hydrogel, with positive rheological properties
and changes in the texture. Gårdebjer et al. [82] investigated the pore-forming effects of
hydroxypropyl methylcellulose, mostly in MFC (micro fibrillated cellulose) film, and made
adjustments to the wettability characteristics of the films. The results demonstrate that
HPMC can potently react with MFC films, possibly creating H-bonds on the surface of
the film.

Hydroxypropyl methylcellulose for use in scaffold engineering was created from
crosslinked chitosan by Boyer et al. [83]. After promoting cellular characteristics, they
demonstrated that crosslinking hydroxypropyl methylcellulose with chitosan can endow
the recovery process with structural strength and shape. The use of HPMC as a com-
posite hydrogel in scaffold engineering was also investigated by Bacakova et al. [84].
Likewise, HPMC is widely used to make composite hydrogels using different polysac-
charides (Figure 4B). Overall, HPMC composite hydrogel can facilitate faster healing, a
more uniform distribution of cells, and a reduced risk of complications during osteoplasty
procedures. Hydrogel scaffolds, films, and membranes are some of the typical applications
for HPMC in the sector of medicine.

Hydroxypropyl Cellulose (HPC)

HPC can be dissolved in ice-cold water, and its viscosity changes with pressure.
Temperatures higher than 45 ◦C render HPC insoluble, and unlike MC and HPMC, it does
not form a gel. HPC, on the other hand, may be soluble in ethanol and ethanol/water
mixtures. A reversible precipitation process begins when the polymer reaches a temperature
above 45 ◦C [85]. However, sucrose or high concentrations of salt can be introduced to lower
the deposition temperature [86]. When heated, viscosity drops dramatically—typically by
half for every 15 ◦C [87]. HPC maintains its viscosity over a wide range of pH values, from
2 to 11. However, solutions should be stored at a pH of 6–8 to prevent the loss of viscosity
due to decomposition [87].

4.2. Protein Gels

Generally, proteins are the convenient biopolymers for the formation of food-based
hydrogels. Moreover, plant and animal-based proteins are widely used in the fabrication
of food-based hydrogels. The mecahnisms of protein-based hydrogels are illustarted in
Figure 4C.

4.2.1. Gelatin

It is appropriate to begin the discussion with gelatin gel-containing food products, for
which the term syneresis was coined. It has been reported that gelatin gels with a pH below
or above the isoelectric point swell considerably [88]. These gels are stable at these pH levels
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and exhibit no syneresis, even at low protein concentrations. The osmotic pressure resulting
primarily from the Donnan equilibrium is responsible for the swelling when the gel is
close to its isoelectric point of 4.7; however, different results have been observed. Below
a 10% concentration, the gel deswells (syneresis), whereas above this threshold, it swells.
Osmotic pressure responds more quickly to changes in concentration than the network
pressure, comparable to the behavior observed in a chemically crosslinked, uncharged gel.
It is abundantly clear that the osmotic pressure of gelatin gel appears to perform the most
significant part in the process of triggering syneresis. Increasing the polymer concentration
boosts osmotic pressure, which helps to prevent syneresis. It is also possible to increase
osmotic pressure by shifting the pH away from the isoelectric point, which causes the
polymer charge to increase.

 

 

Figure 4. Cont.
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Figure 4. Mechanism of polysaccharide and protein gel formation. Crosslinking of chitosan (A); com-
posite hydroxypropyl methyl cellulose-sodium alginate hydrogels (B); gelation process of chemically
crosslinked protein hydrogels (C). (A,B) are reprinted with permission from He et al. [89] (Copyright
© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, Germany) and Hu et al. [90] (Copyright ©
2018 Springer Nature B.V., Dordrecht, The Netherlands), respectively, whereas (C) is reprinted from
Hanson et al. [91] and is an open-access article (Copyright © 2020 by authors) distributed under the
terms and conditions of the Creative Commons Attribution (CC BY) license. HPMC, hydroxypropyl
methyl cellulose; CaCl2, calcium chloride; CS, chitosan.

4.2.2. Whey Proteins

Whey proteins undergo a series of transitions that are characteristic of globular proteins
before and during heat-induced gelation. These transitions include (i) the inactivation
of native proteins, also known as their unfolding; (ii) the agglomeration of unfolded
compounds; (iii) the formation of strands from aggregates; and (iv) the association of
strands into a network. The presence of salts allows for the formation of aggregates to take
place [88,92,93].

4.2.3. Egg Albumin

Egg albumin is often thought of as a system made up of many different globular
proteins dissolved in water [94]. The formation of egg albumin gel occurs in three steps.
First, heating causes molecules to partially unfold; this results in an increase in the number
of interactions between molecules. In the second stage, sulfhydryl disulfide exchange
ultimately leads to molecular aggregation, and sulfhydryl oxidation occurs both within
and between the network-forming aggregates. Multiple hydrogen bonds are generated
in the final step of the process, which involves cooling. The process of gel formation can
be affected by a number of factors, such as the pH of the solution, the presence of salts or
sugars, and the ionic strength.

4.2.4. Soy Proteins

Although acidification (for example, glucono-δ-lactone) can also induce aggregation
of denatured protein molecules, gelation can be achieved by heating soybean flour [37] or
milk, followed by the addition of salt (for example, Ca++ or Mg++), to form a gel or curd.

4.2.5. Milk Proteins

Owing to the high hydrophobicity of casein molecules, submicelles of casein are held
together through the formation of hydrophobic bonds and salt bridges. Rennet gelation
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occurs as a consequence of the enzymatic hydrolysis of k-casein by rennet, which results in
the release of CMP (caseinomacropeptide) and the aggregation of micelles [47,95,96].

5. Rheological Characterization of Gels

Rheological characterization is important in determining a gel’s composition, structure,
and the impact of processing on that structure. In addition, by adjusting the polymer mi-
crostructure and surrounding media, a gel with the required characteristics can be created.
Modern rheometers can precisely measure the reaction of a complicated material to applied
stress or strain. However, understanding the gelling process and manipulating the gel’s
microstructure with desired sensory properties require a basic knowledge of rheology [97].
The crosslinked polymer networks in gels are what give them their viscoelastic properties.
The type and degree of crosslinking in a polymer affect its strength, which is determined
by equilibrium modulus, a rheological parameter. The polymer’s mean molecular weight
increases prior to the process of crosslinking, which ultimately causes the polymer to
transform from a liquid (sol) into a solid (gel); this transition point is termed the gel point.
There are various rheological methods for determining whether a polymer is a gel. In
a creep test, the material is subjected to a constant stress, and the rate of deformation is
recorded. A gel is a viscoelastic material; thus, it has two components (elastic and viscous),
which produce a characteristic increase in the creep compliance (J(t) = γ(t)/σ0, where γ(t)
is the time-dependent shear strain, and σ0 is the constant stress applied to the sample in
the creep step). Creep-recovery compliance is a measurement of the network elasticity of
gels [98]. Therefore, it is difficult to achieve a constant deformation in any gel network. Gels
differ from liquids and tend to dissolve in solvents, which causes them to swell. A gel’s
equilibrium modulus affects how much it swells, with harder gels swelling less than softer
gels. The most accurate way to determine the critical gel point—whereby a small amount
of oscillatory strain (or stress) is applied to a material to see how it reacts—is through linear
oscillatory rheology. Owing to the viscoelastic properties of gels, two rheological parame-
ters can be used to describe their viscoelasticity: viscous or loss modulus (G′′ ∝ cos (ωt))
and elastic or storage modulus (G′ ∝ sin (ωt)). Elastic characters prevail when G′ is greater
than G′′, and viscous characters prevail when G′ is smaller than G′′. Mechanical spectra
can be expressed in terms of the complex modulus (G*) [99].

G* =
[√

G′′2 + G′2
]

(1)

G* =
[

Anωn*
]

(2)

where An is the gel strength of samples, serving another characteristic parameter of the
material structural type; n* is the power law exponent, serving as an index of the viscoelastic
nature of the material (a measure of physical crosslinks in the protein network); and ω is
angular frequency [99].

The viscoelastic moduli provide a measurement of the shear-deformation resistance in
terms of the elastic-deformation resistance (G′) and the viscous-deformation resistance (G′′).
Both moduli are the relation between shear stress (force/unit of area (Pa)) and shear strain.
They frequently have a significant amount of influence due to the period of distortion. The
relative importance of the elastic modulus (G′) and the viscous modulus (G′′) is reflected
by the phase angle, which is calculated as tanδ = G′′/G′, where δ is the phase angle. The
loss factor (tanδ) provides a measurement of the viscoelastic degree of gels, together with
the energy cohesiveness of samples, as it is related to the lifetime of bonds, which conform
the polymeric network [100]. The storage modulus (G′) surpassing the loss modulus (G′′)
at a particular frequency, is among the criteria that determine whether a solution will turn
into a gel.
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5.1. Microrheology of Gels

Despite being macroscopic parameters, the viscoelastic data of gels can provide struc-
tural information, as they are fundamental data. Therefore, fundamental tests (oscillatory
tests, creep and recovery tests, dynamical thermo mechanical analysis, etc.) are essentially
independent of the measurement conditions, reflecting true material properties. These
material properties are related to the structural characteristics [101,102]. Recent technolog-
ical advancements have made available new strategies for comprehending complicated
gel structures and dynamics with different characteristic and timeframes. As a result, the
concept of microrheology has been introduced, which concerns how materials store and
release mechanical energy as a function of length scale. By connecting the microstructure of
food systems to their macroscopic characteristics and stability, such knowledge aids food
scientists in understanding the fundamental mechanisms that influence the interactions of
food components [103].

Particle-tracking rheology, magnetic tweezers, diffusing-wave spectroscopy, atomic
force microscopy, laser particle tracking (optical tweezers), quasi-elastic light scattering and
piezorheometery are just a few of the methods that can be used to characterize microrheol-
ogy. Particle-tracking microrheology, also known as video particle-tracking microrheology,
is one such method beginning to gain popularity. It has been used to characterize a variety
of food gel systems. The local dynamics of soft material are examined in this scenario
using the Brownian motion of embedded particles or tracers, without the application of an
external driving force. As shown in Figure 5, there are three steps required to calculating
linear viscoelasticity using particle tracking. Following tracking of particle trajectories and
calculation of the mean-square displacement (MSD) as a function of the lag time of these
fluctuations (due to Brownian motion), the data are translated into viscoelastic properties,
specifically storage (G′) and loss (G′′) moduli and creep compliance (J) [104]. With the least
possible disruption to the developing gel structure, it can also identify the gel point.

 
Figure 5. The linear viscoelasticity of low-modulus materials extracted from the fluctuation spectrum
using particle-tracking microrheology. (A) The probe particle’s trajectory is calculated; (B) the
spectrum of average fluctuations is computed as a function of time (t′); and (C) mechanical spectrum
in the linear viscoelastic region (LVER). Figure 5 is reprinted with permission from Nazir et al. [8]
(Copyright © 2017 Elsevier Ltd., Amsterdam, The Netherlands).

The time-averaged mean-squared displacement in the picture plane (x, y) ({ Δr2(τ)
}

) is
expressed in Equation (3):{

Δr2(τ) = [x + (t + τ)− x(t)]2 + [y + (t + τ)− y(t)]2
}

(3)

The calculated Δr2(τ) corresponds to:
Δr2(τ) = 2dDτ = 2d

(
kBT

6πηa

)
τ for viscous medium

Δr2(τ) = dkBT/3πaG′ for an elastic medium

where D is the diffusion coefficient calculated according to the Stokes–Einstein Equation (4).

161



Gels 2023, 9, 1

D =

(
kBT

6πηa

)
(4)

where kB is the Boltzmann constant. The calculated Δr2(τ) is converted into elastic and vis-
cous moduli. Additionally, the estimated Δr2(τ) can be connected to another significant vis-
coelastic parameter, i.e., creep compliance (J(t)), which is expressed as the time-dependent
strain that results from stress values within the linear viscoelastic range (LVER) [98].

5.2. Oral Processing and Texture Perception of Gels

Oral processing refers to the manipulation of food in the mouth, which produces
signals transmitted to the brain and result in an impression of texture and mouth feel [11].
Several technical characteristics, such as cutting, elasticity, firmness, effort, extensibility,
melting, and the adhesiveness rate in the mouth, provide a more nuanced explanation of a
food’s texture. Texture is not just how food feels in the mouth, such as smooth or rough,
light or heavy, etc. Given that gels are colloidal dispersions, which are typically thick,
sticky, and solid-like materials, and thus, G′ > G′′ → tanδ < 1 (elastic nature), as supported
by the continuous phase (solid matrix), consumers may have trouble swallowing them,
particularly the elderly and those who have dysphagia. Mastication (the act of chewing
food) requires a variety of muscles, including the masseter muscles.

Suprahyoid muscles play a role in the movement of the tongue against the hard palate
and the first movement of food during oropharyngeal swallowing. When eating soft foods
such as jellies, suprahyoid muscles are more active than masseters; in contrast, eating
firm, viscous, and sticky foods or gels causes more masseter activity than suprahyoid
activity [105]. Electromyography (EMG), a method for evaluating the participation of
masticatory muscles needed for chewing and swallowing various types of food, can be
used to measure the activity of these muscles. EMG investigations are therefore helpful
in research on food texture [106]. In one study, five different kinds of hydrocolloid gels
were chosen, and EMG tests were run utilizing a variety of variables, such as the number of
chews, the length of each chew, the quantity of masseter or suprahyoid action, the length
of each masseter or suprahyoid action, etc. The findings indicate that chewing requires less
effort with gels that melted more readily in the mouth than with hard and slick gels [107].
The fact that all types of gels exhibit strong masseter activity and have high EMG variable
values can be explained by the fact that gels are always chewed thoroughly before ingesting.

6. Network Structure and Strength

6.1. Interconnected Polymeric Networks

Generally, the mechanical strength of typical food gels is sufficient for three-dimensional
printing and edible film production. However, the networking of gels should be improved
for encapsulation application [108]. In this regard, loading capacity is also limited for
successful encapsulation of bioactive substances. Owing to the limitations of ordinary hy-
drogels, interpenetrating network hydrogels with superior mechanical characteristics have
been developed. Interpenetrating network hydrogels are polymers composed of at least two
networks that are partially intertwined on a molecular scale but not covalently bound to one
another. Edible interpenetrating hydrogels are often made with natural polysaccharides
and proteins, which are biodegradable and biocompatible. Several methods for producing
interpenetrating hydrogels have been devised, including ionic [109], enzymatic [110], and
heating and cooling [111] processes. Previously, various researchers developed hydrogels
for application in food compositions to improve mechanical characteristics [112,113].

6.2. Strengthening Polymeric Networks

Enhancing the adhesion between distinct gel networks can boost the mechanical
strength of hydrogels [114]. In previous research, two primary mechanisms have been
implicated in an increase in the strengthening mechanism: polysaccharides incorporated as
fillers of the network developed by other biopolymers, such as polysaccharide–protein hy-
drogels, e.g., k-carrageenan/sodium alginate double networks [115]; a myofibrillar protein
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embedded with native starch, such as (tapioca or potato starch) [116]; tilapia myofibrillar
protein embedded with konjac glucomannan [117]; and myofibrillar protein imbedded in
cassava starch [111]. Polysaccharides incorporated in proteins produce a hydrogel with
an improved textural profile, possibly as a result of the “filling effect” or “packing effect”.
Starch particles compactly linked to proteins in these hydrogels exert a “packing effect” by
expanding the starch granules and increasing the ensuing internal pressure. As a result,
enhanced strengthening of textural and mechanical qualities is observed [118]. Further-
more, other polysaccharides, such carrageenan and konjac glucomannan, primarily operate
as fillers to improve the gelling properties of protein gels after hydration, a phenomenon
known as the “filling effect”. These polysaccharides, when employed as fillers, can improve
the mechanical properties of hydrogels by forming a dense and continuous gel network,
enhancing the hydrogels’ adhesiveness, hardness, and chewiness [119]. Polysaccharides
are subsequently interwoven with other biopolymers to improve the density of entangled
networks, which are commonly found in polysaccharide–polysaccharide hydrogels [120].
In one investigation, hydrogels made of konjac glucomannan and flaxseed gum were
made by heating and cooling the mixture. As the mixture cooled, hydrogen bonds formed
between the flaxseed and konjac glucomannan molecules. Hydrogen bonds created strong
interactions between molecules that worked together to make the hydrogel hard, springy,
and chewy [49].

7. Application of Hydrogel-Based Formulations in the Food Industry

7.1. Fat Replacers

An increase in the consumption of high-fat foods is linked to an increase in the
prevalence of chronic diseases, such as heart disease, obesity, and diabetes. As a result, it is
essential to develop food products that contain less fat, such as mayonnaise and ice cream.
On the other hand, reducing the amount of fat in foods can result in unfavorable changes
in the finished product, such as reduced water retention, altered flavor, and a more rigid
consistency. For instance, when fat is removed from cakes, the crumb mixture becomes firm
and dry. In addition, the functional qualities of salad dressings may suffer as a result of
reduced fat content [30]. Owing to their high capacity to hold water, hydrogels made from
protein and polysaccharides have proven to useful in maintaining lubricity and texture in a
manner comparable to that of full-fat products [119].

While using hydrogels to replace fat, it is preferable to have hydrogels with excellent
viscoelasticity and rheological properties. Therefore, various hybrid hydrogels were de-
veloped for desirable characteristics, such as pectin and whey protein [119]. Researchers
produced mayonnaises with pectin and whey protein hydrogel by replacing 20% of the
fat contents. Furthermore, the addition of fat replacers at sixty percent concentration can
improve the stability of mayonnaise by reducing the level of flocculation and coalescence
of fat droplets [121]. In addition, a number of different biopolymers, such as starch, have
been reported for use as fat replacers [122].

7.2. Encapsulation of Bioactive Compounds: Gel-Based Formulations

The addition of odor or bioactive compounds to a food formulation can improve its
sensory, nutrient, and antibacterial properties [123]. Hydrogels are becoming increasingly
popular as encapsulating agents, owing to their superior encapsulation efficiency, biocom-
patibility, low price, and ecofriendly characteristics [124]. Curcumin was encapsulated
in hydrogels, with a 90.3% success rate [125]. CMC-K-car, like CMC gel, can encapsulate
probiotic bacteria, but it does so at a much higher rate (94.7%) than CMC gel (74.7%). There-
fore, it can be used to ensure the most effective release of bioactive substances [126]. The
amount of curcumin released from LRA-CS (70%) was also reported to be lower than that
from water (91%) in an in vitro small intestine model study [125]. To effectively administer
lysozyme, a chitosan/sodium alginate hydrogel was developed in a recent study [124].
The relative activity of lysozyme was measured at 87.72%, but the rate at which bacteria
were eliminated was as high as 100%. Figure 6 depicts the variety of hydrogel systems and
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the efficiencies with which they can encapsulate bioactive compounds. In another study,
hydrogen was made with food-grade pectin and PEG (polyethylene glycol)-encapsulated
Ca, vitamin D, Fe2+, and vitamin C. The gels were used to shield nutrients from artificial
stomach acid [127]. Table 3 presents different types of hydrogel-based systems used for the
encapsulation of bioactive compounds.

 

Figure 6. Illustration of a biopolymer-based delivery system for the encapsulation of bioactive
compounds. Figure 6 is reprinted with permission from McClements [128] (Copyright © 2016
Elsevier B.V., Amsterdam, The Netherlands).

Table 3. Different types of hydrogel-based systems for the encapsulation of bioactive compounds.

Hydrogels Form Bioactive Compound
Encapsulation
Efficiency (%)

Load Capacity Ref.

Pectin-based Core-shell
hydrogel beads Lactase 72 * [129]

Xanthan gum Biopolymer gels Anthocyanin * * [130]
Gelatin and chitosan Gelation Epigallocatechin gallate 95 * [131]

Alginate-based
nanohydrogel Nanohydrogel DOX (anticancer drug) 90 35% [132]

Rice-protein varnish Nanocomposite Apigenin 91 92.5 mg·g−1 [133]

*: Not reported.

Bioactive substances provide specific health advantages to humans [134]. However,
environmental stressors such as oxygen, temperature, and light can destroy these impor-
tant molecules. In addition to external stress, the gastrointestinal tract imposes stressful
conditions related to enzymes, pH, and other antinutrients in the meal [135,136]. Owing to
the presence of dietary fiber, microcapsules have a high potential for target release [137].
As an oral delivery system, corn fiber gum-soy protein isolate hydrogel effectively en-
capsulates riboflavin. Adding corn fiber gum to pure soy protein isolate hydrogel was
reported to enhance the riboflavin release efficiency in the gut [138]. In addition, the drug-
carrying capacity alginate can be improved by enhancing its mechanical characteristics and
durability [139]. Some researchers studied whether the microcrystalline and microfiber
forms of cellulose contained in alginate beads may successfully enhance the mechanical
characteristics and drug release of alginate beads in simulated intestinal fluid [140,141].

β-carotene is a bioactive molecule and vitamin A precursor with powerful antioxidant
properties [142]. However, owing to its hydrophobic nature, direct application of β-carotene
in food products is restricted. In addition, it is chemically unstable under environmental
stresses such as oxygen, temperature, and light [143]. However, previous research has
demonstrated that emulsion-filled hydrogels are a suitable vehicle for the targeted delivery
of β-carotene [144]. In addition to emulsion-filled hydrogels that incorporate useful chemi-
cals (such as beta-carotene) into the lipid phase, hydrogels can release entrapped oil into
the intestinal environment by integrating certain biopolymers [144,145].
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7.3. Delivery System

Hydrogels are often used in targeted delivery because they can absorb and store a large
amount of water or biological fluids in a 3D network structure [146]. Nanoemulsions or
Pickering emulsions have also been enclosed in hydrogel beads using Trojan horse nanopar-
ticles [147]. Other hydrogel characteristics including stimulus reactivity to pH, heat, and
light are especially helpful for regulated release in food nutrition delivery methods [148].

It should be noted that many studies have been conducted using hydrogels to create
smart drug delivery systems, such as microgels. The majority of the time, hydrogels for
controlled release medication administration is created based on the swelling or shrinkage
caused by pH and temperature signals [149]. There are parallels between the food supply
chain and the pharmaceutical supply chain, but there are also some distinctions between
them [149]. Therefore, previous studies of the implementation of structured hydrogels with
well-designed drug delivery systems serve as instructive examples [149].

7.4. Calorie Control

Reduced-fat or reduced-starch goods must be created immediately. By increasing
satiety or decreasing consumption, hydrogels can also support weight loss and calorie
restriction. Hydrogel particles made of protein and dietary fiber have a pleasant texture
and can serve as a healthier alternative to starch granules [150]. The caloric density of
pancakes that were cooked at temperatures significantly higher than the boiling point
of water was reported to be reduced using a temperature-insensitive, food-grade, mixed
agar–methylcellulose hydrogel [151]. Furthermore, vegetable oils can be used in place of
animal oils to create emulsion hydrogels for use in low-fat meals.

7.5. Food Texture Perception

In the food engineering and processing field, one of the most important elements
affecting food product quality is the impression of food texture [152]. Hydrogels are soft
substances with important textural qualities, such as elasticity, hardness, chewiness, frac-
ture, etc. [153]. Therefore, hydrogels can be utilized to enhance the mouth feel and texture
of food, supporting low-calorie consumption [154]. For instance, emulsion hydrogels can
affect the texture of food. It is interesting to note a reduction in the amount of calories in
food can also be accomplished by replacing meat or grain with hydrogels with excellent
textural properties or containing little oil [155].

7.6. Risk Monitoring

Hydrogels have attracted considerable interest in the food industry, as they can be
used as a biosensor or signal probe to identify danger or risk elements in food. For instance,
a fluorescent DNA hydrogel aptasensor was developed for sensitive ochratoxin A detection.
A portable pH meter with an aptamer-responsive, crosslinked hydrogel was also proposed
to detect aflatoxin B-1. In a related study, researchers produced a 2D molecularly imprinted
photonic crystal hydrogel sensor for detection of oxytetracycline in milk [156]. In recent
decades, polymer-based hydrogels and solid-phase extraction have been used as a sampling
technique for direct onsite rapid detection of dangerous chemicals such as rhodamine B,
mercury (II), and (Hg2+) ions [157].

7.7. Food Packaging Materials

The widespread use and abuse of high-molecular-weight, petroleum-based polymeric
materials is a severe problem that must be addressed, and packaging food using hydrogel
is a significant step in that direction [158]. Biobased biodegradable materials have been
promoted for food packaging by recent research and scientific advancements [159]. The
primary function of these components in food packaging is to regulate the humidity
inside the container. Hydrogels can be used to reduce water activity (aw), preventing
the growth of mold, microbes, and pathogens that cause spoilage of packaged foods
and hygroscopic products. Hydrogel can also protect dry, crunchy items from becoming
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softer [160,161]. Mechanical characteristics, high absorption, water-absorbing properties,
and even breathability and accountability are key properties to be concerned about from
the standpoint of the formation of hydrogels. Moreover, traditional considerations such
as minimal price, recyclability, and biocompatibility are essential features. Whether the
hydrogels function as conventional, active, or smart packaging materials, the hydrogel
structure is the most important factor to consider [162].

The headspace or the contained food product can interact directly with active packag-
ing to prevent or inhibit microbial development, retaining the food’s nutritional value or
enhancing its flavor over time [163]. Therefore, hydrogels have been thoroughly researched
in food matrices and in vitro in combination with various antimicrobial chemicals, for ex-
ample, silver or bioactive compounds [164]. Therefore, by integrating nanoparticles into the
polymeric structure of a hydrogel, hybrid hydrogels such as nanocomposite hydrogels can
represent a feasible solution to limitations such as the limited resistance to mechanical and
hydrostatic stress of standard hydrogels [165]. Hydrogels also demonstrate their potential
for use in intelligent packaging systems, whereby they can be used to alert consumers
about the state of freshness of the food goods they contain or as a component of a quick
test to identify pollutants [166]. The structured design of hydrogels is mostly used in this
application area to support their smart response capabilities in the food engineering and
processing field.

8. Conclusions and Future Directions

Gels are viscoelastic substances, and the commercial viability of food gels is of extreme
significance. To develop gelled products, it is necessary to comprehend sol-gel transfor-
mation. One of the most crucial factors for consumers is the gel’s texture, which can be
affected by a wide range of factors, such as the material’s makeup, composition, duration,
temperature, pH, etc. The most recent developments in producing food-grade hydrogels
for applications involving food were analyzed and discussed in detail in this study. In
addition, aspects of hydrogels derived from natural sources were investigated; nevertheless,
the gel strength of these substances could be improved by the addition of polysaccharides
and proteins. Furthermore, hydrogels are a good source of energy, and when bioactive
components are added, they act as a protective carrier for these substances. Owing to these
attractive features, they are used in a wide range of food application areas, including for the
production of bioactive substances, the protection of different flavors, and the replacement
of fat in a wide range of products. In addition, consumers have demonstrated a high level
of sensory acceptance for these hydrogel systems as fat replacers, sweetener replacers, etc.,
offering quality ingredients for a healthier lifestyle. Hydrogels can also be used in other
contexts, such as for tissue regeneration, medical technology, and the precise administration
of drugs.

Hydrogels have a wide range of uses in food processing, owing to their superior func-
tional characteristics, consistency, mechanical strength, and water permeability. Nonethe-
less, it is still essential to pay attention to certain aspects of hydrogels. For example, it
remains unknown how networks of hydrogels are interconnected. However, it is impossible
to exert any control over the interaction of hydrogels. No accessible in-depth research
has been conducted in this field to date. Regulation of the interplay between various gels
can improve the absorption ability of hydrogels and cause less damage to the surround-
ing environment. As a result, further research and studies on this aspect of hydrogels
are required.
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Abstract: Milk proteins are excellent biomaterials for the modification and formulation of food
structures as they have good nutritional value; are biodegradable and biocompatible; are regarded
as safe for human consumption; possess valuable physical, chemical, and biological functionalities.
Hydrogels are three-dimensional, cross-linked networks of polymers capable of absorbing large
amounts of water and biological fluids without dissolving and have attained great attraction from
researchers due to their small size and high efficiency. Gelation is the primary technique used to
synthesize milk protein nanohydrogels, whereas the denaturation, aggregation, and gelation of
proteins are of specific significance toward assembling novel nanostructures such as nanohydrogels
with various possible applications. These are synthesized by either chemical cross-linking achieved
through covalent bonds or physical cross-linking via noncovalent bonds. Milk-protein-based gelling
systems can play a variety of functions such as in food nutrition and health, food engineering and
processing, and food safety. Therefore, this review highlights the method to prepare milk protein
nanohydrogel and its diverse applications in the food industry.

Keywords: nanohydrogel; milk proteins; characteristics of milk-protein-based nanohydrogels;
food applications

1. Introduction

Hydrophilic gels, or more commonly designated as hydrogels, are three-dimensional
networks of polymers that can swell in water and have the potential to retain a high amount
within their structure without dissolving [1]. The history of the development of hydrogels
is grouped into three generations: first-generation or conventional super-porous hydrogels,
and second-generation and third-generation hydrogels [2]. First-generation hydrogels
were introduced in 1900 and are termed as a colloidal gel of inorganic salt prepared via
the polymerization of water-soluble monomers with multifunctional cross-linkers or with
hydrophilic polymers through cross-linking, and they possess a great swelling capacity and
good mechanical properties [3]. Second-generation hydrogels came in 1970 and were pre-
pared using environmental factors such as light, pH, heat, and ionic strength and resulted
in better control over properties such as drug release, gel formation, biodegradability, and
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dissolution, e.g., poly(N-iso-propyl acrylamide) [4]. Third-generation hydrogels came in the
1990s and mainly focused on improving mechanical strength and elasticity, and the research
is still underway for improving the techno-functional properties of hydrogels [5]. How-
ever, recently, hydrogels were used in environmental engineering [6], soft robotics [7], and
wastewater treatment [8]. Moreover, hydrogels possess several potential properties such as
biodegradability, metabolizability, surface modification, stimulus response, water holding
and retaining ability, nonantigenicity, greater stability during storage, easy preparation, as
well as controllable size [9]. Due to the unique functional properties, hydrogels discover
likely applications in biomedical engineering (drug conveyance, tissue designing, and
drug discharge) [10], medical science, agriculture (soil moisturizing, nutrient carrier, and
erosion control) [11], textiles, construction [12], diagnostics, regenerative medicines [13],
electrical [14], flocculation [15], wastewater treatment, sensors and actuators [16], personal
healthcare and hygiene products [17], as well as the food industry (food safety, food nutri-
tion, and food engineering). The covalent and noncovalent interactions such as electrostatic
interactions, hydrogen bonds, van der Waals interactions, and intermolecular hydropho-
bic interactions constitute the chemistry of the hydrogels, and the presence of hydroxyl,
amines, carboxyl, ethers, and sulfate groups is responsible for soft and pliable structure [1].
Hydrogels can be synthesized from natural origin (proteins and polysaccharides) as well as
synthetic sources (polyvinyl alcohol and polyethylene oxide) [18].

Nanohydrogels, also referred to as aqua gels, are three-dimensional networks of
hydrophilic or amphiphilic polymers with diameters less than 100 nm [19]. The word
“Nanohydrogel” (NanoGel) was coined to describe the networking and crosslinking of
the polyanions and nonionic polymers in the preparation of polynucleotide transport
frameworks [20]. Henceforth, these are emerging as creative materials for the development
of active packaging in food processing for designing the delivery systems intended for
the precise release of nutraceuticals at specific sites of action in the body [21]. Milk is an
emulsion produced by the lacteal secretion of mammals. The major components of milk
are water, lactose, protein, fat, and minerals. The minor constituents are phospholipids,
vitamins, enzymes, sterols, and pigments. The real constituents are milk fat, casein protein,
and lactose sugar [22]. The proteins represent the most ‘value-added’ component owing to
the budding recognition that bovine milk proteins possess superior dietary and functional
characteristics paralleled with other protein sources. Milk comprises around 4–5% of the
protein. Milk-based protein nanohydrogels are natural and, hence, categorized as GRAS
(Generally Recognized as Safe), inexpensive, nontoxic, and possessing high dietary benefit
and exceptional functional, biological, and sensory properties [23]. Milk proteins are made
of two significant proteins: caseins and whey proteins. Nanohydrogels can be prepared
from caseins, whey proteins (primarily β-lactoglobulin), and their derivatives such as
whey protein isolate (WPI) having a protein content of more than 90% and whey protein
concentrate (WPC) having a protein content between 50 and 85% on a dry basis [24]. The
most popular and successful method to produce whey protein nanohydrogels is the gelation
technique that includes both heat and cold-gelation techniques. Gelation of food proteins
can be achieved by physical (heat, high pressure), chemical (ionic, pH), and biochemical
(enzymes) methods [25]. These are generally utilized as drug delivery frameworks and in
the food industry; applications include food nutrition, food safety, food engineering, and
food packaging. In this perspective, Li et al. [26] encapsulated epigallocatechin-3-gallate
(EGCG), the key catechin in green tea and a powerful antioxidant in nanohydrogels of
β-lactoglobulin, and were able to achieve a stable and clear nanosystem at pH 6.4–7.0 and
the maximum protection of EGCG antioxidant activity at 85 °C and a molar ratio of 1:2
(β-lactoglobulin: EGCG). However, several reports have been undertaken over the last
few decades to create hydrogels with stimuli-responsive attributes that correlate to typical
hydrogel qualities including porosity, swelling, and physical organization. Therefore, this
review article emphasizes milk-protein-based nanohydrogels, the current status of milk-
protein-based nanohydrogels in the food industry, along with the methods to formulate
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milk-protein-based nanohydrogels. In addition, potential applications of nanohydrogel are
discussed with schematic diagrams.

2. Classification of Hydrogels

Hydrogels are classified based on several characteristics such as cross-linking, stim-
uli response, preparation source, degradability, electrical charge, physical properties,
polymeric composition, configuration, anisotropy, physical appearance, and physical
structure [27]. They can be natural or synthetic, where natural hydrogels include polysac-
charides (cellulose, alginate, and pullulan) and proteins (milk proteins and soy proteins)
and are biocompatible and biodegradable but possess weak stability and mechanical
strength [28,29]. However, synthetic hydrogels are prepared through the polymerization
of monomers such as polyvinyl alcohol (PVA) and polyacrylamide, and these are stable
and have good mechanical strength [30]. The polymer composition can be a homopoly-
mer, copolymer, or multi-polymer interpenetrating polymer. Herein, the homopolymer
comprises a single species of monomer, whereas the copolymer comprises two or more
diverse polymer species with at least one hydrophilic component, while the multi-polymer
interpenetrating polymeric hydrogel comprises two independent cross-linked synthetic
and/or natural polymers [31,32]. Furthermore, hydrogels have unique properties such as
the ability to be crystalline, semi-crystalline, or amorphous. However, crystalline hydrogels
are highly branched polymeric network structures with a definite order of crystallization.
In addition, semicrystalline hydrogels contain both crystalline and amorphous regions [33].
Amorphous hydrogels are random network structures at the molecular level. Hydro-
gels can be prepared in the form of a matrix, film, or microsphere. Similarly, based on
their interaction type, a hydrogel can be classified into four categories: ionic (contains
anionic and/or cationic groups), nonionic (neutral), amphoteric (contains both acidic and
basic groups), and zwitterionic (contains anionic and cationic groups in each structural
repeating unit). In this context, several studies have revealed that chemical crosslinked
hydrogels are synthesized through covalent bonding, e.g., disulfide formation, and hence
have permanent junctions, while physical hydrogels are molecular arrangements prepared
through hydrogen bonds, hydrophobic interactions, and van der Waals forces [34]. The
response of the hydrogels depends on various physical or chemical conditions. Thus,
physical stimuli include temperature, magnetic field, light, pressure, sound, and electric
field [35], and chemical stimulations include pH, ionic strength, solvent composition, and
molecular species [36]. Milk-protein-based nanohydrogel is natural and considered as
stimuli-responsive hydrogels as these are triggered by environmental variables. Milk-
protein-based nanohydrogels can be prepared by physical cross-linking as well as chemical
cross-linking. In Figure 1, detailed classification of hydrogels are given.
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• Natural
• Synthteic

Source

• Homo-polymeric hydrogels
• Co-polymeric hydrogels
• Multi-polymer Interpenetrating polymeric hydrogel

Polymeric composition

• Crystalline
• Semi-crystalline
• Amorphous (non-crystalline)

Configuration

• Matrix
• Film 
• Microsphere

Physical apperance

• Ionic
• Non-ionic
• Amphoteric
• Zwitterionic

Network electrical charge

• Chemical
• Physical

Type of cross-linking

• Physical stimuli: temperature, magnetic field, light, pressure, 
sound and electric field

• Chemical stimuli: pH, ionic strength, solvent composition, and 
molecular species

Stimuli responsive

Figure 1. Detailed representation of classification of hydrogels.

3. Synthesis of Milk-Protein-Based Nanohydrogels

Milk-protein-based nanohydrogels possess high nutritional value as their role in the
delivery of bioactive compounds and essential amino acids, specifically sulfur-containing
amino acids such as methionine and cysteine [37]. Moreover, the high swelling capability of
nanohydrogel provides a proper arrangement for the development of various nanocarriers
including nanohydrogel, nanocapsules, nanoemulsion, and nanocomposites. The gels
are entirely biodegradable and offer a biological functionality that comprises digestibility
conformation and immune system regulation [38]. Therefore, they are completely regarded
as safe for human consumption and nontoxic. Milk protein gels especially prepared
from β-lactoglobulin, whey protein isolate, and whey protein concentrate can entrap
functional components owing to the microscopic size with an enormous internal network
for multivalent bioconjugation.

3.1. Factors Influencing Gel Fomation

The gel phase transition occurs as a result of a competitive balance between a repulsive
force that seeks to expand the polymer network and an attractive force that acts to shrink
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the network. The electrostatic interaction between polymer charges of the same sort is the
most powerful repulsive force, and it may be induced on a gel by injecting ionization into
the network. The osmotic pressure created by counter ions contributes to the increasing
pressure. Van der Waals contacts, hydrophobic interactions, ion–ion interactions of oppos-
ing types, and hydrogen bonding are examples of attractive interactions. The phase change
was identified in gels generated by all of the basic forces [39].

The covalent and noncovalent bonds constitute the chemistry of milk protein hydro-
gels. The main types of noncovalent interactions are electrostatic interactions, hydrogen
bonds, van der Waals forces, hydration interactions, and intermolecular hydrophobic
interactions [40,41]. Whey protein nanohydrogels are most commonly prepared by the
gelation technique [42]. The gel characteristics depend upon various factors such as the
protein content, salt concentration, type of ion, pH, ionic strength, the extent of chemi-
cal bonding agents utilized, and temperature [43]. Gelation occurs after the unfolding
of the original protein structure to prepare a three-dimensional network. Heating is the
primary factor behind the formation of food gels containing globular proteins, while other
physical (pressure), chemical (acid, ions), and biological (enzymes) forces can be utilized
in tandem [44].

Thermal gelation is a phenomenon comprising three stages: (i) primary aggregation
via covalent (disulfide bridges) and noncovalent (hydrogen bonds, hydrophobic inter-
actions, and van der Waals interactions) bonds; (ii) secondary aggregation through the
joining of primary protein aggregates; (iii) lastly, when the quantity of protein secondary
aggregates reaches a threshold concentration, a 3-D network with the potential to entrap
water forms [21]. The extent to which proteins denature when heated principally depends
upon two factors, intrinsic factors and extrinsic factors. Intrinsic factors comprise solution
properties such as pH, protein concentration, and ionic strength, whereas extrinsic factors
include heating circumstances such as temperature, heating rate, heating time, and heating
technique [45]. New technologies such as dielectric heating (microwave), electric field, and
high pressure can also be used in place of heat denaturation [21].

The microwave (MW) is a type of dielectric heating in which an alternating electro-
magnetic field interacts with polar molecules such as water and ionic species, compelling
them to continually realign themselves by reversing an electric field surrounding the food
product, causing heat generation [46]. This molecule movement is exceedingly quick due
to the high frequency of the field, which can range from 300 to 3000 MHz. According
to research by de Pomerai et al. [47], exposure to MW radiation has also been shown to
increase protein aggregation, change protein shape without bulk heating, and stimulate
the production of particular structures such as amyloid fibrils. Due to its weak penetration
capacity, MW heating is frequently claimed to provide uneven heating, which might result
in uneven processing. The principal downsides of MW prospecting include nonuniform
heating, complexity, expensive equipment costs, difficulties in assuring homogeneity, and a
lack of appropriate packing materials. Consequently, this may lead to a number of concerns
relating to poor final quality, overheating, and a variety of safety-related issues [48].

The High-Voltage Electric Field (HVEF) is a food processing method that may guar-
antee product safety while maintaining its characteristics owing to the electric current’s
minimally negative effects [49]. The PEF technique has evident advantages because of its
low-energy needs and the ability to induce protein structure and functionality alteration
without heat side-effects such as the thermal destruction of relevant chemicals. However,
heating avoidance is not always practicable, and the nature of the electric pulses (i.e., high
voltage) makes full control and automation of the process problematic. Furthermore, the
high initial investment cost, as well as the expense of the rigorous maintenance and repair
of PEF equipment, prevents widespread industrial application of this technology [50].

Isostatic high pressure (HP) could be employed for food texture engineering due to its
influence on the properties of food proteins. At pressures more than 400 MPa (>100 MPa
for β-Lg), α-La denaturation is noticed as a decrease in solubility at pH 4.6. However,
pressure-induced aggregation resulted in porous gels prone to exudation, as opposed to
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heat-induced gels with a finely stranded network and good water retention. Pressure
denaturation of proteins is a complicated event that is affected by a variety of parameters,
including protein structure, pressure range, temperature, pH, and solvent composition [51].
Despite its demonstrated utility in protein functionalization, the extreme complexity of the
process, as well as the lack of knowledge of the underlying principles involved, necessitates
additional effort to validate HP as a tool in bioscience. The use of technology is also
constrained by problems including high equipment prices, high maintenance needs, and
scale-up restrictions [50].

3.2. Method of Cross-Linking

Gels are formed either by physical cross-linking or chemical cross-linking [52]. Physical
hydrogels are also entitled reversible or pseudo-gels, which are networks of heterogenous
clusters prepared by molecular entanglements via weak hydrophobic links, ionic inter-
actions, or hydrogen bonding. For instance, a simple thermal process was used to make
nanohydrogels from bovine lactoferrin that were resistant to pH (from 3 to 11) and salt
(from 0 to 200 mM NaCl) concentration, thus regarded as transporters or functional compo-
nents in food [21]. Likewise, Relkin et al. [53] used high pressures of 1200 bar to encapsulate
α-tocopherol in nanostructures of whey protein dispersals (4% and pH 6.5) and observed a
decline in particle charges (to 47 mV) and particle sizes (to 212 nm) and a substantial desta-
bilization of protein structure, though only a 30% vitamin degradation during processing
and no degradation during 8 weeks of storage were observed. In another study, the devel-
opment of lactoferrin nanoparticles by thermal gelation for iron delivery was investigated,
where the nanoparticles exhibited an iron-binding efficiency value of ≈20%, were stable
to temperature (4–60 ◦C) and pH (pH 2–11), and achieved a shelf-life of 76 days at 4 ◦C
and, hence, presented a pH-dependent behavior [54]. Caffeine (hydrophilic) and curcumin
(lipophilic) were proficiently encapsulated in lactoferrin-glycomacropeptide (LF-GMP)
nanohydrogels with great encapsulation efficiencies (>90%) by the thermal gelation tech-
nique [55]. The release mechanism of these bioactive compounds at different pH was
performed and a pH-dependent release profile was observed. Similarly, thermally induced
whey protein isolated hydrogels have also been used to encapsulate anthocyanin-rich
bilberry extracts, demonstrating a Fickian diffusion-based release mechanism of bioactive
phenolic compounds in simulated gastric juices [56].

On the other hand, chemical hydrogels also termed as irreversible or permanent gels
are polymeric networks prepared by covalent bonding at definite sites and, thus, can
absorb water, swell, and hold until equilibrium is attained [57]. Chemically cross-linked
hydrogels can form a superior hydrogel in terms of swelling and gelling capacity. In a
study conducted by Donato et al. [58], the influence of mono- and divalent salts (NaCl
and CaCl2, respectively) concentration on heat-precipitated bovine serum albumin gels
at pH 7.0 was determined, and it was concluded that repulsive forces were decreased at
excessive salt ranges and CaCl2 changed into a greater green color than NaCl in identical
ionic energy upon decreasing those interactions.

3.3. Type of Gel Formed

Globular proteins may form both hot and cold-set gels [59], and the production of hot-
set gels is initiated by the aggregation of the unfolded protein moieties of an intermolecular
β-sheet network [60]. As these gels have a high strength, consistent structure, and ability
to form a gel at ambient temperature [61], cold-set gels are exceptional for formulating
functional meals with better control over shape, structure, and texture along with targeted
delivery [62]. The formation of cold-set gels occurs in two stages. The first stage is to
heat the protein at neutral pH (above isoelectric point), below the protein gelling ability,
and at low ionic strength, which causes protein denaturation and poor folding. The
second stage is acidification to approach the isoelectric pH of protein (acid-induced cold
gelation) or salt supplementation (salt-induced cold gelation) to generate cross-linkages
among protein clusters and reduce the inter-protein repulsion [63]. For the cold gelation of

180



Gels 2022, 8, 432

globular proteins, calcium chloride and sodium chloride are utilized [64]. Alternatively,
cations such as Fe2+ [61] and Mg2+ [65] were employed to create whey protein cold-set
gels having better functional and nutritional value. In another study, the characteristics
of ion-encased whey protein cold-set gels can be influenced by the heat treatment of
protein solution. Martin et al. [61] investigated the impact of different heat treatments
(mild, intermediate, and severe) on the iron encapsulation effectiveness of a whey protein
cold-set gel. In comparison to mild (85 ◦C, 30 min, and pH 7.0) and severe (pH 2.0 and 80 ◦C
for extended period), cold-set gel synthesized from whey protein bearing intermediate
heating conditions (85 ◦C, 3 h, and pH 3.35) exhibited a higher iron release at natural pH
owing to the formation of different structural entities as a function of heating conditions. At
acidic pH, however, there was no discernible difference in iron release among the samples.

Casein protein is present as a calcium caseinate-phosphate complex [66]. It is in a
colloidal state and forms more than 80% of the complete protein in milk [67]. Transglutami-
nase can covalently join glutamine deposits with the remaining lysine due to the low degree
of secondary and tertiary arrangements, converting casein micelles to nanogel particles [68].
However, casein hydrogels can also be made using genipin, a naturally derived chemi-
cal that can join amino groups of lysine, hydroxylysine, or arginine residues in various
polypeptide chains utilizing monomeric or oligomeric cross-linkers. The encapsulation of
bioactive compounds such as probiotic organisms [69], fats and oils [59], and vitamin B12
is the most promising application of casein hydrogels [70].

Consequently, proteins can be blended with polysaccharides effectively to form hydro-
gels to be used for encapsulation and delivery of nutrients. In this context, Ozel et al. [71]
blended polysaccharides (xanthan gum, pectin, and gum tragacanth) with heat-set whey
protein and utilized it to encapsulate the dark carrot extricate. Likewise, for encapsulation
and delivery of hydrophobic nutraceuticals such as w-3 fatty acids, Salimen and Weiss [72]
created a stable nanohydrogel produced from a compound of protein-polysaccharide
(i.e., β-Lg-Pectin) and achieved stability against oxidation during storage (Figure 2).

Figure 2. Schematic representation of synthesis of milk-protein-based nanohydrogel.

4. Characterization of Milk Protein Hydrogels

4.1. Fourier Transform Infrared Spectroscopy (FTIR)

Characterization of formulated gels based on various techniques is an important
feature and in Figure 3 all the instrumental techniques are revealed. FTIR is an analytical
method performed to investigate the presence of chemical bonds or functional groups in
the hydrogel by the use of an infrared absorption spectrum [73]. The presence of the amide
bond in the protein or peptide-based hydrogel can be identified using FTIR. The results of
FTIR as concluded by several authors demonstrated that hydrogel prepared by the protein-
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polysaccharide complex consists of C = O, C–O, O–H, C–C, C–H, C–N, and N–H. For
instance, curcumin- and caffeine-encapsulated Lactoferrin-Glycomacropeptide (Lf-GMP)
nanohydrogel showed characteristic bands of caffeine in Lf-GMP as peaks at 1707 cm, 974,
and 1359 cm−1 corresponding to C = C, C–C, and C–H stretching [74]. Additionally, it
is possible to assure the encapsulation of caffeine in Lf-GMP nanohydrogels owing to
changes in the amide I band (1700–1600 cm−1), mainly C = O stretching, and amide II band
(1600–1500 cm−1), C = N stretching coupled with the N–H bending mode, signifying a
hydrophilic interaction between the caffeine and Lf-GMP nano hydrogel; meanwhile, the
major groups involved are C = O, C–N, and N–H [75,76]. Consequently, several gums
have shown great complex binding with milk protein. In this context, Pilevaran et al. [77]
synthesized the hydrogel using whey protein and xanthan gum. In their study, different
amounts of gums were used for the synthesis of the hydrogel. However, the FTIR test
clearly showed that the peak observed at 1649 cm−1 was related to the C–N stretching of
the amide II band and the C–N–H in-plane bending and correlated to C–H bending. The
two strong peaks perceived at 1073 and 1155 cm−1 relate to saccharides.

Figure 3. Schematic representation of characterization of milk protein nanohydrogels.

4.2. Morphological Characterization of Nanohydrogels

Scanning electron microscopy (SEM) is used to describe the microstructure of the sur-
face morphology of the polymer. The porosity of the hydrogel, three-dimensional network,
and surface morphology are analyzed using scanning electron microscopy (SEM). SEM is
the most commonly used technique for morphological studies of hydrogels irrespective
of their composition [78,79]. Hamcerencu et al. [80] conducted a study on whey protein
concentrate-Xanthan gum (WPC-XG) hydrogel and showed spherical and large aggregates
of protein with high porosity and various sizes, whereas WPC hydrogel showed a more
compact structure with lower porosity in comparison with WPC–XG hydrogels.

Similarly, Transmission Electron Microscopy (TEM) was used to understand the mor-
phology of Lf-GMP nanohydrogels. TEM images show that Lf-GMP nanohydrogels with
bioactive compounds encapsulated maintain the spherical shape with a solid dense struc-
ture of sizes around 120 nm and 125 nm for caffeine and curcumin, respectively.
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4.3. Differential Scanning Calorimetry

The thermal stability change in the structural strength of protein-based nanohydrogels
with temperature is measured via a differential scanning calorimeter (DSC) or thermo-
gravimetric analysis (TGA). The relative change in the structure of the prepared hydrogel
with temperature is compared with the standard protein hydrogel. Parameters such as
glass transition temperature and melting point are important characteristics to reveal the
thermoplastic behavior of protein nanohydrogels determined by a DSC or TGA [81,82]. In
the DSC technique, the difference in the quantity of heat required to raise the temperature
of a sample compared to a reference is measured as a function of temperature. A single
endothermic peak was detected for all the hydrogels. Barsett et al. [83] performed DSC
on Lf-GMP hydrogel and observed the highest peak temperature at 104 ◦C, the onset tem-
perature at 61.5 ◦C, and the end set temperature at 130 ◦C related to XG 0.01%; the lowest
peak temperature at 98 ◦C, the onset temperature at 64.5 ◦C, and the end set temperature
at 128 ◦C related to WPC hydrogel. On the other hand, the WPC–XG composite hydrogel
at 0.3 and 0.6% of XG had more thermal stability. In addition, DSC revealed that XG and
WPC interacted and promoted the formation of a 3D network structure.

4.4. Release Profile of Bioactives

In a study performed by Vesely et al. [84], the experiments of bioactive compounds
released from Lf-GMP nanohydrogels were conducted at 37 ◦C at two different pH values:
2 and 7. These conditions were used to simulate the release mechanisms of these bioactive
compounds when subjected to digestion in the human gastrointestinal system. The release
profile of caffeine from Lf-GMP nanohydrogels revealed that at pH 2, a higher amount
of caffeine was released from Lf-GMP nanohydrogels and, thus, it was concluded that
bioactive molecules are on the surface of the carrier and are released faster than if they
were entrapped. Unlike caffeine, curcumin release from Lf-GMP nanohydrogels is pH-
dependent, as, at pH 2, there is a clear release profile of curcumin from nanohydrogel,
whereas, at pH 7, no curcumin was released and, hence, it was concluded that curcumin is
more triggered under acidic conditions than under a basic environment [85].

4.5. Rheological Characterization of Nanohydrogels

Rheological evaluation of the protein nanohydrogels demonstrates the impact of envi-
ronmental variables such as pH, temperature, enzyme concentration, and ion concentration
on rheological characteristic parameters such as viscoelastic characteristics, gelation time,
gel strength, yield-strain, and various properties such as stiffness, gelation kinetics, vis-
coelastic regions, relative liquid–solid properties, and relaxation time scale [86]. Oscillation
rheology is used to study the rheological behavior. In oscillation rheology, sinusoidal shear
is applied and the resulting stress is measured as a function of time [87].

4.6. Determination of Swelling Properties

Hydrogels are cross-linked polymer networks swollen in a liquid state. The absorbed
liquid behaves as a selective filter and allows free diffusion of few solute molecules, whereas
the polymer network acts as a matrix to hold liquid together. Hydrogels can soak up to
a thousand times their dry weight. It can be estimated by measuring the dry weight and
the swollen state weight and calculating either the water uptake or a volume of adsorbed
solvent [88]. The assessment of swelling also acts a measure for other hydrogel properties
such as cross-linking degree, mechanical properties, and degradation rate:

Water uptake (in %) = swollen weight-dry weight/dry weight∗100

Volume of adsorbed solvent (in %) = swollen weight-dry weight/water density∗100.
Hydrogels immersed in the aqueous medium absorb water due to the osmotic pressure
difference between the gel network and surrounding environment [89]. In a study con-
ducted by Taskooh [90] on freeze-dried hydrogel samples placed in 25 mL of buffer solution
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(pH 7, 0.1 M) at 21 ◦C, the swelling ratio increased from 15.5 ± 6.3 to 20.34 ± 5.75 (p < 0.01)
with varying iron concentration from 10 mM to 70 mM. By increasing the cross-linker (Fe)
concentration, the density of cross-links was enhanced so that the water absorption capacity
and swelling ratio improved.

4.7. Dynamic Light Scattering (DLS)

DLS is important to measure size changes for micro- as well as nanosized polymer
gels. Nanoscale aggregation phenomena during the initial stages’ steps of milk protein
aggregation as affected by the thermal treatment are assessed by DLS. In a study conducted
by Silva et al. [91], DLS was performed on the casein hydrogels prepared using 5 mM,
10 mM, and 20 mM in a casein dispersion of 2.5%, and it showed a decrease in the hydro-
dynamic diameter (Dh) of the casein micelles as a function of genipin concentration. In the
control sample (without GP), it was 179 nm, whereas it was 160 nm with the 20 mM sample.
The dispersion viscosities also decreased when higher genipin concentrations were tested
assuming values from 1.655 mPa.s−1 (control) to 1.441 mPas.s−1 (20 mM genipin).

4.8. Atomic Force Microscopy (AFM)

AFM has been used to determine biomolecule morphological features such as distinct
molecular shapes and surface coverage. It is also a nondestructive imaging approach that
is commonly used to investigate the architecture of biological systems, such as proteins.
This was another microscopic approach employed in the investigation of casein hydrogels
carrying insulin performed by Alibolandi et al. [92] and is an appropriate way for evaluating
the surface of hydrogel samples. The linkages between molecules and the loops were the
prominent and concave components, respectively. The tapping-mode AFM pictures of
hydrogel and its height profile were illustrated and validated the creation of a three-
dimensional network structure in the casein hydrogel.

4.9. UV Spectroscopy

Protein hydrogels absorb small wavelengths in the UV region of the spectrum present-
ing an absorption peak at 280 nm [93] and low absorption in the visible and near-infrared.
Whey protein hydrogel was prepared using copper as a cross-linking agent (CuSo4) and the
absorbance was measured. The use of whey proteins led to an increase in the absorbance
of the film due to changes in the structure of the hydrogel as a higher absorption (smaller
transmittance) was obtained by increasing the Cu2+ films.

5. Applications of Milk Protein-Based Nanohydrogels

Nanotechnology refers to the study of particles/objects/materials/matter with sizes
ranging from 1 to 100 nm [94]. Herein, Figure 4 is revealing all the applications which are
directly or indirectly related to the milk protein-based nanohydrogels. In the food industry,
nanotechnology is applied to all the sectors such as food processing (encapsulation and
defined discharge of nutraceuticals or food additives with improved bioavailability), food
packaging (active and smart packaging systems for better food safety and biosecurity),
food safety assurance (detection of contaminants or foreign objects or undesirable microor-
ganisms using nanosensors, risk monitoring, adsorption, and removal operations), and
food quality control (calorie count and food texture perception) [95].

Micronutrients such as minerals, vitamins, and nutraceuticals are more explicitly
targeted by nanodelivery in the food industry [96]. However, significant challenges arise
in the absorption and distribution of micronutrients through diet such as poor chemical
stability, less oral bioavailability, poor solubility, and undesirable sensory attributes. These
constraints must be overcome by consolidated logic and designing a methodology to be
more specific; the job of nanodelivery for micronutrients includes improved gastrointesti-
nal stability, security against oxidation, controlled and designated discharge, enhanced
bioavailability as well as bioactivity, and assurance of the active compound during food
handling stockpiling and circulation [97].
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Figure 4. Applications of nanohydrogels in the food industry.

The ideal characteristics of a delivery system include properties such as (i) the ability to
deliver active compounds exactly at the target place, (ii) efficiency of maintaining the active
compound at desired levels during storage, and (iii) ensuring availability at a specific rate
and targeted time [98]. All these features are fulfilled by the protein-based nanohydrogels,
particularly the whey-protein-based nanohydrogels with greater efficiency, and hence, these
are considered as an ultimate drug delivery arrangement due to their high stability, optimal
drug loading ability, a multi-response approach aiming at a specific position, biological
consistency, and reaction to a variety of external environmental stimuli [99].

Whey-protein-based hydrogels can entrap both the hydrophilic (e.g., caffeine) and
lipophilic (e.g., curcumin) compounds without affecting their activity much, thus con-
tributing to the development of novel functional foods [100]. Owing to their biocompat-
ibility feature, hydrogels are regarded as a blessing in tissue engineering and medicine
delivery [101]. Moreover, when nanoparticles are successfully integrated into hydrogels,
they can be targeted specifically to tumor locations. Nanohydrogels play an essential role
in the delivery of nanomedicine through the epitome of biomolecules [102]. Table 1 lists
the applications of whey-protein-based nanohydrogels in the food industry.

Whey proteins are extensively employed in the food sector due to their exceptional
functional characteristics such as emulsifying, foaming, gelling, as well as solubility [103].
The functional properties of proteins directly play a key role in organoleptic (color and
flavor), kinesthetic (mouthfeel, smoothness, and texture), as well as textural (chewiness,
elasticity, adhesiveness, and cohesiveness) features [104]. In other words, owing to their
inherent viscoelastic properties, nanohydrogels can act as emulsifying and foaming agents
in food stabilization and form firm nanocomplexes with polysaccharides, and hence, they
are considered imperative aspects in the preparation of nanohydrogels for applications in
the food industry [105].

The capacity of globular proteins to form gels under cold circumstances has recently
received attention due to its applicability in innovative food and nonfood areas [106].
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Apart from calcium and sodium ions, iron may be employed as an effective delivery
vehicle via protein gelation as the amino acids improve iron ion bioavailability; hence, the
concentration of iron influences the structure of the gels as, at low iron concentrations, gels
are prepared as filamentous microstructures due to hydrophobic interactions, whereas the
gels set at high iron ion concentrations have random spherical aggregates with significant
van der Waals forces [107]. Filamentous nanohydrogels make up an outstanding matrix for
the transportation of iron, thus stimulating its absorption and permitting the development
of novel functional foods with targeted mineral deficiency [108].

As hydrogels possess a three-dimensional porous structure, hydrogels may absorb up
to many thousands of times their dry weight, making them an ideal encapsulation technol-
ogy for water-soluble components [21]. Immobilization (enzyme, cell, and microorganism)
also takes place within the hydrogel network and on the hydrogel’s surface, where the
surface and internal structure characteristics of hydrogels have a significant impact on their
immobilization capacity [109]. Hydrogels are excellent for use in delivery systems due to
their unique ability to absorb and store significant volumes of water or biological fluids
inside their three-dimensional network [110].

The main role of the hydrogel in food packaging is to control humidity inside the
package as it lowers the water activity and retards the growth of spoilage microorgan-
isms on foods [111]. Hydrogels possess great antimicrobial activity when incorporated
with different antimicrobial compounds such as nanoparticles (silver) or bioactive com-
pounds [112]. In addition to this, hydrogels show potential applications in smart food
packaging as they either act as an indicator regarding the freshness of the food or detect
the presence of contaminants [113]. Hydrogels have become important in food safety as
they act as sensor or signal probes to detect hazards in food. Natural hydrogels are being
investigated for the detection of biological hazards in foods. Hydrogels can be used to
improve the texture or mouthfeel (elasticity, hardness, and chewiness) of the food owing
to their soft texture [114]. Hydrogels play a vital role in lowering the calorie content of
the food by either enhancing satiety or by reducing intake [115]. Wu et al. [116] fabricated
a hydrogel using protein-dietary fiber, which acted as healthier replacements for starch
granules. Hydrogels act as an efficient platform for adsorption and removal operations
owing to their high-water retention capacity, high porosity, and reusability [117].

Table 1. Applications of whey-protein-based nanohydrogels in the food industry.

Gel Components Carrier/Cargo Gelation Technique Application References

Whey protein isolate/lauric acid Echium oil Physical self-assembly Encapsulation/delivery [118]
Whey protein concentrate/Pectin D-Limonene Heating Encapsulation/delivery [119]
β-Lactoglobulin nanoparticles Caffeine Thermal gelation Delivery [120]

Whey protein isolate Iron Salt-induced gelation

Fortification of food
systems and
site-specific delivery
of iron

[121]

β-lactoglobulin/alginate Quercetin Heating Encapsulation/
Delivery [122]

β-Lactoglobulin/Chlorogenic acid Epigallocatechin-3-
gallate Gelation Encapsulation/delivery [123]

Whey protein isolate
and polysaccharides Black carrot extract Heating

Organized delivery
conditions for
bioactive agents

[71]

Whey protein isolate Caffeine Heating Delivery of
nutraceuticals [124]

Whey protein isolate
and niosomes α-tocopherol Acid-induced gelation

Intestinal delivery
and improved
bioavailability of
α-tocopherol

[125]
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Table 1. Cont.

Gel Components Carrier/Cargo Gelation Technique Application References

α-Lactalbumin Curcumin Temperature-induced
gelation

Delivery of bioactive
therapeutic agent
helping treat various
human diseases

[126]

Whey protein concentrate Phytosterols Gelation Encapsulation/delivery [127]
Lactoferrin and
Glycomacropeptide Curcumin and caffeine Thermal gelation Bioactive

compound carrier [55]

β-Lactoglobulin Vitamin B2 Gelation Encapsulation/delivery [128]

Whey protein concentrate Folic acid Electrospray particles Encapsulation of
bioactive compounds [129]

Sodium caseinate, whey protein
isolate, and soy protein isolate β-Lactoglobulin Heating Encapsulation/delivery [130]

Whey Protein Isolate/Pectin Anthocyanin Heating Encapsulation/delivery [131]
Bovine serum albumin and
Polyethylene glycol 5-Fluorouracil Heating Injectable drug

transport medium [132]

β-Lactoglobulin/Zein Tangerine Gelation Encapsulation/delivery [133]

β-Lactoglobulin/Dextran β-carotene Temperature-induced
gelation Encapsulation/delivery [134]

Whey protein isolate Fe2+ and ascorbate Salt-induced gelation

Increase in Fe2+

bioavailability,
formulation
development for
fortification of food
with iron

[61]

Whey protein concentrate α-Tocopherol Heating and high
pressure Encapsulation/delivery [53]

Whey protein isolate Zinc Heating and ethanol
desolvation Encapsulation/delivery [135]

β-Lactoglobulin Catechin Heating Encapsulation/delivery [136]

β-Lactoglobulin Epigallocatechin-3-
gallate Thermal gelation Encapsulation/delivery [26]

Whey protein isolate Bilberry extract Heating

Whey-protein-based
acidic gels are used for
the encapsulation and
stabilization of
anthocyanin-rich
bilberry extract

[137]

β-Lactoglobulin Fe2+ Salt-induced gelation

Development of
filamentous gel matrix
for intestinal delivery
of iron

[138]

Whey protein concentrate, alginate Caffeine Heating
Hydrogels resistant to
proteolytic enzymes in
the stomach

[139]

β-Lactoglobulin Fe2+ Salt-induced gelation
Increase in the
bioavailability of
iron ion

[140]

β-Lactoglobulin and alginate α-tocopherol Salt-induced gelation

Intestinal delivery and
bioavailability
improvement of
α-tocopherol

[141]

Whey protein isolate Ethyl hexanoate Heating and ethanol
desolvation Encapsulation/delivery [142]

Whey protein isolate and tara gum Magnesium Salt-induced gelation

Preparation of gels
with a wide range of
textural qualities for
use in the food industry

[65]
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Table 1. Cont.

Gel Components Carrier/Cargo Gelation Technique Application References

Whey protein concentrate
and honey - Heating

In the formulation of
desserts such as flans,
cakes, and tart fillings

[143]

Bovine serum albumin
and acrylamide

Salicylic acid or sodium
benzoate

Copolymerization of
vinylated bovine
serum albumin
and acrylamide

Constant drug
discharge agent for
substances binding
with albumin

[144]

Whey protein isolate Thermal gelation Structuring [145]

Methacrylate-derivatized bovine
serum albumin and methacrylic
acid sodium salt

Diflunisal and
β-propranolol

Free radical
polymerization

Oral drug carriers with
a high degree of
swelling and increased
water affinity

[146]

β-lactoglobulin and low
methoxy pectin ω-3 fatty acids Physical self-assembly Encapsulation/delivery [147]

β-Lactoglobulin α-tocopherol Temperature-induced
gelation Encapsulation/delivery [141]

β-Lactoglobulin Curcumin Temperature-induced
gelation Encapsulation/delivery [148]

6. Conclusions

Protein nanohydrogels are being investigated for use in a variety of fields, including
the delivery of chemicals. The nature of the component protein, other conjugated polymeric
systems, pH, temperature, types of ionic structure, oxidative-redox conditions, and ionic
strength influences the characteristics of nanohydrogels. The release profile of bioactive
chemicals from the hydrogel may be altered by fine-tuning the aforementioned properties.
Nowadays, protein nanohydrogels are being investigated as adaptable vaccine delivery
vehicles to elicit a vigorous immune cell reaction. Protein hydrogels can shield cells, pep-
tides, biomolecules, and pharmaceuticals from a hostile environment. Nanoscale delivery
devices that contain active compounds are effective in protecting them from deteriora-
tion throughout processing, transport, and storage. Furthermore, nanoencapsulation can
conceal off-odors and flavors of bioactives and ease food integration. Aside from these
advantages, nanoencapsulation assists in the regulated, prolonged release of the nutrient at
the active site, hence increasing its bioavailability. Whey proteins are incredibly adaptable,
nutritious, and cost-effective dietary items that may be employed as rich matrices to build a
variety of nanostructures in diverse ways owing to their reactivity to diverse environmental
variables (e.g., pH, temperature, electric field, and ionic strength). Although whey protein
nanostructures have the potential to be useful in a wide range of consumer food products,
significant challenges remain to be overcome, including their large-scale production, their
stability in challenging processing and storage environments, physical and chemical inter-
actions between foods encapsulating sensitive molecules, their sturdiness and flexibility in
the gastrointestinal tract, and the sense of awareness and satisfaction among consumers.
At present, a better understanding of the action mechanism of the milk-protein-based
nanohydrogels in the gastrointestinal tract will help in the optimization and expansion
of nanotechnology in the drug delivery sector. In order to attract consumers, an in-depth
study of the bioavailability, permeability, and toxicity needs to be addressed. Hence, it is
crucial to develop predictive and validated toxicological tests to identify potential risks to
humans, which could include oxidative damage, lesions of the kidney and liver, inflam-
mation of the gastrointestinal tract, and cancer. Overall, the expansion of milk protein
nanosystems for oral delivery of bioactive compounds has sparked research, positioning
itself not only as a budding solution to food industry problems but also as an inventive tool
for pharmaceutical uses. As a result, the potential of nanotechnology for solving various
challenges is recognized by the US-FDA and it is providing support to overcome these
nanotechnology-based challenges.
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Abstract: Recent advances in the understanding of formulations and processing techniques have
allowed for greater freedom in plant-based emulsion gel design to better recreate conventional
animal-based foods. The roles of plant-based proteins, polysaccharides, and lipids in the formulation
of emulsion gels and relevant processing techniques such as high-pressure homogenization (HPH),
ultrasound (UH), and microfluidization (MF), were discussed in correlation with the effects of varying
HPH, UH, and MF processing parameters on emulsion gel properties. The characterization methods
for plant-based emulsion gels to quantify their rheological, thermal, and textural properties, as well
as gel microstructure, were presented with a focus on how they can be applied for food purposes.
Finally, the potential applications of plant-based emulsion gels, such as dairy and meat alternatives,
condiments, baked goods, and functional foods, were discussed with a focus on sensory properties
and consumer acceptance. This study found that the implementation of plant-based emulsion
gel in food is promising to date despite persisting challenges. This review will provide valuable
insights for researchers and industry professionals looking to understand and utilize plant-based
food emulsion gels.

Keywords: plant-based; emulsion gel; food application

1. Introduction

Food emulsion gels are ubiquitous in the food industry to create texture or a sensory
experience for low-fat products or as a vehicle to deliver functional food ingredients via
encapsulation [1,2]. Emulsion gels are semi-solid systems with a gel network structure,
often embedded with oil droplets [3]. They integrate the dual characteristics of emulsion
and gel, improving both the stability of the emulsion system and the rheological and nutri-
tional properties of a hydrogel, making them a unique and versatile format for developing
new foods [4]. The difference between an emulsion gel and a simple emulsion with oil
droplets as the inner phase lies in the presence of the gel network. In an ordinary emulsion,
oil droplets are dispersed in a continuous phase with emulsifiers to lower the interfacial
tension between the two immiscible liquids. However, in an emulsion gel, the dispersed oil
droplets are not only stabilized by emulsifiers but are also trapped within a continuous gel
network, which provides additional stability and unique characteristics to the system [5].

Emulsion gel systems were originally applied to reduce the fat content of food products
by incorporating the gelled water phase while still retaining sensory properties [6]. Emul-
sion gels can be used to replace fats in a variety of food products, including baked goods,
processed meat, dairy products, functional foods, and edible 3D printing inks [7]. They are
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composed of an oil phase and gel matrix, and the gel matrix comprises components with
gel properties, mainly edible proteins and polysaccharides. The generation of emulsion
gels is based on the interaction forces between the filler and the matrix, while those without
interaction forces require external processing or the addition of emulsifiers [8].

In addition to their potential as a fat replacer, emulsion gels show promising prospects
as a delivery medium for functional ingredients through encapsulation [9]. They can
effectively inhibit the release of the ingredients and improve the efficiency of bioactive
substances, while also controlling the release rate of the encapsulated ingredients. Accord-
ing to research, the use of a protein–polysaccharide for encapsulation may yield better
results than systems that utilize only protein or polysaccharides [9]. This hybrid matrix has
demonstrated improved loading rates and enhanced stability of encapsulated bioactive
molecules. These findings have significant implications for the development of functional
foods [10].

Traditionally, emulsion gels are stabilized by animal-sourced ingredients, particularly
dairy and meat proteins [10]. However, increasing the global consumption of plant proteins
has been widely recognized as a critical approach to ensuring food security and sustain-
ability through 2050 [11]. Despite their potential as a healthy alternative to traditional fats,
plant-based emulsion gels have yet to be utilized to their full potential. One reason for this
is the poor functionality of plant proteins, particularly in terms of solubility and emulsifi-
cation capability [12], which is especially true for pea protein [13]. Many recent attempts
to produce emulsion gels utilizing plant-based ingredients have proven the possibility to
partially or totally replace animal ingredients [14]. Nonetheless, further studies are needed
to expand the food applications of plant ingredients [2,15,16]. The properties of emulsion
gels are closely related to the dispersed phase and continuous phase, and the content, ratio,
and type of both directly impact the final properties of the gel. Therefore, systematic under-
standings of emulsion formation are still needed to promote the application of plant-based
ingredients in emulsion gels.

This paper aims to review the current research on emulsion gels using plant-based
ingredients, including the formulation, processing, and potential applications. Specifically,
it will focus on the composition and properties of emulsion gels, the interaction forces
between the oil phase and the gel matrix, the different processing methods for protein and
polysaccharide matrices, and the characterization techniques to analyze food emulsion gels.
This review will provide a comprehensive understanding of the current state of knowledge
on emulsion gels as well as insights into their potential applications in the food industry.

2. Formulation of Plant-Based Food Emulsion Gels

The composition of an emulsion gel is fundamental to the stability and physical and
mechanical characteristics of the product. Emulsion gels are typically differentiated by
the material(s) from which they derive their structure. Emulsion gels may be formed by
both proteins and polysaccharides. These hydrocolloids may be used in isolation or in
conjunction to stabilize oil-in-water emulsions and provide structure. For emulsion gels that
utilized both protein and polysaccharides in their formulation, they may be referred to as
“mixed gels” [5,10]. The following sections discuss the functionality of these hydrocolloids
and examine their roles in the formation of an emulsion gel and the characteristics they
provide to these gels both alone and in a mixed gel formulation. A summary of major
techniques for emulsion gel formation and mechanism is presented in Figure 1.
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Figure 1. Summary of various methods outlined in Section 2, in which plant-based proteins, polysac-
charides, and lipids are used in the formation of plant-based emulsion gel. GDL: Glucono-δ-lactone.
SPI: soy protein isolate. PPI: pea protein isolate. KGM: Konjac glucomannan.

2.1. Protein

Protein in a plant-based emulsion gel may be used alone as a structural component
or with other components as an emulsifier to stabilize the lipophilic phase [5]. Proteins
from legumes and cereals were frequently chosen to make emulsion gels due to their
desirable characteristics (emulsion stabilizing and gelation properties) and economy from
high-protein plant sources [17]. As such, proteins from soy, peas, chickpeas, fava beans,
potatoes, and wheat were among the most studied as structural components and emulsifiers.
Additional considerations may be applied when selecting plant proteins, as protein extracts
from various sources contain varying protein profiles and allergenicity that may be critical
to human health [18]. A prime example of which would be potato protein, where essential
amino acid content is among the best in plant-based protein sources [18].

2.1.1. Plant Protein-Based Emulsion Gels

Plant protein-only emulsion gels may be categorized into two major types, charac-
terized by gelation methods. This is namely heat-induced gelation and cold-set gelation
with the aid of added coagulants. The formation of plant-protein-based emulsion gels
typically follows a two-step process [15]. The first step involves the homogenization of oil
and a suspended protein phase to form an emulsion stock. Subsequently, the emulsion is
gelled by heat or the addition of coagulants [15,19]. Heat-induced gelation, where globular
proteins from plants denature and aggregate to form strong fibrils at elevated tempera-
tures, has been a widely studied method to form a strong, solid-like gel [20]. In heat-set
gels, temperatures above 80 ◦C are typically used for plant protein gelation. Nevertheless,
temperatures as high as 95 ◦C were frequently reported [21,22]. In heat-induced gels,
gelation onset temperature may be determined by the oil volume fraction of a gel matrix.
In a study on soy protein emulsion gel, a higher oil volume fraction resulted in a lower
gelation onset temperature [23]. Structures of heat-induced gels were also found to be
more homogenous than those of acid or enzyme-induced gels due to fewer aggregates
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forming [24]. Moreover, characteristics of heat-induced gels may be further tuned by the
total protein content, pH, ionic strength, and ratios between structural proteins within
the gel matrix (e.g., glycinin and conglycinin in soy protein gel) [24,25]. However, with
the high temperature during heat-induced gelation, heat-set gels may not be suitable if
heat-sensitive material is involved.

In response, cold-set gels were investigated to reduce the degradation of heat-sensitive
components during gelation. In these gels, gelation was induced by adding coagulants
(e.g., acids, salts, and enzymes) to negate heating after the loading of lipids. However,
denaturation of plant proteins was still required before cold-setting to expose the sites
for aggregation and agglomeration [26]. Acids (e.g., glucono-δ-lactone (GDL) and lactic
acid) and salts (magnesium, calcium, and sodium salts) were frequently used to coagulate
protein gels. Klost and Drusch [26] reported that lactic acid fermentation of pea protein
was able to create a gel suitable for plant-based yogurt [26]. In acid-induced gels, GDL
has been a common ingredient in the traditional manufacturing of soft tofu. In emulsion
gels, GDL-coagulated soy protein gels were found to exhibit weak rheological behaviors
due to non-covalent intermolecular forces that exist within the gel [27]. In salt-induced
gels, salt type and salt content are equally significant in gel stability and rheology. Various
magnesium and calcium salts (MgCl2, MgSO4, and CaSO4) were also tested on soy protein
isolate by Wang et al. [28]. In their study, magnesium salts (MgCl2 and MgSO4) showed
higher aggregation power than CaSO4 as a stronger gel in terms of firmness and rigidity
was formed [28]. Optimization of salt content would also provide freeze-thaw stability
and rigidity to salt-induced protein gels [14]. Excessive salt was found to promote protein
aggregation, leading to a coarse and inhomogeneous gel in NaCl-induced soy protein
gels [14].

Enzymes from bacterial sources such as transglutaminase and tyrosinase were used to
cross-link proteins from soy, pea, zein, and potato origins. Glusac et al. [29] investigated
the use of bacterial tyrosinase to cross-link zein and potato protein in encapsulating olive
oil. Additionally, a protease inhibitor in potato protein was added to provide a cross-
linkage site with α−zeins resulting in a gel that exhibits superior storage stability to
zein-only emulsions after a month of storage at room temperature [29]. In experiments
where only the coagulant was altered, enzyme-induced gelation was reported to have a
significantly stronger gel structure and elasticity than acid- or salt-induced soy protein
emulsion gels. This is indicated by a 31–33% increase in yield stress when comparing the
GDL and CaCO3 gels to the transglutaminase gel [27]. Enzymes promote the formation
of permanent covalent bonds between macromolecules, which results in the creation of a
“classical polymer gel” [5]. This is distinct from physical gels (e.g., heat-induced gel), where
gel-like properties arise from intermolecular interactions. This fundamental difference
explains the typical higher resistance observed for cross-linked gels [5].

2.1.2. Plant Protein as Emulsifier

Dispersion of the oil phase in the form of an emulsion is essential for producing both
protein-only and mixed emulsion gels. Proteins could act as a surface-active material that
stabilizes the oil/water interface and thereby adsorbs at the interface of the dispersed oil
phase, owing to their amphiphilicity from containing both polar and non-polar amino
acids [18]. This phenomenon is seen in native isolates of plant proteins [18,30]. Moreover,
thermal denaturation of protein in emulsion systems was linked to increasing droplet
flocculation due to increased exposure to hydrophobic sites on the protein surface [31].
However, some studies have demonstrated that the pre-denaturation of plant proteins
may increase the creaming stability of plant protein-stabilized emulsions [32,33]. This was
attributed to the more viscous heat-treated emulsion and the formation of supramolecular
structure at the droplet interface, which impeded creaming [32,33]. The emulsification of
oil using plant proteins may create an active-filler gel where the dispersed droplets are
mechanically linked to the surrounding structural matrix. This is particularly true for
heat-set protein gels, as a higher gel strength is typically observed as a result [5].
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Since an emulsion is first produced before gelation, it is also important to maximize
emulsion stability to give it flexibility for gelation conditions and further processing. The
use of dairy proteins to stabilize a hydrophobic phase has been widely established [34].
Likewise, the use of plant protein to stabilize an emulsion has been extensively studied in
recent years, with soy, pea, and other lentil-based proteins being adopted by many studies
to replace animal-sourced protein in emulsification [31,35]. Gumus et al. investigated the
emulsification capability and stability of pea, lentil, and fava beans-stabilized emulsion
under different pH, temperature, and salt conditions. In their study, lentil protein displayed
superior stability across all environmental stressors [36]. Although the reason for lentils’
superior performance was not specified, it was suggested that extreme pH and salt content
may have a more profound effect on the electrostatic repulsion of pea and fava proteins.
Hydrophobic and steric interactions of lentil protein may also be responsible for the
better temperature stability observed [36]. Recently, attention was also given to the use
of globular protein fibrils over native plant protein isolates to improve emulsion stability
and rheology. Micron-length protein fibrils are produced from native protein isolate via
acid heat treatment at a pH lower than the isoelectric point of a protein [37]. Pang et al.
investigated the use of rice bran protein fibrils to stabilize fish oil. It was shown that heating
rice bran protein for 420 min achieved the highest emulsification capability with fish oil.
This is attributed to an increase in the hydrophobicity of the fibrils and molecule flexibility
at the interface [37].

2.2. Polysaccharide
2.2.1. Structural Roles of Plant Polysaccharide in Emulsion Gel

Polysaccharides had been typically used as the structural component of an emulsion
gel, both alone and in conjunction with protein in a mixed gel regimen. In a mixed gel, an
emulsion is stabilized by a surfactant before the addition of polysaccharide and subsequent
gelation. Similarly, the dispersed phase may act as both an active and inactive filler
depending on the specific interactions between the selected protein/surfactant and the
continuous polysaccharide phase [1,15]. A wide range of plant-based polysaccharides, such
as methylcellulose, inulin, pectin, and native and modified starches, have been reported
for use in emulsion gels to provide stability and alter the mechanical properties of the
gels [38–42].

The gelation of polysaccharides may be induced by heat or by a coagulant (e.g., salt
and acid) to form polymeric structures within the aqueous phase of an emulsion [15]. Par-
ticularly, interactions between the polysaccharide and the protein may provide enhanced
performance over gels that use either component in a mixed gel. For example, the syn-
ergistic relationship between pea protein isolate (PPI) and inulin in an emulsion gel was
studied by Xu et al. [39]. In their studies, when PPI and inulin were used together, a lower
inulin content was required for gelation in contrast to pure inulin gel [39]. This was because
inulin introduced more hydrophobic and hydrogen bond sites without adversely affecting
protein electrostatic interactions, which greatly contributed to the firmness and improved
properties of the gel [39]. Thus, the presence of synergetic interactions between proteins
and polysaccharides was typically referenced for adopting a mixed gel regime [43–45].

The rheological properties and stability of emulsion gels may also be modified through
the addition of polysaccharides. Polysaccharides such as xanthan gum, guar gum, and
potato starch were shown to increase the viscosity of emulsion gels in 3D printing, a
structurally critical application [41,46]. In contrast to salt-induced soy protein emulsion
gel, where the gel is too weak to hold a 3D structure, emulsion gels with xanthan and
guar gums were able to hold structure with minimal loss in feature [46]. Additionally,
increasing the viscosity of a gel during mixing may also result in smaller and more uniform
droplets. Figure 2 shows confocal laser scanning microscopy (CLSM) images of PPI and
curdlan gum heat-induced emulsion gel fabricated in our laboratory with or without konjac
glucomannan (KGM), a plant-based polysaccharide. The emulsion gels in both images are
identical in terms of total oil (20% w/w), PPI (5% w/w), and polysaccharide concentrations
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(6% w/w). Due to the high water absorption ability of KGM [47], viscosity was greatly
increased in pre-gelled emulsion gel after its addition (data not shown). The two images
only differ in polysaccharide composition, with Figure 2a showing gel with 6% curdlan
and Figure 2b showing gel with 4.8% curdlan and 1.2% KGM. Droplets were larger and less
uniform in curdlan-only emulsion gels compared to those with substituted KGM, as shown
in the droplet size distribution in Figure 2c. The addition of polysaccharides that induce an
increase in viscosity was seen to reduce the coalescence of the dispersed oil droplets during
processing. Smaller droplet size is often associated with higher stability and gel strength
in emulsion gels [48,49]. In addition, smaller droplet sizes may reduce oil release during
gastric digestion and hence speed up gastric emptying [10].

  
(a) (b) (c) 

Figure 2. CLSM images of PPI and curdlan (CUD) emulsion gels with and without Konjac gluco-
mannan (KGM). Both emulsion gels have identical total protein (5% w/w), oil (20% w/w), and total
polysaccharide content (6% w/w): (a) Emulsion gel with 6% CUD; (b) Emulsion gel with 4.8% curdlan
and 1.2% KGM; (c) Normal distribution of droplet diameters from (a,b). 50 droplets were randomly
sampled from the respective images and processed using ImageJ®. Red: lipid fraction; green: protein
and polysaccharide.

Thermal stability of the gel structure may also be achieved using plant-based polysac-
charides. This may be critical for certain applications as phase change may not be desirable
at elevated temperatures. As such, KGM was used to create thermally irreversible emulsion
gels for cooking stability [38,50]. Huang et al. [50] created a soy protein isolate (SPI) and
KGM crosslinked composite gel that was able to maintain structure and texture after 20 min
of cooking at 95 ◦C. Similarly, a combination of deacetylated KGM (DKG) and methylcellu-
lose (MC) was reported by Jeong et al. [38]. Across all ratios between DKG and MC tested,
all gels showed thermal irreversibility at 80 ◦C [38].

2.2.2. Plant Polysaccharide as Emulsifier

Recently, interests have also pivoted to develop polysaccharide-only emulsion gels
where polysaccharide is responsible for both emulsion stabilization and structure formation.
Jiang et al. [51] explored the use of regenerated cellulose (RC) to stabilize a sunflower oil
in water emulsion with curdlan, a bacterial gum, as the major structural component. The
RC stabilized emulsion was shown to have high stability as no noticeable flocculation or
separation was observed after 4 h of storage at room temperature and 1 h at 80 ◦C [51]. A
plant-based emulsion gel was demonstrated by Zhou et al. [52] using polysaccharides ex-
tracted from psyllium husk. High stability was observed from the psyllium polysaccharide
stabilized emulsion, as no visible phase separation was observed after prolonged storage at
room temperature [52]. The reduction in polysaccharide content led to a softer gel as the
polysaccharides were adsorbed at the oil/water interface rather than forming a continuous
gel structure [52]. The psyllium gel was also found to have self-healing properties after
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the destruction of the gel structure due to the rapid re-formation of hydrogen bonds [52].
Moreover, psyllium husk is a prebiotic that promotes the health of gut microbiota and
has been used to treat gastrointestinal diseases (e.g., constipation and diarrhea) [53]. The
advantageous physical and bioactive properties displayed by polysaccharide-based emul-
sion gel in these two studies underline possible effective application of these gels in food
and pharmaceuticals.

2.3. Lipid

The lipid phase in an emulsion gel is bound by a surfactant, and its interaction with
the continuous phase is often guided through the surfactant. These dispersed droplets
may be active or inactive, depending on whether the dispersed droplets directly interact
with the continuous structural component. For instance, a non-ionic surfactant stabilized
lipid phase is often deemed an inactive filler with little contribution to the gel structure.
As a result, the presence of these droplets in a gel matrix impedes gel strength as it is
analogous to porous structures [1,5]. Conversely, in protein-stabilized emulsion gels, a
layer of protein is adsorbed to the surface of oil droplets. Interactions between the protein
and the gel matrix in the continuous phase effectively make the lipid phase an integral part
of the structure [1,5]. In practice, a variety of lipids have been exploited for their respective
physical, chemical, and nutritional properties to deliver desirable product characteristics.

2.3.1. Health Consideration on Lipid Selection

Most plant-extracted lipids exist as oils, with a higher proportion of mono- or poly-
unsaturated fatty acids (MUFA and PUFA) than animal fat [54]. Since consumption of
high PUFA or MUFA oils is linked to better cardiovascular health than saturated fat, oils
extracted from canola, soybean, sunflower, and olive are the usual candidates for emulsion
gels [55,56]. Naturally occurring plant fats such as coconut oil, cocoa butter, and palm
oil were also commonly used in food due to their solid structure at room temperature
and higher saturated fat content [54]. Moreover, the use of fully hydrogenated oil had
emerged as an alternative to using natural plant fats, owing to its lower cost compared
to natural plant fats while still being solid at room temperature [57]. This is in contrast
to partially hydrogenated oils that contain trans-fat and have been proven to have worse
cardiovascular outcomes [57].

2.3.2. Enhancement of Textural Properties by Lipid

Aside from health benefits, the choice of lipid was also typically linked to the textur-
ization of the final gel [15]. Oil types were found to have profound effects on the rheology
and mechanical properties of a gel. Gels containing solid plant fat are typically stiffer
and harder than those that use plant oil. Gu et al. [58] analyzed the effect of different oil
types on the SPI emulsion gels. In their study, sunflower oil, soy oil, and palm stearin
were emulsified and gelled in an SPI matrix. Palm stearin gel was a stiffer and harder gel
than both of its oil counterparts, independent of the gelation method (GDL and heat) [58].
It was believed that palm stearin’s crystalline structure allowed for the creation of an
effectively absorbed protein layer around the dispersed droplets during emulsification,
which increased the rigidity of the gel [58]. In more specific applications such as animal
fat analog, Jeong et al. [38] showed that the use of coconut oil often resulted in superior
hardness, springiness, and chewiness in textural analysis over canola oil at identical gel
formulation at room temperature. Samples prepared using coconut oil showed a difference
of up to 3.6 times in hardness over canola oil at 25 ◦C, with differences diminishing as the
two samples were heated up to 80 ◦C [38].

2.3.3. Lipid as a Carrier of Nutrients

The lipid phase has also been used as a carrier of lipophilic additives to create func-
tional foods using emulsion gel to increase the bioaccessibility and stability under heat
and light of bioactive compounds [10]. Common plant oils, including corn, flaxseed, and
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soybean oil, are seen as carriers of bioactive ingredients ranging from vitamins to phenolic
compounds such as cholecalciferol, β-carotene, and curcumin in plant-based emulsion
gel [59–61]. In these studies, no indication was observed that a specific oil type was selected
based on its functional attributes or suitability as a carrier.

Regardless, recent studies indicated that solid fat content (SFC) and oils high in
antioxidants may increase the stability of the loaded material in addition to solubilization.
In a whey protein isolate (WPI) and coconut oil emulsion gel created by Lu et al. [62],
β-carotene was found to be more stable in an emulsion gel that has a higher SFC in both UV
treatment and elevated temperature storage (55 ◦C). This was attributed to the inability of
free radicals to travel through solid fat and the higher stability of coconut oil compared to
other oils (e.g., corn), as well as the antioxidative ability of the medium-chain triglyceride
(MCT) component in coconut oil [62]. The additional antioxidative effects of MCT in
coconut oil were also demonstrated in an emulsion designed for lycopene delivery, where
lycopene retention was approximately 40% better at 37 ◦C storage after 2 weeks than that
of other oil types (e.g., sesame, linseed, and walnut oil) [63].

3. Processing of Plant-Based Food Emulsion Gels

As the applications of emulsion gels expand to encompass a growing variety of func-
tions, diverse processing techniques and configurations have been proposed to achieve the
desired food-like properties. These promising approaches are employed for the processing,
transportation, and targeted release of food additives, functional ingredients, and bioactive
substances, offering flexibility in tailoring food disintegration and sensory properties, as
well as structural and functional parameters. The processing of emulsion gels is important
due to their potential as fat substitutes in various animal-based products. For example,
these emulsions can enhance the nutritional properties of meat products, as they are more
adept at transporting and safeguarding oxidized lipids in food while also preserving flavor
compounds and bioactive compounds. Soft or hard-textured emulsion gels are preferred
for fat replacement over conventional emulsions without gel formation. It can better
imitate the physical attributes of animal fats (lard), such as texture and water-holding
capacity. Emulsion gel is formed using various technologies such as high internal phase,
ultrasonication, high-pressure homogenization, and microfludization [64].

In a study on the formation of protein-based emulsion gel (yogurt and tofu analogs)
using fava beans, whole nutrients were utilized [64]. Fava bean was processed through ther-
mal pre-treatment, dehulling, milling, plant oil addition, homogenization, starch gelation
prevention, and finally, the inducement of protein gelation. Starch removal and hydrolysis
were used to prevent starch from gelation [64]. Starch hydrolysis showed better results
in yogurt analog production, as this process increased the gel’s strength and viscosity. In
addition, hydrolysis utilized the whole floor with no waste production. Moreover, the tofu
analog was better prepared when formed with starch removal, as opposed to starch hy-
drolysis, because it decreased the gel strength and water-holding capacity of both products.
These two methods are preferred to generate protein-based emulsion gel from whole fava
bean flour.

In many studies, the fabrication of an emulsion gel generally begins with high-shear
mixing between the oil phase and aqueous phase, where the surfactant and or biopolymer
are solubilized or suspended [65]. Although high-shear mixing is generally straightforward,
other methods have been proposed to further improve stability and modify the final gel
properties [66,67]. This includes high-pressure homogenization (HPH), ultrasonication
(UF), and microfluidization (MF). Various emulsion gels can be prepared using these
methods and exhibit differing gel structures and interactions among droplets with an
impact on mechanical and release characteristics. Figure 3 illustrates the preparation
of plant-based emulsion gel through high-pressure homogenization, microfluidization,
and ultrasonication.
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Figure 3. Formation of plant-based emulsion gel.

There are three main processing methods for producing emulsion gels in the food
industry, which are HPH, US, and MF. HPH involves flow restriction, which produces
greater pressures and shear forces (up to 350 MPa). However, sometimes the restriction
of flow generates larger and non-uniform particles due to pressure fluctuation from the
higher pressure. This is in contrast to MF, which can only exert a maximum of 275 MPa.
The fixed geometry of the MF instrument ensures constant pressure delivery and equal size
distribution [68], while ultrasonication works based on the principle of cavitation, which
is produced through mechanical vibration. These processing methods are applied to the
covert dispersed phase of the emulsion into fine, tiny droplets for better gel characteristics
such as water-holding capacity, storage modulus, gel strength, and stability [69].

3.1. High-Pressure Homogenization

High-pressure homogenization (HPH) is an emerging technique with a pressure
pump that exerts pressure up to 200 MPa [70]. It is applied for fluid stability, protein and
polysaccharide modification, and improving the rheological characteristics of emulsion
gels [71,72]. Alvarez-Sabatel et al. [19] evaluated the gelling characteristics of inulin after
HPH application at 103, 207, or 296 MPa at an inlet temperature of 3.5 ± 1 ◦C for 5 min.
The HPH treatment lowered the minimum concentration requirement necessary for gel
texture and enhanced the crystallization behavior of inulin due to droplet dispersion, while
the high pressure of 296 MPa reduced water retention efficiency and hurt the gel structure.
Additionally, the inlet temperature was enhanced and reached a maximum (33.51 ± 0.53,
49.99 ± 0.96, and 61.67 ± 0.85 ◦C) due to the increase in pressure. Moreover, hazelnut
beverage samples were subjected to HPH at a pressure of 150 MPa and a concentration of
10 g 100 mL−1 at 26–38 ◦C with a GDL acidification (2 g 100 mL−1 at 150 min), and the
strength, rheological, and textural properties of cold-set gels were investigated. It increased
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the viscosity of hazelnut gels and improved the protein structure and gel characteristics
with acidification [73].

The impact of thermal treatment on the rheological properties of SPI gels was investi-
gated with acid-induced gelation and further treated with HPH at 400 bar pressure. The
results showed that thermal treatment (95 ◦C, 20 min) improved the mechanical properties,
and HPH increased the viscoelastic properties of the gel [74]. Furthermore, the HPH effect
on the functional characteristics of SPI emulsion gel was evaluated at different pressures
(from 5 MPa to 80 MPa), showing an increase in get strength (G’ = 291 Pa to G’ = 528 Pa at
80 MPa) and water holding capacity (WHC) (87.7% to 91.4%) at 5 to 20 MPa and constant
values from 20 to 80 MPa pressure. Overall, the HPH-treated gel has a more uniform net-
work [75]. The potential of using HPH to produce potato protein isolate yogurt alternatives
with low and high oil contents has been evaluated at various oil concentrations (1.5, 3, and
10%) and homogenization pressures (0.1 MPa, 30 MPa, and 200 MPa). The HPH decreased
the emulsion particle size in comparison to untreated samples. Moreover, the emulsion
whiteness index had increased. The greatest value of the whiteness index (76.01 ± 0.50)
was obtained at 200 MPa with 10% oil content, while the least (65.33 ± 2.05) was observed
at 0.1 MPa with 3% oil content. The creaming velocity at 3% oil concentration was reduced
from 10.70 (0.1 MPa) to 0.59 (200 MPa). In the end, gels showed smaller oil droplets and
finer constituent distribution [76].

3.2. Ultrasound

Emulsion gel structure and functional properties have been significantly affected by ho-
mogenization. Ultrasound homogenization (UH), a safe, economical, and environmentally
friendly technique, comprises acoustic waves with 10–1000 W/cm2 power and 20–100 kHz
frequency and produces mechanical and shearing effects through cavitation [77]. Various
research has proven that the UH enhanced the protein properties such as aggregation size
and solubility, thus increasing protein adsorption at the interface [77–79]. Moreover, the
UH caused unfolding and an improvement in protein bonds at the interface, improving the
gel’s properties [77].

For instance, in a study by Aliabbasi et al. [78], the impact of high-intensity ultrasound
on pinto bean protein isolate (0, 25, and 50 min at 200 W) was evaluated, and the gelation
process was conducted using GDL. The key findings showed that the intrinsic fluorescence
and the structure of the gel were improved. Moreover, the WHC and gel strength were
increased, and the gel was inoculated with curcumin. Additionally, cross-linking ability
decreased the swelling ratio of the gel and changed the curcumin release rate from the
emulsion gel [80]. Furthermore, SPI and pectin emulsions were produced by heat treatment,
and the effects of ultrasound on the texture, gel characteristics, and emulsion stability
were assessed at various powers (0, 150, 300, 450, and 600 W). X-ray diffraction and
Fourier transform infrared spectroscopy (FTIR) demonstrated that the interactions between
SPI and pectin were improved due to the increase in hydrogen bonding and altered the
crystallization of emulsion gels. Moreover, the droplet size was decreased, and WHC
was increased by increasing the power (450 W) and denaturation temperature (128.2 ◦C
to 131.9 ◦C). However, the bioaccessibility (82%) and chemical stability (78.3 ± 2.0%) of
β-carotene were improved [81] due to the decrease in the aggregation of oil droplets and
degradation of β-carotene during the digestion of the emulsion gel.

In a study by Mozafarpour and Koocheki [82], emulsion gels were produced using
grass pea protein isolates (GPPI) at various ultrasonic treatment conditions (amplitudes
of 25, 50, and 75% for 5, 10, and 20 min). Emulsion gel formation was stimulated by
transglutaminase and stabilized by sonication. The first step, which was called the “fast
step,” caused weak gel formation, then the second, referred to as the “slow step,” increased
the gel strength. The results showed uniformity in particle distribution and improved ve-
locities of emulsion gels. A harder emulsion gel was produced at 75% amplitude for 10 min.
The WHC and mechanical properties were improved. Ultra-sonicated GPPIs had a fine
microstructure compared to untreated GPPIs. Ultrasonication was applied in the formation
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of emulsion gels for topical drug delivery of metronidazole at 20–25 kHz at 150 W. Sorbitan
monostearate (SMS) was used as a stabilizer at the sesame oil/water interface. Emulsion
gels were prepared with various proportions of SMS ranging from 2.5–10% (w/w), while
the water proportion ranged from 20% to 80% (w/w). The emulsion gel’s viscosity and
firmness had been increased by sonication processing. The drug-loaded gels exhibited
antimicrobial efficiency, showing potential as a carrier for drugs [83]. Geng et al. [77] pre-
pared soy protein bulk emulsion gels incorporating CaCl2, GDL, and transglutaminase
with the UH treatment (40% amplitude, 20 kHz, 3 min) for β-carotene delivery, showing
improved bioaccessibility of β-carotene in bulk emulsion gels. It was noted that β-carotene
bioaccessibility was increased when encapsulated in ultrasound-treated emulsion gels
(82.39 ± 0.02%) compared to other emulsions (63.37 ± 0.09%). Moreover, findings sug-
gested that WHC (99.81 ± 0.19%) and gel strength were improved (91.02 ± 3.58%) in
transglutaminase-induced samples compared to CaCl2 and GDL-induced samples. Overall,
it can be suggested that ultrasonication improved WHC and the strength of the gel sample.

3.3. Microfluidization

Microfluidization (MF) is a high-energy processing technique in which pressure is
applied to force the liquids through micro-channels, thus helping in emulsification by the
synergistic effects of shear forces and cavitation [84]. It helps overcome issues such as large
particle size and emulsion instability [85]. The MF was applied to the pea protein emulsion
(5% pea protein and 50% sunflower oil) at 50 MPa for one pass, which caused the cold-set
gel formation. The findings showed that MF increased gel strength, decreased particle size,
and improved viscosity with an increase in pressure [86]. In a study by Yang et al. [87],
γ-zein from corn was produced into particles to prepare gel-like emulsions. The MF was
performed at 0.1 to 120 MPa to assess the rheological properties and structure formation
of the emulsions. MF reduced particle size as well as gel network by droplet clusters as
shown in microscopy where γ-zein particles provided stabilization, and the excess protein
provided particle network. With the increase in pressure, gel strength increased due to the
formation of more hydrophobic interactions and disulfide bonds. The results showed that
emulsions prepared at 0.1 MPa have a weak gel structure, while emulsions prepared at
120 MPa have a stronger gel structure and higher stability.

Furthermore, MF was applied at 50, 70, and 130 MPa to native pea (NP) and soluble
thermally aggregated (SA) pea globulin-based emulsions at neutral pH. Emulsions were
assessed for their properties such as protein adsorption ability, charge emulsifying, floc-
culation, and creaming stability. It showed that NP and SA-based emulsions were more
flocculated and had a coarse appearance. The MF pressure reduced the flocculation size
when the pressure was increased due to the processing of emulsification. The NP-based
emulsion creaming stability was decreased, while the SA-based emulsion creaming stability
was improved as the pressure increased due to a decrease in flocculation size and thus the
formation of a gel-like structure. The key findings suggested that MF could be used to
improve emulsification properties as it reduced particle size, increased physical stability,
and improved the viscosity of the emulsion gel [88].

4. Characterization of Plant-Based Food Emulsion Gels

To characterize plant-based food emulsion gels, recent research has mainly focused on
these properties: appearance, rheology, texture, microstructure, and stability. Investigations
into these properties provide insights into the behavior and overall quality of the emulsion
gel, which could optimize the formulation and processing of plant-based emulsion gels.
An overview of the characterization techniques of plant-based emulsion gels is presented
in Table 1.
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Table 1. Techniques used for characterization of plant-based emulsion gel.

Properties Techniques and Methodology
Characteristics of Emulsion

Gel
Ref.

Appearance

Visual inspection Color, gel fabrication,
stability/instability

Color, gel fabrication,
stability/instability [89–95]

Colorimetry

CIE-LAB color space
coordinates Quantitatively evaluate the color

[96]

Image converter analysis
software (ImageJ®) [97]

Rheology

Small amplitude
oscillatory shear

(SAOS)

Frequency sweep Viscoelasticity

[40,42,82,95,98–100]
Strain sweep Linear viscoelastic region (LVR)

Time sweep Viscoelasticity evolution over
time

Creep-recovery test Transient viscoelastic behavior

Large amplitude
oscillatory shear

(LAOS)

Stain sweep
Lissajous curve

Fourier-transform rheology

Gel strength, viscoelastic
behavior in the non-linear

viscoelastic region
[92,95,101]

Texture Texture profile analysis (TPA)

Hardness, springiness,
gumminess, chewiness,

cohesiveness, viscidity, and
stiffness, gel strength

[40,42,82,92,93,97,
99,102,103]

Microstructure

Droplet size
distribution

Static Laser diffraction
Droplet size distribution

[91,100,104,105]

Dynamic light scattering
(DLS) [82,92,98]

Microscopy

Optical microscope (OM) Droplet size and organization [89,104,106,107]

Polarized light microscope
(PLM)

Structure of specific material
(such as crystals and fibers) [89,92,105]

Confocal laser scanning
microscope (CLSM)

Droplet size distribution, shape,
and behavior [75,93,97–99]

Scanning electron
microscope (SEM) Structure of gel network [40,95,98,102]

Scanning electron
cryo-microscopy

(Cryo-SEM)

Structure of a well-maintained
gel network [95]

Stability

Thermal properties

Differential scanning
calorimetry (DSC)

The amount of heat required to
increase the temperature as a

function of temperature
[75,82,92]

Thermogravimetric
analysis (TGA)

the change of the sample mass
over time as the temperature

changes
[42]

Zeta potential Stability [82,100]

Water holding capacity
(WHC)

Moisture loss from
centrifugation Ability to retain water molecules [42,75,82,98,100]

Freeze-thaw
cycling

Fluid loss from the
freeze-thaw cycle

Stability under extreme
temperature stress [14,90,103]

4.1. Appearance

Visual inspection as a direct method is commonly used in research to rapidly obtain
preliminary information on the samples, of which color, gel fabrication (viscoelasticity,
compactness, hardness), and stability/instability (phase separation, creaming, aggrega-
tion, coalescence) were the most relevant. These results were often discussed with other
characteristics to support the conclusion from the perspective of micromorphology [89–95].

206



Gels 2023, 9, 366

Color is recognized as an attribute that mostly affected appearance as perceived by
consumers directly. Besides visual inspection, color can also be quantitively characterized
by CIELAB color space coordinates (lightness, L*; green/redness, a*; and blue/yellowness,
b*) by using a colorimeter [96] or image analysis software (for example, ImageJ® software),
which can convert digital images to coordinate data [97].

4.2. Rheological Properties

Rheological properties were measured to characterize the flow and deformation prop-
erties of plant-based emulsion gels under applied stress. Rheology measurement is impor-
tant for understanding the behavior of the gel during processing, storage, and consumption,
which is the foundation of optimizing the formulation and processing of the materials.
The storage modulus (G′) and the loss modulus (G”) were used to indicate the elasticity
(solid-like) and viscosity (liquid-like), respectively. The loss factor (tan δ) was commonly
used to indicate the gel-like status of the sample [82,89,95,103]. Usually, a strain sweep test
would be used to identify the linear viscoelastic region (LVR). Figure 4 shows an example
of research on a starch-based emulsion with different oil volume fractions ranging from 0 to
70%. The transition from a linear to a non-linear viscoelastic region in a strain sweep graph
is shown, in which the horizontal-like region was defined as the LVR. The yield stress (σc)
refers to the stress causing the first non-linear deformation, which was used to reflect the
strength of the emulsion gel in many research [91–93].

Figure 4. Large-amplitude oscillatory shear behavior as a function of strain amplitude for a novel
starch-based emulsion gel with different oil volume fractions (0–70%). Adapted from Ref. [95] with
permission from Elsevier.

Small amplitude oscillatory shear (SAOS) within LVR was commonly used in the
characterization of the viscoelastic properties of plant-based emulsion gel. A frequency
sweep test was used to indicate the fabrication of a gel-like structure (G′ > G”, both fre-
quency independent). The creep-recovery test was used to study transient viscoelastic
behavior [95,98,99]. A time sweep test (gelation kinetics) was used to investigate the change
in gel texture at a certain frequency and temperature over a period of time [40,42,98]. More-
over, a time sweep has been used to monitor the enzyme performance in terms of gelation
induced by crosslinking with transglutaminase in plant-based emulsion gel [82,100].

A large amplitude oscillatory shear (LAOS) test has been used to investigate the rhe-
ological behavior while the equilibrium is lost and the intermolecular bonds are (partly)
broken down. LAOS can provide more information about the structure evolution un-
der large deformations (e.g., 1–1000%), which is meaningful in industrial applications.
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Several research works on plant-based emulsion gel used the LAOS test to gain insight
into the texture and structure properties, in which crossover strain, phase angle, Lis-
sajous curves analysis, Fourier-transform, and Chebyshev coefficients analysis were further
revealed [92,95,101]. The utilization of the LAOS test is less reported in the current lit-
erature. However, this technique has caught considerable interest in recent years as a
valuable tool for the characterization of the viscoelastic behavior of plant-based emulsion
gel [92,95,101].

4.3. Texture

The texture measurement is important for the sensory experience and overall quality
of a plant-based emulsion gel. It can help optimize the formulation and processing of
the material to achieve desirable textural characteristics. As reported, texture profile
analysis (TPA) is usually performed by a texture analyzer. The penetration test or double-
compression tests were usually used to characterize the gel strength of the material. For a
penetration test, a sample was penetrated axially at a certain constant speed by a probe,
and a force vs. distance plot was obtained. The firmness (FF) was then determined as the
initial slope of the penetration profiles [40,82,97,99]. An example is provided in Figure 5,
which utilizes the penetration test to study and compare the emulsion gels with different
compositions stored under specific conditions for different periods. The results demonstrate
significant differences between the various emulsion gel samples, indicating variations in
their textures.

Figure 5. Force vs. distance plots obtained from penetration tests of non-fortified (left), QC-fortified
(middle), and QF-fortified (right) soft emulsion gels (EGs) stored at 4 ◦C for 1, 14, and 28 days (solid,
middle dashed, and dotted line styles, respectively) (QF: quinoa flour; QC: quinoa concentrate).
Sodium alginate, sodium citrate, CaCl2, and GDL in EG systems used were 10 g/kg, 100 mmol/L,
75 mmol/L, and 30 g/kg, respectively. EGs were prepared by high-speed homogenization (25,000 rpm
for 1 min) of the aqueous dispersion and olive oil phases in a mass ratio of 3 g:1 g, respectively.
Adapted from Ref. [97] with permission from Elsevier.

For a double-compression test, the samples were subjected to two consecutive defor-
mation cycles over a predetermined distance at a certain constant speed by a probe. A force
vs. time plot was obtained, from which parameters such as hardness (N), springiness (mm),
gumminess (N), chewiness (N), cohesiveness, viscidity (J), and stiffness (N) [42,93,97,103]
can be determined. Additionally, these original parameter data can be normalized to
one-dimensional data based on Minkowski distance. Zhang et al. [102] have normalized
the three-dimensional data (hardness, springiness, and cohesiveness) into one-dimensional
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data, which is defined as a comprehensive property index (CPI). This CPI reflected the
overall texture properties of the emulsion gel material and was used for further discussion
in the relationship between textures and gelation induction methods of emulsion gel.

4.4. Microstructure
4.4.1. Droplet Size Distribution

Droplet size distribution was determined to understand the size distribution of the
dispersed phase in plant-based emulsion gels. The droplet size distribution has an impact
on the stability, rheology, and sensory properties of the materials [100]. Several tech-
niques were used to measure the droplet size of plant-based emulsion gel, such as laser
diffraction [91,94,100,104,105], dynamic light scattering (DLS) [82,92,98], and microscopy
(discussed in Section 4.4.2). Additionally, DLS can also be used for the size measurement of
protein aggregates. Wang et al. [98] conducted research in which they used DLS to measure
the size of soy protein aggregates in a soy oil emulsion.

4.4.2. Microscopy

Microscopy techniques were used to visually inspect the morphological properties of
plant-based emulsion gel on a micro level. Some frequently used techniques are optical
microscopy (OM), polarized light microscopy (PLM), confocal laser scanning microscopy
(CLSM), scanning electron microscopy (SEM), and scanning electron cryo-microscopy
(Cryo-SEM).

Optical microscopy (OM), also known as light microscopy, is a technique that has been
used to investigate the microstructure of emulsion gel samples. With this technique, it is
possible to visualize the size and organization of fat droplets [89,104,107]. A schematic
principle of a classical optical microscope is shown in Figure 5 [106]. The polarized light
microscope (PLM) was used in some research on plant-based emulsion gel [89,92,105]. This
technique can provide additional information about the sample’s structure and composition
through the use of polarized light, which is affected in specific ways when passing through
specific materials, such as crystals, fibers, and starch. Examples of the OM image and the
PLM image are shown in Figure 6, from which a styrene-in-water emulsion stabilized by
amorphous cellulose was observed. The OM image (a, c, and d) can provide information
about the styrene droplet size, shape, and organization. The PLM image (b) can provide
information about the cellulose behavior in the system.

Confocal laser scanning microscopy (CLSM) uses a focused laser beam to illuminate a
sample, and only the in-focus light emitted from the sample is collected, resulting in 3D
images with a high resolution [108]. According to reported research, the lipid phase was
usually stained by Nile blue, and proteins were usually stained by Nile red or rhodamine
B. The use of CLSM in studies on plant-based emulsion gel can reveal information about
lipid droplets and protein behavior. For example, it can determine the lipid droplet size
and distribution, the existence of aggregation, and the affinity of proteins for the interface.
This information can provide insights into the structure, strength, and unification of the
emulsion gel [75,93,97–99]. An example of a CLSM image can be found in Figure 2.

Scanning electron microscopy (SEM) uses a focused electron beam to scan the sample
surface, producing high-resolution images by detecting secondary electrons emitted from
the sample. This technique can provide more detailed information about the network
structure of emulsion gels, such as pore size and distribution, wall thickness, and oil
droplet distribution [40,95,102]. Freeze drying is a common method for sample dehydration.
However, dehydration by ethanol was also reported in the research by Wang et al. [98].
Scanning electron cryo-microscopy (Cryo-SEM) is another similar microscopy technique in
which a pre-freezing by liquid nitrogen is performed to maintain the structure of emulsion
gels. The frozen samples are maintained at very low temperatures (e.g., −70 ◦C) while
imaging [95]. An example of SEM images and Cryo-SEM images is shown in Figure 7.
For the same sample, the image from SEM was blurred due to some alterations in their
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morphologies, resulting from the high oil content. While from Cryo-SEM, the original
structures were well maintained.

Figure 6. Typical bright-field optical (a,c,d) and polarized optical micrographs (b) of air-dried
amorphous cellulose (a,b), and styrene Pickering emulsion (c,d) stabilized by amorphous cellulose
and polymerized using AIBN (azobisisobutyronitrile) as initiator. The scare bar is 100 mm. Adapted
from Ref. [89] with permission from Elsevier.

 

Figure 7. (A) SEM micrographs of the emulsion gels with 0–70% oil fractions and the corresponding
Cryo-SEM micrographs of the emulsion gels with 50% and 70% oil fractions (located in the upper
right corner of the SEM micrographs): The blue arrows in the 10% oil sample indicate the oil droplets;
the Cryo-SEM micrographs of 50% and 70% oil emulsion gels were taken because these samples were
blurred under SEM observation due to the high content of oil. (B) Cryo-SEM micrographs of the
emulsion gels with 0–70% oil fractions. Adapted from Ref. [95] with permission from Elsevier.
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4.5. Stability

The stability study of plant-based emulsion gels is important to maintain their char-
acteristics over time. This study can provide information on the factors that affect gel
stability, which can be used to optimize the formulation and processing of the materials.
The stability of the plant-based emulsion gel can be reflected in multiple aspects, such
as the properties mentioned previously on appearance, rheological properties, texture,
and microstructure (Sections 4.1–4.4). Thermal properties and the zeta potential were
measured to quantitatively characterize the gel stability, while freeze-thaw cycling tests
and centrifugation tests were used for stability study in the reported study.

4.5.1. Thermal Properties

The thermal stability of plant-based emulsion gel has been reported as having impor-
tant implications for sensory and physical properties, as well as processing and storage
characteristics. Differential scanning calorimetry (DSC) is a commonly used technique to
characterize the thermal properties of plant-based emulsion gel, from which the amount
of heat required to increase the temperature of a sample is measured as a function of
temperature. Thermal information such as the on-set and maximum temperatures of phase
transition, the temperature for protein denaturation, and their respective enthalpies can
be obtained from the DSC curves. Research conducted by Liu et al. [92] has used this
technique to monitor rapeseed oil solidification in emulsion gel formation (Figure 8). The
behavior of the intermolecular interaction, small aggregate disruption, and protein denatu-
ration were also investigated in the reported research on plant-based emulsion gel [75,82].
Thermogravimetric analysis (TGA) is another common method to characterize the thermal
properties of a plant-based emulsion gel, in which the mass of a sample is measured over
time as the temperature changes. Thermal information, such as the thermal degradation
temperature of emulsion gels, can be obtained to indicate the gel’s thermal stability [42].

Figure 8. DSC thermographs of low-oil emulsion gels with 0, 1, 3, 5, and 10% (w/w) Beeswax during
the cooling (A) cycle at −5 ◦C/min and the heating (B) cycle at 5 ◦C/min. Adapted from Ref. [92]
with permission from Elsevier.

4.5.2. Zeta Potential

The use of zeta potential measurement by an electrophoresis instrument in the charac-
terization of plant-based emulsion gel stability has been reported. The zeta potential is the
electrostatic potential at the slipping plane, where the continuous phase (typically aqueous)
begins to flow at a small distance from the droplet surface. Zeta potential measurements
can indicate the interaction between droplets. Generally, a larger absolute value of zeta
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potential reflects a more stable emulsion system. This value can be influenced by the
oil-weight fractions (Figure 9), droplet size, the amount of attached protein on the interface,
and the denaturation and unfolding of proteins as reported in [82,100].

Figure 9. Zeta potential of PPI-stabilized emulsions with different oil-weight fractions (ϕ). Adapted
from Ref. [100] with permission from John Wiley and Sons.

4.5.3. Water Holding Capacity (WHC)

The pores in the gel network can provide space for additional water. WHC measure-
ment can provide insights into the microstructure and functional properties of emulsion
gels [42,75,82,98,100]. It is generally accepted that a higher value of WHC implies the
formation of a gel network with higher strength and a more uniform structure, resulting in
a stronger ability to retain water molecules.

4.5.4. Freeze-Thaw Stability

Freeze-thaw cycling was reported as a method to assess the stability of plant-based
emulsion gel under temperature stress [14,90,103]. Briefly, this method involves subjecting
the emulsion gel to repeated freezing and thawing cycles, with the fluid loss being mea-
sured after each cycle. Freezing destabilizes an emulsion by promoting flocculation and
coalescence as water and lipid crystalize [109]. The structural change is then made apparent
as the gel is thawed, where phase separation will be observed. The formulation, including
the type of oil used, greatly influences freeze-thaw loss and the emulsifier used [109].

5. Potential Applications of Plant-Based Emulsion Gels in the Food Industry

The prevalence of emulsion-based foods in the everyday diet has created immense
opportunities for research and development in replacing current animal-based foods with
plant-based mimics. Even though annual sales of plant-based food had grown by 54%
from US$4.8 billion to US$7.4 billion in 2021, plant-based milk remains the largest sector
of sales [110]. Although other plant-based dairy products make up the second largest
sector, the contribution of other key areas, such as plant-based meat and egg alternatives,
remained minor [110]. This may be due to the challenges involved in creating plant-based
alternatives that can effectively replicate the flavor, texture, and mouthfeel of animal-based
food products such as meat and dairy products. Therefore, emulsion gels, in whole or as
an ingredient, were thought to be able to improve some of these limitations. A summary of
selected studies on possible plant-based emulsion gel application is presented in Table 2.
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Table 2. Summary of studies in food application of plant-based emulsion gel.

Target Food Formulation Summary Ref.

Yogurt
(Dairy)

Lentil protein isolate (LPI),
sunflower oil, Yoflex®

AcidifixTM, sucrose

Similar cohesiveness and viscosity but higher firmness and consistency
than dairy yogurt.

The fermented gel shows pale pink color.
Low FODMAP content, suitable for irritable bowel syndrome.

[111]

PPI, canola oil, GDL, Custom
starter culture (MEGAN,

VEGAN, ExECO)

VEGAN strain produced yogurt less associated with “cut herb” and
“woody” and better associated with “coffee” and “smoked”.

Reduction in volatiles associated with “grassy” odor.
[112]

Potato protein isolate,
sunflower oil, glucose, starter

culture

High-pressure homogenization created highly stable emulsions at
1.5–10% oil.

The whiteness of emulsion gel may be increased through higher
pressure and oil content.

Possible application in low-fat or Greek-style yogurt.

[76]

Cheese
(Dairy)

Yellow pea/fava bean protein,
canola oil, carrageenans (κ-, ι-)
and xanthan gum, nutritional

yeast, calcium sulfate

17.5% boiled fava bean flour and 1% κ- carrageenan were found to
have indifferent springiness and chewiness to Gouda cheese but were

also harder and less cohesive.
Boiled yellow pea flour has the closest color resemblance to Gouda

cheese.

[113]

Zein, starches (corn, tapioca),
sunflower oil

30% protein sample showed similar extensibility to the textural
properties (hardness, chewiness, and gumminess) of cheddar cheese.

Reduction in texture parameters at 50 ◦C is seen in both zein and
cheddar cheese.

[114]

Pea protein, pea fiber, potato
fiber, sunflower oil/coconut
fat, shea stearin, lactic acid,

salt

Pea protein slurry with 15% emulsion gel showed a similar
spreadability index to dairy cheese.

Adding oregano and rosemary essential oils was able to reduce the
perception of the grassy odor

[96]

Pork fat
(Animal fat

analog

SPI, fully hydrogenated
canola oil, canola oil,
transglutaminase oil

Softer than pork fat tissue.
Thermal properties of animal fat may be achieved by blending solid

plant fat with oil.
[115]

SPI, KGM, coconut oil,
transglutaminase

Similar hardness to pork fat (5% SPI, 4% KGM, and 10% oil (w/w))
Similar in color space to L* and b* [50]

DKG, MC, canola/coconut oil

MC and DKG complement each other in thermal properties at different
temperatures.

At 80 ◦C, coconut oil emulsion gel with a high MC better emulates the
textural properties of pork fat.

[38]

Pork/beef fat
(Animal fat

analog)

Lecithin, potato starch (PS),
inulin, soybean oil/coconut

oil

At 12.8% (w/w) PS, soybean oil emulsion gel meltability is similar to
that of pork fat. At the same PS content, coconut oil emulsion gel was

similar to beef fat.
Soybean/coconut oil emulsion gel with different PS contents may have

a similar hardness to pork fat.
Emulsion gels were consistently softer than beef fat.

[41]

Butter
(Fat replacer)

Extra virgin olive oil, inulin,
soy, lecithin

Harder product compared to control.
Increasing emulsion gel content decreased spread during baking.

Emulsion gel lacks plasticity and is therefore unable to create a porous
structure.

[116]

Mayonnaise
(Egg yolk)

Sunflower oil, chickpea
protein/fava bean

protein/yellow split lentils
protein, xanthan gum, vinegar,
sugar, salt, mustard powder

Xanthan gum is required to increase the viscosity and stability of the
mayonnaise analog.

Chickpea protein mayonnaise is indifferent to egg mayonnaise control.
(Extrudability, compression texture analysis, color, and sensory

analysis).

[117]

Citrus fruit fiber, corn
peptides, sunflower oil

HIPE has been characterized by above 90% thixotropic recovery.
High heat and freeze-thaw stability are seen in HIPE.

The creaminess and thickness of HIPE may be altered by fiber content.
[118]
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Table 2. Cont.

Target Food Formulation Summary Ref.

Functional
food

β-Carotene, zein, glycerol,
and corn oil

β-Carotene loaded in the oil phase showed higher retention after UV
treatment than in the aqueous phase.

Additional β-carotene as an antioxidant in glycerol further increases
retention in the oil phase.

[93]

Rhamnogalacturonan-I
enriched pectin, soybean oil,

Tween 20, curcumin

Active filler pectin gel showed high thermal stability.
The release of curcumin may be modified through gel structure, but no

difference in bioavailability is seen.
[61]

Gummy
candy

(Functional
foods)

Vitamin B12 and D3, gum
Arabic, inulin, flaxseed oil,

pectin

No reduction in vitamin activity after 30 days of storage.
No unpleasant taste was noted by panelists after the addition of the

strawberry aroma.
[59]

5.1. Dairy Alternatives

Emulsion gels formed by dairy proteins such as whey and casein were typically
described as model emulsion gels [5]. However, the key textural characteristics of casein
gels, such as those seen in yogurt and cheese, have been difficult to replicate by plant
protein alone [18]. This is due to differences in plant protein structure, namely the lack
of random coils and phosphate groups that could be linked by the presence of calcium
ions [18]. Thus, to create convincing analogs of dairy products, emulsion gels of various
formulations have been proposed.

The development of plant-based yogurt has seen some success in emulating dairy
yogurt in both research and commercial products. [26,111,112,119]. However, to design
a successful plant-based yogurt-like product, further insights may be drawn from the
literature to determine critical factors in formulation and processing. Several studies
have indicated that the sensory attributes (taste, aroma, texture, and appearance) of plant-
based emulsion gel for yogurt purposes depend on the starter culture used [112,120]. In
a previous study for pea protein fermentation, Ben-Harb et al. [112] used a microbial
consortium design and found a reduction in undesirable odors from the use of legume-
proteins after fermentation, as “smoked” and “coffee” notes were better identified by
panelists than “cut grass” notes. Aside from full-fat yogurt, HPH treatment of plant protein
yogurt may be used to create plant-based low-fat and Greek-style yogurt [76]. Rheological
and textural characteristics were shown to be tunable at different pressures and oil contents
without changing the formulation [76]. Thus, as studies into interactions between yogurt
components are further advanced, a successful yogurt-like product may be created using
plant-based emulsion gel.

On the other hand, emulsion gel was also employed to create plant-based cheese analogs
of various types, including soft, semi-hard, and spreadable cheeses [96,113,114,121,122]. In
this regard, several important properties of plant-based cheese analogs were identified
by Grossmann and McClements [121], such as texture, meltability, shreddability, and
aroma. The recreation of texture in plant-based cheese analog broadly follows other
similar applications that require texturization. Ferawati et al. [113] trailed the creation of
a semi-hard cheese analog using various pulse proteins, canola oil, and κ-carrageenan.
In their experiments, fava bean flour was most suitable to mimic the texture of Gouda
cheese with comparable characteristics that may be further improved with optimization of
processing conditions and protein ratios [113]. In terms of meltability, recent advances in
zein protein-based cheese formulation with xanthan gum and starches (tapioca and corn)
have shown promising results in creating cheese analogs with similar characteristics to
Cheddar cheese [114]. Zein protein gel was shown to better trace cheddar cheese than
PPI-based analog, gluten-based analog, and commercial plant-based cheese at 30% (w/w)
protein content [114]. Nevertheless, as pointed out by others, a detailed sensory analysis
would be required to provide a holistic analysis of the formulation’s suitability as an
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equivalent of a given cheese type [123]. This may be especially true as plant-based cheese
analogs were only able to achieve comparable meltability at high protein and low oil
content, which may impact the mouthfeel of a product.

5.2. Meat Alternatives

Emulsion gel is often designed as an “animal fat analog” (AFA) to mimic animal fat
tissue. Emulsion gel-based AFA has seen use as the primary fat component in alternative
meat products or as fat replacers in animal meat products to improve the nutrition profile
of these products [56]. In the current commercial plant-based meat products, the fat
component is often represented using unstructured plant fat, such as coconut oil or cocoa
butter [124]. Although unstructured fat may be present as fat marbling in a raw and
chilled state, naked plant fat often lacks texture, especially after cooking [115]. This
is further compounded by possible processing difficulties during extrusion and loss of
appeal due to smearing if mishandled [125,126]. Hence, emulsion gel was proposed as a
potential solution.

Emulsion gels for AFA had been created using various gelation methods in both
the protein-only gel and mixed gel forms. For this application, qualities such as ap-
pearance, texture, and thermal performance are parameters that were widely measured.
Dreher et al. [115] created a soy-based emulsion gel crosslinked by transglutaminase with
a plant fat and oil blend. Although the hardness observed was lower compared to pork fat
tissue, the introduction of solid fat content enabled tunable characteristics in crosslinked
emulsion that may imitate the melting characteristic of fat in animal tissue [115]. A trans-
glutaminase crosslinked soy protein and KGM gel using coconut oil were proposed by
Huang et al. [50]. Emulsion gel at 5% SPI (w/w), 4% KGM (w/w), and 10% (w/w) oil was
found to have similar hardness and springiness values to pork back fat. The colorimetry
of emulsion gel samples was also found to be able to mimic pork back fat in terms of
lightness (L*) and blue/yellow (b*) [50]. Both characteristics demonstrated promising
results in recreating animal fat using plant-based emulsion gel. Furthermore, the stability
of emulsion gel during and after cooking was demonstrated by several studies [38,41,50].
Thermal irreversibility and cooking profiles may be modified by the selection of polysac-
charides or the introduction of additives [38,41]. However, a good balance between each
characteristic, including additional parameters such as health and palatability, is yet to be
found at present.

5.3. Egg Yolk Alternatives and Baked Goods

Egg yolk protein has an extensive role in food as an emulsifier and thickener in condi-
ments and confectionaries [127]. Notably, in mayonnaise analogs, statistically indifferent
textural, extrusion, and sensory properties were seen in chickpea protein stabilized mayon-
naise compared to egg-based mayonnaise at 70% oil content [117]. In other formulations,
particularly in HIPE, it was shown that the textural and rheological characteristics of gels
are tunable based on biopolymer content [118,128]. Such a characteristic allows for the
formulation of low-fat mayonnaise, which maintains similar textural characteristics.

Similarly, an emulsion gel-based fat replacer was also used in baked goods to deliver
a better nutritional profile. Inulin and extra virgin olive oil emulsion gel were used as
a partial replacement for butter in shortbreads [116]. However, the lower plasticity of
emulsion gels compared to butter was deemed problematic as it was not able to entrap gas
released by the leavening agent. Along with a lower spread during heating and limited
gluten formation, a harder product was obtained [116]. The observation revealed that
additional processing may be required for emulsion gel, such as the incorporation of air
within the gel matrix, for better uses as a fat replacement in baked goods, especially for
short doughs.
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5.4. Functional Foods

As previously indicated, emulsion gels may be used as a controlled-release regimen to
protect and deliver nutrients or other active ingredients into the human body. Emulsion
gels have been proven to protect active ingredients against ultraviolet light, free radicals,
and temperature [61,62,93]. Both the lipid and aqueous phases could act as carriers of
ingredients. Ghialdi et al. [59] developed an emulsion gel-based confectionary using inulin,
pectin, and gum Arabic to protect and deliver vitamin B12 and D3 in their aqueous and
lipid phases, respectively. No difference in active vitamin was found between the day of
fabrication and after 30 days of storage, indicating that the gel was effective in limiting
light and oxygen exposure. Moreover, the panelists showed a positive reception, with no
unpleasant taste being noticed after the strawberry flavoring was added to the candies [59].

5.5. Consumer Acceptance and Sensory Properties of Plant-Based Emulsion Gels in Food

Consumer acceptance is one of the challenges hindering the mass adoption of plant-
based emulsion gel in food. One major issue with plant-based products named by con-
sumers lies with the heavy use of legume proteins, giving the product an undesirable
“grassy” or “beany” odor and taste [129]. The addition of volatile additives enhanced
consumer acceptance of plant-based emulsion gel. In spreadable plant-based cheese based
on pea protein, inulin, and olive oil, the incorporation of essential oils leads to better
odor perception in the sensory analysis [96]. In addition, fermentation may also reduce
“beany“ perception to consumers [112,130]. Volatile analysis of fermented pea gel revealed
that volatiles responsible for “grassy“ and “earthy“ odors are substantially reduced after
inoculation and fermentation [130].

Despite the structural importance that polysaccharides provide to emulsion gels, the
incorporation of polysaccharides may lead to adverse sensory properties. Insights may
be drawn from primarily plant-based fat substitutes developed to improve the fatty acid
profile in deli meats. Incorporating KGM emulsion gel into chorizo sausage led to a loss
in the perception of juiciness and firmness, with an increasing degree at higher KGM
content [131]. The lower perceived juiciness was attributed to KGM’s high WHC as less
fluid was released from chewing. Similar results were seen across various plant-based
polysaccharides and in mixed gels [50,132]. In a similar vein, oil release and mouthfeel of
emulsion gel are also ingredient dependent. For instance, Hu et al. [133] demonstrated
that at 5% oil content, the oiliness perception of modified starch/gellan gum gel was
higher than that of whey protein/gellan gum gel at 20% oil content. The authors attribute
this observation to the onset of enzymatic digestion of starch during mastication [133].
Therefore, consumer perception is shown to be formulation dependent on the types of
biopolymers used and their respective ratios. To achieve desired product characteristics,
plant-based emulsion gel requires extensive optimization.

6. Conclusions

The recent boost in the popularity of plant-based foods has been the primary driver
in the development and understanding of plant-based emulsion gel as an ingredient or
an entire food matrix. Plant-based ingredients are often perceived as healthier, more
sustainable, and more environmentally friendly than food from animal sources. Plant
proteins, polysaccharides, and lipids were shown in research to function synergistically in
various configurations to deliver desirable qualities for a food product. As evidenced in this
review, altering the types and amounts of protein, oil, and polysaccharide could change the
emulsion gels’ rheology, texture, and thermal performance. Processing techniques, such as
high-pressure homogenization and ultrasonication, have widened the scope for plant-based
emulsion gel design. Essential qualities such as droplet size, stability, and bioavailability
in functional emulsion gels could be substantially improved because of the choice of
treatment. On the other hand, characterization techniques have allowed researchers to
quantify and evaluate the properties of plant-based emulsion gel in detail. These techniques
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helped elucidate the properties of plant-based components (e.g., microscopy and DSC) and,
critically, their applicability as a food analog (e.g., TPA).

Potential applications and possible future research were described in this study. Re-
search has indicated that shortcomings in using plant-based ingredients may be improved
using additives. Some food types, such as yogurt and mayonnaise, have been more suc-
cessful in overcoming the challenges of using plant-based ingredients compared to other
types of food. The development of functional foods using emulsion gel was also shown
to be feasible in principle. Given the prevalence of emulsions and analogous structures in
food, it is believed that creating a plant-based emulsion gel that could closely mimic the
physical properties of their designated animal-based counterparts will be instrumental for
the success of a plant-based alternative food product.
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Abstract: Pectin hydrogels have garnered significant attention in the food industry due to their re-
markable versatility and promising properties. As a naturally occurring polysaccharide, pectin forms
three-dimensional (3D) hydrophilic polymer networks, endowing these hydrogels with softness,
flexibility, and biocompatibility. Their exceptional attributes surpass those of other biopolymer gels,
exhibiting rapid gelation, higher melting points, and efficient carrier capabilities for flavoring and fat
barriers. This review provides an overview of the current state of pectin gelling mechanisms and
the classification of hydrogels, as well as their crosslinking types, as investigated through diverse
research endeavors worldwide. The preparation of pectin hydrogels is categorized into specific gel
types, including hydrogels, cryogels, aerogels, xerogels, and oleogels. Each preparation process is
thoroughly discussed, shedding light on how it impacts the properties of pectin gels. Furthermore,
the review delves into the various crosslinking methods used to form hydrogels, with a focus on
physical, chemical, and interpenetrating polymer network (IPN) approaches. Understanding these
crosslinking mechanisms is crucial to harnessing the full potential of pectin hydrogels for food-related
applications. The review aims to provide valuable insights into the diverse applications of pectin
hydrogels in the food industry, motivating further exploration to cater to consumer demands and
advance food technology. By exploiting the unique properties of pectin hydrogels, food formula-
tions can be enhanced with encapsulated bioactive substances, improved stability, and controlled
release. Additionally, the exploration of different crosslinking methods expands the horizons of
potential applications.

Keywords: pectin; gels; gelling mechanism; hydrogel; application

1. Introduction

In recent times, there has been a growing interest in developing innovative biomaterials
derived from natural biopolymers that could potentially revolutionize the food sector by
improving product quality and providing functional advantages to customers. Among
these biomaterials, carbohydrate-based polymers such as starch, cellulose, chitosan, and
pectin have emerged as versatile and valuable assets in food technology [1–5]. These
naturally derived polymers offer a wide range of applications as stabilizers, fat replacers,
emulsifiers, etc., in the food science industry, and they contribute distinct functionalities
to food products. In addition, they are applicable for ingredient enhancement, additive
integration, and food packaging [6,7]. For instance, starch and cellulose can contribute as
dietary fiber, act as an effective thickening and stabilizing agent [8,9], or be employed as
materials for food packaging [10,11]. Chitosan, with its potent antimicrobial properties,
is used as a preservative packaging material for extending the shelf life of perishable
goods, particularly fruits and vegetables [12]. On the other hand, pectin, renowned for its
remarkable gelling properties, frequently serves as a crucial gelling agent, transforming
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liquid formulations into stable gels, imparting desirable textures, and enhancing product
quality [13]. Besides these diverse applications, the preparation of food hydrogels using
these biopolymers has recently garnered significant interest in the food industry.

Hydrogels are polymeric materials with a 3D network capable of absorbing and retain-
ing water, making them highly hydrophilic [14]. Besides their controlled release properties,
ability to provide structural/textural stability, and ability to mimic desired food textures,
they are indispensable in modern food technology, further extending their applications
to other fields, including cosmetics, drug delivery, and tissue engineering [15–17]. Hydro-
gels are employed for tasks such as enabling intricate shapes in 3D printing, serving as
fat substitutes, and promoting satiety with smaller portions [18,19]. They also serve as
thickeners and stabilizers due to their capacity to retain a substantial quantity of water or
polar solvents while maintaining a solid-like structure, achieved through the physical or
chemical crosslinking of hydrophilic polymer chains.

Pectin, a naturally occurring polysaccharide found in plant cell walls, is primarily
composed of repeating units of α-(1-4)-linked D-galacturonic acid units [20]. Depending
on the plant source, a pectin structure may consist of homogalacturonan (HG), rhamno-
galacturonan I (RG-I), and rhamnogalacturonan II (RG-II) domains [21]. This diversity in
composition accounts for the unique properties exhibited by different pectins, such as their
gelation, solubility, and rheological behavior. Additionally, pectin can form 3D networks
of hydrophilic polymer chains, making it ideal for preparing hydrogels. Gels prepared
using pectin are advantageous over other biopolymer gels, such as gelatin, in terms of
their ability to form gels rapidly, elevated thermal stability, and exceptional capacity for
encapsulating flavors and creating fat barriers [22]. Compared to other natural biopolymers
such as starch, cellulose, chitosan, collagen, protein, and agarose, pectin distinguishes itself
through its exceptional gelling properties, allowing for the creation of stable hydrogels
under milder conditions. Moreover, pectin provides the advantage of controllable gelation
and interactions through its adjustability by modifying its degree of methoxylation and
acetylation [23–25]. Also, its amphiphilic nature, with both polar and non-polar sites within
its structure [26], enables effective interaction with water and oil, making it versatile for
encapsulating hydrophobic bioactives.

In application, pectin hydrogels are currently being investigated for their potential in
the development of innovative food products and the fabrication of structured food with
specific textures for specific purposes while elevating sensory properties. Also, there is
evidence that pectin hydrogels can be employed for effective encapsulation and targeted
release of bioactives to specific digestive tract regions [27]. Therefore, this paper aims to
provide valuable insights through a systematic review of the present status of research and
advancements in pectin hydrogels. This review could stimulate further exploration and
utilization of pectin hydrogels, aligning with the evolving demands of modern consumers
and promoting advancements in food technology.

2. Pectin Extraction and Characterization

2.1. Extraction of Pectin from Various Sources

Pectin can be extracted from a diverse range of sources, each possessing its own
distinctive composition and properties. Among these sources, pectin is commonly obtained
from citrus fruits like oranges, lemons, and limes due to their substantial peel content
and higher yield of pectic polysaccharides (Table 1). Also, apples offer a pectin-rich
pomace that includes both peels and cores, contributing to their relatively high pectin
yield. Other alternative sources, such as bananas, potato pulp, pumpkin peels, watermelon
rinds, cocoa husks, and soy hulls, have also been investigated for their pectin content.
These unconventional sources hold promise for diversifying pectin extraction options and
utilizing agricultural byproducts effectively.
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Table 1. Sources and extraction methods of pectin.

Source Pectin Yield (%) Extraction Methods References

Lime peel 17.70–26.30 EAE [28]
Blood orange peel 19.24 MAE [29]
Sour orange peel 29.10 MAE [30]

Navel orange peel 15.47–20.44 CE, MAE, UHP [31]
Apple pomace 3.63–14.50 SW, EAE [32,33]

Citrus peel 0.15–28.82 CE, SW, UAE [32,34–36]
Grapefruit peel 23.50–27.34 CE, UAE [37]
Pineapple peel 1.02–2.12 CE, MAE [38]

Apple peel 3.60–6.40 CE [39]
Plantain peel 6.20–13.40 CE, EAE [40]
Pumpkin peel 8.08–10.03 EAE [41,42]
Mango peel 1.55–21.82 CE, UAE [43,44]

Watermelon rind peel 11.25–25.79 CE, MAE [45–48]
Dragon fruit peel 7.50 MAE [49]

Cocoa husk 8.00–11.31 CE [50,51]
Soy hull 26.00–28.00 CE [52]

Potato pulp 14.34 CE [53]
Banana peel 15.89–24.08 CE [54]
Strawberry 4.10–9.00 CE, UAE, EAE [55]
Redcurrent 2.20–8.80 CE, UAE, EAE [55]
Blackberry 4.30–9.10 CE, UAE, EAE [55]
Raspberry 8.70–12.20 CE, UAE, EAE [55]

Recently, pectin extraction studies have progressively focused on the upcycling of
byproducts from the fruit industry. By valorizing the value of peel waste and husks, which
are often discarded, these byproducts offer an eco-friendly and sustainable avenue for
pectin extraction. This approach aligns with the principles of the circular economy, turning
what was once considered waste into a valuable resource.

Pectin is typically extracted through aqueous methods (Table 1), including conven-
tional heating (CE) [31,34], microwave heating (MAE) [29,30], ultrasonic (UAE) [37,43],
and enzymatic extraction (EAE) methods [28]. Unconventional techniques like ultra-high
pressure (UHP) and subcritical water (SW) extraction have also been explored, but they
can lead to some degree of pectin quality limitation and degradation [31,56]. It is worth
noting that pectin yield is also influenced by factors like temperature, extraction time, pH,
and raw material characteristics, along with extraction parameters [57].

2.2. Pectin Structure and Characterization

Pectin, being a complex polysaccharide, has an extensive variety of physical and
chemical configurations, which affect its properties and functionality in a diverse array
of food applications. Pectin is mostly made of α-(1,4)-linked D-galacturonic acid units,
which form the polysaccharide’s backbone [58]. Moreover, pectin molecules exhibit pen-
dant groups that encompass both hydrophilic functional units, including hydroxyl and
carboxyl groups, and hydrophobic functional units, such as carboxylic ester and amide
groups [59]. The polysaccharide chain found in pectin is hydrophilic [60], while proteins,
feruloylated groups, and methyl and acetyl groups in pectin molecules are hydrophobic,
which gives pectin good amphiphilic properties [59–61]. Among the pendant groups in
pectin’s backbone structure, acetyl groups (CH3CO–) and methoxy groups (CH3O–) are
the most prevalent, as they play essential roles in defining the functionality of pectin. The
acetyl groups are typically attached to the hydroxyl (-OH) groups of galacturonic acid
units within the pectin structure. This is typically presented as the degree of acetylation
(DA), which is the number of acetyl groups present per galacturonic acid unit [62]. The
presence of acetyl groups profoundly influences pectin’s solubility, gelation characteristics,
and interactions with other molecules. Higher acetylation levels can impede molecular
interactions among pectin molecules, leading to a reduced ability to form gels [63,64].
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Conversely, lower acetylation levels encourage stronger interactions, enhancing pectin’s
gelling properties and potential applications. In contrast, methoxy groups are linked to the
carbon atoms of galacturonic acid units, and the degree of methoxylation (DM) signifies the
number of methoxy groups per galacturonic acid unit [65–67]. Methoxylation considerably
affects the gelation behavior of pectin [68], especially in the presence of calcium ions, which
will be further explained in subsequent sections that focus on the pectin gelling mechanism.

Based on the degree of esterification (DE) of these groups, pectin is classified either as
low-methoxyl (LMP; DE 50%) or high-methoxyl (HMP; DE > 50%) [69]. The DE influences
the gelation behavior, solubility, and engagement with other constituents within food
matrices, making it a critical parameter in tailoring pectin for specific applications. The
presence of side branches and neutral sugar side chains, such as rhamnose and arabinose
residues, also has a substantial impact on pectin’s gelling property, influencing its overall
structure and activity [70–72]. Pectin consists of three main regions (Figure 1): homogalac-
turonan (HG), which is regarded as the “smooth” region and made up of α-(1,4)-linked
D-galacturonic acid residues with methyl and acetyl esterification; rhamnogalacturonan I
(RG-I), which is termed the “hairy” region with alternating L-Rha and D-GalA residues and
variable side chains; and rhamnogalacturonan II (RG-II), a complex structure containing up
to 13 different sugars and 21 glycosidic linkages [73].

Figure 1. Schematic diagram of various pectin structures.

HG, a linear chain of α-(1,4)-linked galacturonic acid residues, is the primary structural
component of pectin [74]. HG plays a pivotal role in establishing the gel matrix of pectin
hydrogels. Commercial pectin, with a higher proportion of the HG domain, is renowned
for its superior gelling ability, making it a widely used and stable gel-forming agent in the
food and pharmaceutical industries [75]. The gelation mechanism includes divalent cations,
such as calcium ions, interacting with the carboxyl groups present in the galacturonic
acid residues. This results in the creation of “egg-box” structures in which calcium ions
bridge adjacent HG chains, resulting in a 3D gel network with improved strength and
stability. Also, for pectin consisting of both HG and RG-I structures, its ability to form gels
is influenced by the ratio of HG:RG-I and the length of the HG domain. In addition, it
has been reported that hydrogels exhibit optimal properties when prepared using pectin
with a high content of galacturonic acid (GalA), a high molecular weight, and a suitable
proportion of side chains (>15.8%) [76].

RG-I is a complex side chain composed of alternating galacturonic acid and rhamnose
residues that is connected to the HG backbone [77]. The length of the RG-I backbone can
range between 20 and 300 repeating units. At the C-4 position of rhamnose residues in
pectin, there are side chains composed of galactose and/or arabinose residues. These side
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chains can form individual sugar units or combine to create chains of arabinans, galactans,
or arabinogalactans. The branched rhamnose units in these chains account for 20–80% of
the total structure [67,78]. A study by Zheng et al. [70] demonstrated that RG-I-enriched
pectin may produce gels under both cation-induced and acid-induced circumstances. The
existence of numerous arabinose sugar side chains in RG-I contributes significantly to the
gel network’s strength by generating entanglements and stabilizing both chain–chain and
dimer–dimer structures. These side-chain entanglements provide a denser gel network,
limiting network chain mobility, and strengthening hydrophobic and hydrogen bonding in
the HG region, which results in enhanced gel strength.

RG-II is the most complex and structurally unique component of pectin. It consists
of a branched backbone of alternating galacturonic acid and rhamnose residues, with
various side chains containing arabinan, apiose, and xylose residues [67,74,77]. RG-II
has great crosslinking capabilities [79], which help to generate robust and stable pectin
hydrogels. Because of its structural complexity, RG-II may interact with a wide spectrum of
macromolecules in food systems, making it a crucial element in improving the functionality
and performance of pectin hydrogels. However, there are yet few studies on hydrogels
prepared with RG-II pectins or pectin structures containing a higher proportion of RG-II.

3. Gelling Mechanism of Pectin

The gelling properties and mechanisms of pectin have primarily been categorized and
discussed in various studies, with a focus on factors such as its degree of esterification.
This section discusses the impact of the presence of esters and other molecules in the pectin
network on its gelation behavior and structural characteristics.

3.1. High-Ester Pectin

High-methoxyl (HM) pectins, with a DE ranging from 50% and above, predominantly
form gels through the cohesion of hydrophobic forces and the formation of hydrogen
bonds under specific environmental circumstances. These conditions include low pH
levels (around 2.5 to 3.5) and the presence of soluble solids like sucrose (55% to 75%) or
similar co-solutes for the gelling process to occur [74,80,81]. Sugar plays a crucial role in gel
formation by reducing the amount of available water, which stabilizes the junction zones
through hydrophobic interactions. As a result, the formed gel exhibits a two-dimensional
(2D) network of interconnected pectin molecules with water and co-solutes trapped inside,
contributing to its ability to resist deformation. The 3D network of HM pectin gels is
established through junction zones that are stabilized by hydrogen bonding between
carboxyl and secondary alcohol groups, as well as hydrophobic interactions involving
methyl esters. These gels exhibit thermal reversibility, meaning they can undergo gel-to-sol
transitions with changes in temperature. When exposed to hot water, HM pectin gels
are soluble, and to prevent lumping, they are often used with a dispersion agent like
dextrose [74]. The gelling mechanism of HM pectin is depicted in Figure 2.

Figure 2. Gelling mechanism of high-methoxyl pectin. Red circle represents hydrogen bond formation
between the pectin chains.
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The gel formation of high-ester pectins is a complex process affected by various
factors beyond just the DE. These pectins typically create gels by linking polymer chains
at junction zones, facilitated by hydrogen bonding and hydrophobic interactions among
methyl-ester groups. In cases where esters are grouped together, allowing some parts
of the molecule to remain as free acids, calcium bridges might also contribute to the
gelation process. The factors influencing the gelation process and gel structure of high-ester
pectins include the concentration of pectin, its molecular weight, degree of acetylation,
branching pattern, pH, ionic strength, water content, type of sugar present, cooling rate, and
storage temperature [63]. These parameters play crucial roles in determining the properties
and characteristics of the pectin gels [63]. During the gelation process, 3D networks are
established, effectively entrapping water and solute molecules within the gel structure. The
gel strength of high-ester pectins increases with higher pectin concentration, creating more
junction zones and elastic chains [74,82]. The DE determines pH and temperature range
for gelling, with higher DE pectins gelling at higher pH and temperature [83]. Acetylation
reduces pectin’s gelling ability by hindering interactions [84,85], while neutral sugars can
either hinder or enhance gel cohesion through hydrophobic interactions [63,74]. For sugar
composition in high-ester pectin, the effect is dependent on the molecular geometry of the
sugar interacting with neighboring water molecules [80]. The other factor affecting pectin
gelling properties is pH level. Lower pH promotes gel formation by facilitating interactions
between pectin molecules [63]. The carboxyl groups on galacturonic acid residues are less
dissociated in acidic circumstances, resulting in less electrostatic repulsion between pectin
chains. This permits the chains to generate additional hydrogen bonds and form a gel
network. On the other hand, an excessively low pH level might cause rapid gelling without
sufficient organization, resulting in a weak and poorly organized gel.

In addition, pectic polysaccharides, such as pectins, are polyelectrolytes whose gelation
behavior and interactions with ions are affected by the solution’s ionic strength [86]. Higher
ionic strength can change the pH range for gel formation and enhance the creation of
stronger gel networks by binding divalent cations such as calcium (Ca2+), which function
as bridges between pectin molecules [63]. This can also enhance the creation of junction
zones between pectin molecules, resulting in stronger gel networks. These cations operate
as bridges between the negatively charged carboxyl groups of pectin, further solidifying
the gel structure. Meanwhile, lowering the water activity by increasing the concentration
of soluble solids to around 65 wt% is preferred, as it speeds up the gelling process and
enhances the strength of the resulting gel [87]. When water activity is reduced, gelation
occurs faster because there is less water available to hydrate the pectin molecules. As a
result, the molecules are forced closer together, resulting in a denser and closer woven gel
network. As a result, the final gel strength increases. The cooling rate of gels has been
indicated as another factor influencing the pectin gelation rate [63]. Intermediate cooling
rates and temperatures are favorable for gel formation as they promote the formation of a
network with the highest elasticity. During cooling, hydrogen bonding and hydrophobic
interactions between pectin molecules play an important role in gel structure stabilization.
A slower cooling rate gives these interactions more time to occur, resulting in a stronger
and more elastic gel. Therefore, to explicitly determine the gelling behavior and consequent
gel characteristics of high-ester pectin obtained from different sources, the interactions
between these parameters and their optimal conditions for desirable gel formation must
be investigated.

3.2. Low-Ester Pectin

Low-ester pectins have historically served as the go-to option for gelling food products
in scenarios where high-ester pectins may not be as effective in forming a gel. In addition,
low-ester pectins have demonstrated their usefulness in forming stable gels in low-to-
moderate sugar and acidic environments. Amidated pectins, which are a subcategory
of low-ester pectins, exhibit distinct gelling characteristics, providing a wide array of
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functional properties in the food industry. These unique characteristics make them versatile
choices for various food applications.

Low-ester pectins with a low degree of methylation (DM) have more free carboxylic
acid groups, which interact with Ca2+ ions to create a continuous gel network through
the “egg-box” paradigm [68]. Figure 3 presents the “egg-box” model, elucidating the gel
formation mechanism of low-methoxyl pectin. However, it remains disputed how many
contiguous non-methoxylated galacturonic acid residues are necessary for cooperative
egg-box formation (6 to 20 residues) [88–91]. The capacity of the gel to produce stable egg-
box junction zones is governed by the presence of extended blocks of non-methoxylated
galacturonic acid residues for cooperative Ca2+ ion binding [92]. The amount of calcium
required for gelation is determined by the DE, size, and distribution of non-methylesterified
galacturonic acid, as well as the process parameters [92,93]. Calcium excess can cause pre-
gelation or the formation of pectin precipitates.

Figure 3. The “egg-box” model illustrating the gelling mechanism of low-methoxyl pectin.

According to Flutto [63] and Vriesmann [64], the presence of ester, acetyl, or amide
groups in pectin disrupts the stabilization of polar groups in the junction zones between
neighboring pectic chains, resulting in hindered gel formation. The side chains of pectin
may also influence the flexibility of the molecule, preventing aggregation through steric
hindrance. Hydrogen bonds and hydrophobic interactions can also impact the ultimate
texture of low-ester pectin gels, particularly in conditions of low pH and high soluble solid
concentrations. Various parameters influence the gelling of low-ester pectins, including the
number and distribution of ester and amide groups, molecular weight, pH, ionic strength,
and water activity of the gelling system [63].

Several variables determine the gel strength of low-ester pectins. As calcium bonds
can only form in esterification-free areas, lower esterification levels result in greater gel
strength. Pectin amidation enhances gelling power, promotes hydrogen bonding, and leads
to tougher and thermo-reversible gels with reduced calcium requirements. Amidation
increases the gelling ability of low-methoxy pectins by requiring less calcium to gel and
making them less likely to precipitate at high calcium levels [94]. The molecular weight
of low-ester pectins governs gelation by influencing the number of required connection
zones [63]. Pectins with higher molecular weights have more junction zones, leading to
faster gelation and reduced syneresis. The length of the pectin chain directly relates to its
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molecular weight, creating a greater number of junction zones and resulting in stronger gel
formation [95,96].

The pH of the pectin solution influences gel texture as well as calcium needs. Studies
on LM-pectin gel properties [97,98] revealed that lowering the pH < 3 weakened the Ca2+

-induced gel for non-amidated pectin but strengthened it for amidated pectin. Interestingly,
LM pectin can form gels even at low pH without Ca2+ [99]. They proposed that below
a certain pH, a conformational transition induces pectin aggregation and gelation when
G′ > G′′. Additionally, gelation of LM pectin is favored at high pH, as Ca2+ bridges
require an adequate number of dissociated carboxyl groups [92]. These findings provide
valuable insights into the complex gelation behavior of LM-pectin under different pH
and Ca2+ conditions. Managing calcium requirements is another important parameter
influencing gelation, which can be achieved by adjusting the water activity through the
addition of sugar or by varying the concentration of soluble solids in the solution [63].
Increasing the solid level reduces the amount of calcium needed while accelerating the
gelling process, elevating the setting temperature, and enhancing the final gel strength.
However, this approach also leads to a narrower optimal calcium window, prompting
practical applications to favor pectin with higher esterification at higher solid levels.

4. Types of Pectin Gels

Pectin gels exhibit diverse forms, comprising hydrogels, cryogels, aerogels, xerogels,
and oleogels, each of which will be explored in detail in the subsequent sections. A visual
representation of these distinct pectin gel types is presented in Figure 4, offering a schematic
diagram for better understanding.

Figure 4. Schematic diagram illustrating various pectin-based gel types according to preparation
conditions and varying levels of drying conditions.

4.1. Hydrogels

Hydrogels are 3D porous materials made from crosslinked hydrophilic polymers,
whether natural or synthetic. They possess the ability to absorb substantial quantities of
water or biological fluids without dissolution [100,101]. Hydrogels are created by either
physically or chemically crosslinking polymer chains, which can be synthetic or naturally
derived. The control of hydrogel formation and the enhancement of interactions depend sig-
nificantly on factors such as pH and charge balance. Most hydrogels, especially those based
on polysaccharides, exhibit desirable biocompatibility, biodegradability, tunable structures,
and stable physicochemical properties. These unique features of pectin hydrogels enable
their wide application in wound healing [102,103], tissue engineering [104], drug deliv-
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ery [59,105,106], strain sensors [107], supercapacitors [108], aqueous batteries [108], and
various other fields. However, hydrogels formed through single chemically or physically
cross-linked methods may have poor mechanical properties and weak energy dissipation
during deformation. This brittleness limits their potential applications. To enhance their
properties, various techniques in preparing hydrogels are utilized, such as ionic gelation,
ionotropic gelation, casting, and filtration, offering versatile routes to tailor hydrogels for
specific needs, as demonstrated in Table 2.

Table 2. Types of pectin gels and their applications.

Types of Pectin Gel Composite Material Methods Outcomes Applications References

Hydrogel Pectin/chitosan/essential
oils

Ionic gelation
(Dripping method)

Good antimicrobial activity against
six types of microorganism - [109]

Hydrogel Pectin/chitosan Ionic charge interaction Good antibacterial and wound
healing properties Tissue regeneration [110]

Hydrogel LM apple pectin -

Low toxicity, improved stability
towards elastic and plastic

deformation, ability to adhere to
macrophages and the non-specific

adsorption of blood plasma
proteins

Scaffold for tissue
engineering [13]

Hydrogel LM apple pectin/LM
hogweed pectin Ionotropic Increased gel strength - [111]

Hydrogel
HM apple

pectin/Glucono-δ-
lactone

-
Great mechanical strength, stronger
thermo-reversibility, and higher pH

stability
[112]

Hydrogel (membrane
layer)

Banana peel
pectin/Water hyacinth

carboxymethyl cellulose
Casting Increased hydrophobicity of

hydrogel membrane - [113]

Hydrogel
LM pectin/Resistant
starch/Lactobacillus

bulgaricus
Filtration High storage ability and protective

effects on L. bulgaricus

Synbiotic encapsulation,
protection, and delivery

of probiotics
[114]

Aerogel Citrus pectin/cellulose
nanofiber Freeze drying Improved tensile and compressive

properties

Edible fungus
moisture-regulating

packaging
[115]

Aerogel LM pectin/alginate Freeze drying
Strong antioxidant activity with

good controlled released of
proanthocyanidins

Matrix for the
controlled release of
proanthocyanidin

compound

[116]

Aerogel 1.Citrus pectin Supercritical drying
with CO2

High specific surface and low bulk
density

Matrix for the
controlled release of
vanillin compound

[117]2. Watermelon rind
pectin

Aerogel Citrus pectin/PLA Supercritical drying Increased swelling and simulated
body fluid (SBF) uptake

Active wound-healing
materials [118]

Aerogel Pectin/TiO2
Supercritical CO2

drying
Great mechanical, thermal, and

antimicrobial properties
Temperature-sensitive

food [119]

Aerogel Citrus pectin Supercritical CO2
drying

Low density with high porosity and
pore volume resulted in small pores

size, mainly mesopores and small
macropores

Matrix for the
controlled release of

theophylline compound
[120]

Oleogel

Citrus pectin/camellia
oil/tea

polyphenol-palmitate
particles

Freeze drying Improved oil binding capacity and
gel strength - [121]

Oleogel Citrus pectin/
ovotransferrin fibrils Homogenizing

Better stability, smaller droplet size,
more prominent gel-like structure,
high viscosity, and superior texture

properties

Matrix for the
controlled release of
curcumin compound

[122]

Oleogel Citrus pectin/tea
polyphenol ester Freeze drying

Increased stability and
viscoelasticity of emulsions,

improved oil binding capacity and
gel strength of the oleogels

Fat replacer in cookies
product [123]

Cryogel
1. Apple

pectin/chitosan Cryotropic gelation
(Freeze drying)

Possessed biocompatibility,
biodegradability, and low toxicity

Potential medical
purposes [124]

2. Heracleum
pectin/chitosan

Cryogel LM pectin/sucrose Freeze drying Reduction of ice crystal in gel - [125]

Cryogel Citrus pectin Freeze drying High loading efficiency of
theophylline compound

Matrix for the
controlled release of

theophylline compound
[120]

Cryogel
LM, MM and HM
pectin/polyvinyl

alcohol
Film drying

Ability to keep the enrofloxacin
antibiotic inside the matrix and
control of the cargo amount in

the gel

Can be used for
different infectious
pathologies and/or

treatments

[126]
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Table 2. Cont.

Types of Pectin Gel Composite Material Methods Outcomes Applications References

Xerogel Citrus pectin Oven drying
High density, low porosity, low

pore volume and compact
morphology

Matrix for the
controlled release of

theophylline compound
[120]

Xerogel Sugar beet pectin Air drying
Improved stability and reusability

of the gels with good sorption
capability of metal compounds

Heavy metal removal [127]

Xerogel Sugar beet pectin Air drying
Good mechanical strength with

high continuous biosorption and
desorption of copper

Biosorbent for copper
removal in a fixed-bed

column
[128]

Xerogel LM pectin/brea gum Oven drying

Showed good compatibility
between both polymers with high

gel strength, while also able to
respond to the changes in pH of the

medium and modify dye release

Matrix for the
controlled release of
methylene blue dye

[129]

Hydrogel Preparation

Ionic gelation is a commonly employed technique for producing hydrogels, especially
those derived from natural polymers such as pectin, alginate, or chitosan. This method is
widely used due to its effectiveness and versatility in creating hydrogel networks. This
method involves crosslinking polymer chains through ionic interactions with multivalent
ions, typically divalent cations such as calcium (Ca2+) or zinc (Zn2+) [109,130,131]. In this
process, the polymer solution is mixed with the crosslinking ion solution, resulting in the
creation of a cohesive gel structure. The gelation process occurs when the divalent ions
interact with the functional groups (e.g., carboxylate or sulfate groups) on the polymer
chains, forming strong ionic bonds. The crosslinking of polymer chains creates a 3D
network that traps water molecules, giving rise to the hydrogel structure. The gelation
can be triggered by changing pH, temperature, or simply mixing the polymer and ion
solutions. In research conducted by Torpol et al. [109], a pectin hydrogel was developed
using the ionic gelation method, which involved the combination of chitosan and essential
oils with the addition of CaCl2. In another study, the ionic gelation method was utilized for
microencapsulation-based gelation, enabling the crosslinking of polyelectrolytes (pectin
and chitosan) with multivalent ions, including calcium (Ca2+), to create the hydrogel
bead [132]. The study findings indicated that the hydrogel developed exhibited significant
inhibition activity against various harmful bacteria, such as B. cereus, C. perfringens, E. coli, P.
fluorescens, L. monocytogenes, and S. aureus. This suggests the potential of the pectin–chitosan
hydrogel for antimicrobial applications.

Ionotropic gelation is a specific type of ionic gelation that relies on the capacity of poly-
electrolytes to undergo crosslinking when exposed to counterions, leading to the formation
of hydrogels [133]. In this method, the polymer solution is mixed with a solution containing
metal cations, such as calcium (Ca2+) or aluminum (Al3+). The metal cations interact with
the carboxylate or sulfate groups on the polymer chains, leading to gel formation [134]. The
formation of the hydrogel structure through ionotropic gelation is influenced by factors
such as the polymer concentration, crosslinking ions, and ionic strength of the surrounding
medium. By adjusting the concentration and types of metal cations used, the crosslinking
process can be customized. Ionotropic gelation finds widespread use in various applica-
tions, including controlled drug release, encapsulation of bioactive substances, and tissue
engineering purposes. In another study by Popov et al. [111], the ionotropic gelation
method was employed to create hydrogels using low-methyl apple and hogweed pectin
samples with the addition of calcium gluconate. Ionotropic hydrogels are formed when
polymers gel in the presence of metal cations. Pectin, with its carboxylate groups, readily
forms gels in the presence of metal cations like Ca2+. Calcium gluconate, a divalent metal
cation, can crosslink with pectin and contribute to its gelling properties. The use of calcium
gluconate was preferred over calcium chloride due to its milder taste, improving consumer
acceptance. The presence of sucrose was observed to positively influence the creation
of pectin gels by stabilizing the crosslinks between pectin and calcium ions. Moreover,
sucrose forms hydrogen bonds with water molecules, resulting in the immobilization of free
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water and promoting the concentration of the polymer environment, thereby facilitating
gelation. The study demonstrated that a mixture of both apple and hogweed pectin showed
a synergistic effect, contributing to higher gel strength in the hydrogels formed through
ionotropic gelation [111].

The casting method involves the preparation of hydrogels by casting a solution or
dispersion of hydrogel precursors into a mold or container of the desired shape [135].
Natural polymers, synthetic polymers, or a combination of both can be used as hydrogel
precursors. Precursor gelation happens by physical or chemical crosslinking, depending on
the formulation. Intermolecular forces like hydrogen bonding and hydrophobic interactions
cause gelation in physical hydrogels. Conversely, chemical hydrogels are created through
covalent bonding of polymer chains, in which chemical processes generate permanent links
between polymer chains. The casting approach provides for exact control over the shape
and size of the hydrogel, making it suited for applications such as drug delivery systems,
wound dressings, and tissue engineering scaffolds. The casting method of developing
hydrogel was demonstrated by Elma et al. [113], who showed good compatibility between
CMC and pectin from banana peels that led to stabilization of cross-linking the hydrogel
membrane synthesis. The study also showed an increase in the hydrophobicity of the
hydrogel membrane due to the addition of banana peel pectin.

The filtering process includes extruding a mixture of hydrogel precursors through a
membrane or filter with precise pore sizes to create hydrogel beads [114]. The extrusion
procedure results in the creation of uniformly sized hydrogel beads. Polymers containing
crosslinking functional groups, such as alginate or chitosan, can be used as hydrogel
precursors [132]. During the extrusion process, the hydrogel precursors interact and create
a gel network [136]. The addition of crosslinking agents or ions can improve the gelation
process even more. The filtration method is commonly used for the encapsulation of drugs,
enzymes, or bioactive compounds, as well as the delivery of therapeutic agents and the
immobilization of cells for various biomedical applications. A study by Lee et al. [114]
demonstrated the filtration method for preparing hydrogels. The study showed that
adding pectic oligosaccharide (POS) resulted in smooth hydrogel beads with fewer surface
imperfections. The smoothness was achieved through hydrogen bonding between resistant
starch (RS) beads and POS. The study suggests that RS-POS (1.2%) hydrogel beads could
be used as an effective carrier for encapsulating L. bulgaricus probiotics, offering protection
and controlled delivery.

4.2. Cryogels

Cryogels are a type of pectin gel formed using a cryotropic gelation process. In this
method, pectin solutions are frozen at sub-zero temperatures, and the ice crystals formed
act as templates for the gelation process [137]. As the frozen gel is thawed, the ice crystals
melt, leaving behind a porous network of interconnected pectin chains [138]. Cryogels have
a highly open and porous structure, making them ideal for applications requiring high
surface area and rapid mass transfer, such as in food packaging, adsorption, and filtration
processes. Cryogels are 3D porous materials formed by a process called cryotropic gelation.
The preparation of cryogels involves two main methods: freeze-drying (also known as
lyophilization) and film drying, as stated in Table 1. A study by Konovalova et al. [124]
demonstrated polymeric cryogels formed through freeze-drying, which involves freezing
and thawing the initial solutions to create the gel. In this study, low-methyl-esterified pectin
from apples and Heracleum were used as the main components, capable of forming a gel
with Ca2+ ions. The cryogels are prepared by diffusing pectin into a frozen chitosan solution,
resulting in the formation of a pectin/chitosan polyelectrolyte complex. The freeze-drying
process shapes the unique macroporous structure of the cryogels, contributing to their
special properties and applications. However, the freeze-dying process has been revealed
to affect the microstructure and mechanical properties of pectin cryogels [125]. This method
creates a cellular, less dense structure with a smooth surface and homogeneous honeycomb-
like pores. The freezing temperature influences porosity, with higher temperatures leading

233



Gels 2023, 9, 732

to decreased porosity. The process also impacts mechanical properties, reducing density
and increasing porosity. Slow freezing produces larger ice crystals, resulting in shorter
drying times and lower hardness in the cryogels. Findings by Groult et al. [120] showed
that freeze-dried pectin cryogels undergo limited sample shrinkage (10–13 vol%) due
to water freezing and ice crystal growth within the sample. However, this creates large
pores and a damaged morphology with cracks and macropores. The resulting freeze-dried
cryogels have a very low density (0.07 g/cm3), high porosity (95%), and high pore volume
(13 cm3/g). Compared to hydrogel, aerogel, and xerogel, pectin cryogels have the lowest
bulk density (0.073 ± 0.003) and volume shrinkage.

Meanwhile, pectin cryogels formed using the film drying method have been demon-
strated in a previous study [126]. The advantage of film drying properties over pectin
cryogel properties is that they allow for the modulation of the releasing rate of drugs, such
as enrofloxacin in this case. By incorporating high-methoxylated pectin into the cryogel
film, the release rate of the antibiotic enrofloxacin was significantly slowed down [126].
Additionally, the two-layer film system, with the top film equilibrated with different NaCl
concentrations, further controlled the release rate of enrofloxacin. This demonstrates the
potential of film drying to tailor the drug release properties of pectin cryogels, making
them suitable for transcutaneous antibiotic delivery applications.

4.3. Aerogels

Aerogels are solid structures composed of colloidal or polymeric networks, known
for their extremely low weight and exceptionally high porosity, reaching up to 99.9% (v/v)
open spaces [139]. Aerogels are fabricated through a drying process where the liquid within
the gel’s pores is substituted with air. These materials can exhibit a wide range of pore sizes,
from macro to micro, resulting in high surface areas and low thermal conductivities. Due to
their tunable properties, aerogels have garnered attention as versatile nanomaterials. Their
unique attributes, such as ultra-low density, high specific surface area, and remarkable
acoustic, mechanical, and thermal insulation properties, make them a special class of
advanced materials with great potential for bioactive encapsulation and controlled release
applications [116]. In addition, bio-aerogel is a remarkable material characterized by its
low density, extensive surface area, and porous structure, offering ample opportunities
for functionalization. This exceptional feature arises from the abundant hydroxyl groups
present on the polymer backbone, enabling straightforward modification and customization
of the material’s properties [140].

Aerogels have emerged as highly desirable materials for supporting single or multiple
component nanoparticles, owing to their adjustable characteristics like pore size, surface
area, and density. The narrow distribution of pore sizes and substantial surface areas enable
excellent dispersion of nanoparticles. This dispersion leads to enhanced control over the
rates of reactant and product diffusion to and from catalytic sites composed of nanoparticles.
By combining robust sol–gel chemistry with various preparation methods, such as supercrit-
ical deposition, researchers have successfully developed aerogel-supported nanoparticles
with exceptional catalytic properties tailored for specific targeted reactions [141]. The
drying step is the most crucial stage in the production of aerogels. The majority of re-
search efforts focused on fabricating polymer aerogels have employed supercritical CO2
drying and freeze-drying techniques, as evidenced by the data presented in Table 1. It
is worth noting that the properties of the final products vary depending on the drying
method employed.

Pectin-based aerogels have been extensively studied using supercritical CO2 drying.
However, this method has some drawbacks compared to freeze-drying, including complex-
ity, expensive raw materials, and high energy and CO2 consumption. A study by Méndez
et al. [117] investigated pectin hydrogels prepared through a sol–gel process followed by
supercritical drying. They analyzed how pectin composition affected the aerogel structure
and release properties when impregnated with vanillin. The developed aerogel particles
exhibited high specific surface areas and low bulk density. Pectin’s affinity with vanillin
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influences shrinkage during aerogel formation and the release profile of vanillin, making
it a promising carrier for active compounds in food and biomedical applications. Horvat
et al. [118] described the synthesis of biodegradable hybrid aerogels using pectin and
polylactic acid as wound-dressing materials. These aerogels were loaded with model drugs
and oxygen-generating compounds to assess their drug-release properties. Pectin’s high
water uptake and swelling ability make it attractive for wound-dressing applications. The
addition of polylactic acid improved the material’s stability in simulated body fluid, which
is crucial for wound healing. The resulting hybrid material exhibited a highly porous
structure with a large surface area, making it advantageous for drug delivery applications.
A study by Groult et al. [120] observed that changing the drying method from freeze-drying
(cryogels) to supercritical drying (aerogels) creates noticeable structural differences, par-
ticularly concerning specific surface area and pore sizes. Supercritical fluids, like CO2,
exhibit properties between liquids and gases, allowing for a gentle drying process without
damaging the network structure. This results in low-density aerogels with high poros-
ity and pore volume, similar to pectin cryogels. However, aerogels have smaller pores,
mainly mesopores and small macropores (50–150 nm in diameter), leading to a significantly
higher specific surface area (SBET) of 360 m2/g, compared to cryogels with a SBET of
10–20 m2/g [120].

Recent studies have shown that freeze drying is a cost-effective method for produc-
ing polymer aerogels, comparable to supercritical drying. A study by Wu et al. [115]
investigated composite citrus pectin combined with cellulose nanofiber to create aerogels
for thymol release. During freeze drying, the emulsion structure around oil droplets is
destroyed, leaving oil droplet-shaped pores as a template for the aerogel structure. This
aerogel maintained thymol activity, reduced susceptibility to oxygen, and provided slow-
release properties. The aerogel was tested on fresh edible mushrooms (Agaricus bisporus),
extending their storage time up to 5 days by adjusting the humidity in the packaging to
97%. In another study, biopolymer aerogel microspheres were fabricated using alginate
and pectin crosslinked with divalent cations (Ca2+) via the sol–gel method followed by
freeze drying [116]. In this study, as the pectin ratio in the aerogels increased, greater poros-
ity and pore size were observed. Moreover, the encapsulated proanthocyanidins within
these aerogel microspheres exhibited controlled release behaviors, conforming to both the
first-order and Korsmeyer–Peppas models. Notably, aerogels with higher pectin content
exhibited stronger antioxidant activity based on radical scavenging and ferric-reducing
antioxidant power results.

4.4. Xerogels

Xerogels are a specific category of gels that are formed into solid structures by slow
drying at room temperature, allowing them to shrink freely during the process [142,143].
Pectin xerogel can be obtained through the removal of the solvent from the hydrogel by
evaporation at room temperature or under vacuum conditions. During this process, the
solvent is gradually removed, causing the gel structure to collapse, resulting in a solid
material with a high content of interconnected pectin chains. Xerogels have a lower water
content compared to hydrogels but retain their 3D network structure. They are commonly
used in food applications for the encapsulation and controlled release of bioactive com-
pounds and flavors. Xerogels are a type of hydrogel that is prepared by drying the gel at
low temperatures to remove the solvent and water, leaving behind a solid porous material.
Evaporative drying commonly results in pore collapse due to elevated capillary pressure,
leading to materials with high density and low porosity [144]. There are two common
methods used to prepare xerogels: oven drying and air drying, as shown in Table 1.

Oven drying, also known as conventional drying, is another method for preparing
xerogels. In this process, the wet hydrogel is placed in an oven at a controlled temperature
to facilitate the removal of solvent and water. The controlled environment ensures more
precise drying conditions compared to air drying, but it still requires a longer drying
time than freeze drying. Oven drying offers a cost-effective approach that can be easily
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implemented using standard laboratory equipment. The study conducted by Groult
et al. [120] investigated evaporative drying in the development of citrus pectin xerogel
under vacuum conditions at 60 ◦C. This process led to a significant shrinkage of over
90% in the volume of the material. Consequently, the drying method created a compact
morphology with a high density (~1 g/cm3), a relatively low porosity (approximately 30%),
and a low pore volume (0.3 cm3/g). The pectin xerogels exhibited some degree of porosity
when observed through a scanning electron microscope (SEM), but the specific surface area
could not be measured due to possible closed pores. Notably, loading efficiency was high in
pectin xerogels (94%), indicating that the impregnation time was sufficient to fully load the
pectin alcogel. Another study demonstrated the usage of oven drying at 40 ◦C to produce
xerogel consisting of low-methyl pectin and brea gum [129]. The study found the xerogel
exhibited a compact and dense structure with good compatibility between pectin and brea
gum, and its swelling and erosion behavior were influenced by the external pH, reaching
equilibrium states for water absorption and erosion. These properties of the xerogel have
implications for its potential applications in medical, food, and industrial uses, given its
response to changes in pH and controlled release behavior.

An alternative method was employed by Mata et al. [127,128], which utilized air drying
to remove the solvent from the gels and obtain the desired xerogel structure. These studies
developed sugar-beet pectin xerogels, which were later found to be effective in removing
heavy metals (cadmium, lead, and copper) from effluents and wastewater in continuous
systems. The xerogels show promising potential as a biosorbent for metal recovery due
to their high adsorption capacity and stability. In addition, xerogels also exhibit excellent
reusability after multiple batch sorption–desorption cycles. The biosorption capacity and
mass of the xerogel beads remain largely unchanged even after multiple reuse cycles,
making them suitable for metal remediation technologies.

4.5. Oleogels

An oleogel is a type of gel that is formed by structuring liquid oil using a gelling agent.
Typically, the gelling agent is a hydrophilic material, such as a polymer or a surfactant, that
can interact with the oil molecules to create a 3D network or structure [145]. This network
traps and immobilizes the oil, transforming it into a gel-like consistency. Oleogels are often
used as fat replacers in various food products to reduce the amount of solid fats like butter
or margarine while maintaining desirable texture and sensory properties [146]. They offer
potential benefits by reducing saturated fat content and improving the nutritional profile of
food products. Pectin oleogels have been developed using two methods: freeze-drying and
homogenizing, as demonstrated in Table 1.

In the freeze-drying method, a stable emulsion of pectin and oil is first formed. The
emulsion is then frozen, and the water in it is removed by sublimation, leaving behind
a porous structure of pectin and oil. The oil is trapped within the pores, creating an
oleogel. This method preserves the original emulsion structure and results in a highly
porous and stable oleogel, but it can be time-consuming and requires specialized equip-
ment. A study by Luo et al. [121] investigated the preparation and application of oleogels
made with camellia oil, tea polyphenol-palmitate particles, and citrus pectin using the
emulsion-templated method. The concentration of citrus pectin had a significant impact
on the physical properties of the emulsions, dried products, and oleogels. Higher pectin
concentrations led to more stable and viscoelastic emulsions, as well as dried products with
a denser structure and increased hardness. The oleogels exhibited enhanced oil binding
capacity and gel strength, with a high gel strength (G′ > 17,000 Pa) observed when the
citrus pectin concentration exceeded 1.5% (m/v). These polyphenol-rich oleogels also
demonstrated strong antioxidant activity. When used as a replacement for butter in cakes,
the oleogels achieved a satisfactory overall quality with hedonic scores ranging from 21.49
to 27.58, compared to a score of 32.03 for cakes made with butter. In addition, Pan et al. [123]
developed pectin oleogels combined with tea polyphenol ester particles of different fatty
acid chain lengths, which were further used in cookie production as a fat replacer. The
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study found that the fatty acid chain length influenced the characteristics of the oleogels,
including appearance, firmness, and gel intensity. When using pectin oleogels as a butter
replacement in cookies, the texture and sensory qualities of the cookies changed. At certain
replacement levels, cookies made with specific fatty acid chain lengths in the oleogels
showed similar qualities to traditional butter cookies, making them a potential alternative
for fat replacement in cookies.

In the homogenizing method, pectin and oil are mixed to form an emulsion using a
homogenizer. The pectin molecules stabilize the oil droplets within the water phase. The
emulsion is then allowed to cool and set to form the oleogel structure. This method is
relatively simple and scalable, allowing for controlled manipulation of the gel structure by
adjusting homogenization conditions. However, the resulting oleogel may have a lower
porosity and specific surface area compared to freeze-dried oleogels. Dong et al. [122] ex-
plored the effect of the interaction between ovotransferrin fibrils (OVTFs) and citrus pectin
on the properties of oleogel-based pickering emulsions. OVTF–citrus pectin complexes with
better stability were obtained at a mass ratio of 3:1 and pH 5.0, exhibiting pearl chain-like
structures. Subsequently, oleogel-based OVTF-stabilized pickering emulsions (OEs) and
oleogel-based OVTF–CP complex-stabilized pickering emulsions (OCPEs) were developed.
In comparison to OE, the combination of OVTFs with citrus pectin in OCPE resulted in
greater stability, smaller droplet sizes, a more noticeable gel-like structure, higher viscosity,
and superior textural qualities. The OCPE was also employed as a curcumin delivery
method, with superior curcumin preservation, a higher rate of lipolysis, and improved
bioaccessibility. This novel strategy sheds new insight on how to customize the characteris-
tics of oleogel-based pickering emulsions by leveraging the interaction between protein
fibrils and polysaccharides, which might lead to the precise production of emulsions with
preferred shapes and properties.

5. Crosslinking in Hydrogel

The crosslinking of hydrogels encompasses three main processes: physical, chemical,
and interpenetrating polymer networks (IPNs), as depicted in Figure 5. Each process
imparts distinct characteristics to the hydrogel, making it suitable for specific applications.
The choice of crosslinking methods plays a crucial role in determining the hydrogel’s
properties, and different crosslinking approaches are employed based on the desired
characteristics and applications.

Figure 5. Crosslinking methods, including physical interactions, chemical bonds, and interpenetrat-
ing polymer network (IPN) formation, for the preparation of pectin hydrogels. Illustrative figure
modified and permitted by [106,147].
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5.1. Physical Crosslink Hydrogels

Physical hydrogels are formed through non-covalent interactions, such as electro-
static, hydrogen bonding, and hydrophobic forces, between oppositely charged biopoly-
mers [18,147,148]. These interactions allow for the creation of polyion complexes, where
multiple macromolecules come together to form a stable network. The polymer chains in
physical hydrogels have strong inter-chain interactions, leading to a cohesive molecular
network. At the same time, these hydrogels possess a high affinity for water, encouraging
water molecules to access and reside within the gel structure. Due to their reversible and
water-sensitive nature, physically crosslinked hydrogels have a short lifespan, typically
lasting from a few days to a month when exposed to physiological conditions [18]. This
property makes them advantageous for applications where short-term drug release is
required, especially in clinical settings, as they do not rely on toxic covalent crosslinking
molecules for gelation. In the case of physical crosslinking, the modification process in-
volves interactions that are reversible and do not involve the formation of new covalent
bonds. Instead, existing forces such as electrostatic interactions, hydrogen bonding, or
hydrophobic interactions are utilized to create the network structure. As an example, a
study [149] found that the combination of gelatin and low-methoxyl pectin leads to the
formation of a physical co-gel. Electrostatic forces between gelatin and pectin facilitate the
interactions, resulting in a reversible physical polyion complex. Gelatin forms the primary
network, while pectin is dispersed within. Electrostatic forces facilitate interactions between
gelatin and pectin molecules, forming a reversible physical polyion complex with enhanced
performance [147]. Furthermore, the study also incorporated glutaraldehyde to achieve 3D
crosslinking, which involves the formation of strong and enduring connections through
covalent bonds between polymer chains. Upon introduction to the physical polyion com-
plex of gelatin and pectin, glutaraldehyde reacts with specific polymer functional groups,
generating new covalent bonds. This process establishes a stable and enduring hydrogel
structure characterized by enhanced mechanical strength and water resistance. While
physically crosslinked hydrogels may exhibit reduced strength compared to chemically
crosslinked ones, they can offer limited stability and durability.

5.2. Chemical Crosslink Hydrogels

In contrast to physical hydrogels, chemical hydrogels are formed through the cova-
lent crosslinking of biopolymers at specific sites [147,150]. This crosslinking is achieved
using crosslinkers, which act as bridges between polymer chains, resulting in a stable
and homogenous network. Unlike physical hydrogels, the synthesis and properties of
chemical hydrogels are not solely dependent on pH but can be easily controlled by ma-
nipulating the crosslinking process. Chemical crosslinking allows for the modification of
various hydrogel properties, including swelling behavior, biodegradability, and mechanical
strength. Different approaches, such as the inclusion of small molecules, ionizing radiation,
and free radical mechanisms, can be employed for covalent crosslinking [18]. Chemically
crosslinked hydrogels offer enhanced stability and durability, making them suitable for
longer-term applications. The process of modifying pectin to create its derivatives also
encompasses ionic gelation between pectin and another polymer. A study on the combina-
tion of pectin and chitosan was investigated by Maciel et al. [151] and Shishir et al. [152].
The study prepared pectin-chitosan hydrogel through the formation of a polyelectrolyte
complex. This complex arises from the electrostatic interaction between the negatively
charged carboxyl groups (COOH) of pectin and the positively charged amino groups (NH2)
of chitosan, resulting in the development of a chemically stable hydrogel. In addition, the
prepared hydrogel exhibited remarkable moisturizing properties, was biocompatible, and
provided a protective effect on skin wounds [110]. Furthermore, an investigation into the
synergy of pectin and cellulose integration was undertaken by Chen et al. [153] using an
ionic liquid approach, resulting in the development of a chemically crosslinked hydrogel.
This research synthesized a natural composite hydrogel by combining flexible pectin and
cellulose within an ionic liquid environment. Ionic liquids are often used as solvents to
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dissolve cellulose due to their ability to disrupt the strong hydrogen bonding network in
cellulose [154]. When pectin, which carries negative charges on its carboxyl groups, is
combined with cellulose in the ionic liquid, an electrostatic attraction occurs between the
positive charges on the cellulose and the negative charges on the pectin. This interaction
leads to the formation of a stable composite hydrogel through chemical crosslinking, which
involves the creation of ester bonds between cellulose and pectin molecules. This process
leads to the development of a hydrogel with a dense network structure and enhanced
properties, as described in the study [153].

5.3. IPN (Interpreting Polymer Network) Crosslink Hydrogels

IPNs are a unique type of hydrogel that involves the physical entanglement of two or
more polymer networks, each with its own distinct properties [147,150]. These networks
are interlaced at a molecular scale but not covalently bonded to each other, and they
cannot be separated unless chemical bonds are broken. IPNs can be semi-IPNs or full-
IPNs, depending on the level of crosslinking between the polymers [18]. In semi-IPNs,
one polymer network is crosslinked, while the other is physically associated with the
crosslinked network. On the other hand, full-IPNs occur when both polymer networks
are crosslinked [104]. IPNs provide a way to combine different polymers, such as natural
polysaccharides, proteins, or synthetic hydrophilic polymers, to complement each other’s
deficiencies. By utilizing this entangled structure, IPNs offer unique mechanical, swelling,
and biocompatible properties, making them valuable in various applications, including
drug delivery and tissue engineering. IPNs can be prepared through different routes by
combining natural and synthetic polymers, offering versatility and control in hydrogel
design. Yan et al. [155] explored the potential use of IPNs consisting of soy protein isolate
(SPI) and sugar beet pectin as carriers for probiotic delivery. The researchers employed an
enzymatic approach to create the IPN hydrogels and investigated the influence of laccase’s
amount as well as the concentrations of SPI and sugar beet pectin on the swelling, textural,
and rheological properties of the hydrogels. The authors observed that by altering the
laccase quantity and the concentrations of SPI and sugar beet pectin, it was possible to
regulate the swelling, texture, and rheological characteristics of the IPN hydrogels [155].

6. Potential Application of Pectin Hydrogel in Food Industry

Pectin hydrogels present a wide range of potential applications in the food industry,
offering innovative solutions to address various challenges. One of the characteristics of
hydrogels is their ability to retain a subsequent amount of water, making them appealing
for innovative use in the food industry. Their eco-friendly nature, coupled with inherent
biocompatibility, positions pectin hydrogels as an attractive choice for applications focused
on minimizing environmental impact and addressing consumer demand for cleaner and
healthier food products. The application of pectin hydrogels as agent carriers, fat replacers,
3D-printed food, and food packaging and coating material is depicted in Figure 6 and
further explained in this section.

6.1. Carrier for Active Compound

One of the primary uses of food hydrogels is the encapsulation of bioactive molecules,
including food ingredients, additives, antioxidants, vitamins, probiotics, and drugs. Since
hydrogels offer regulated release by virtue of their 3D network, they assure the safety and
stability of bioactives during food preparation and storage. Peng et al. [156] achieved the
encapsulation of vitamin C in citrus peel pectin hydrogel conjugated with bovine serum
albumin. The study observed a 65.31% encapsulation efficiency for vitamin C in pectin
hydrogel as a carrier. Another study conducted by Zhou et al. [157] investigated nanohy-
drogel development involving the combination of pectin with low-density lipoprotein as a
carrier for curcumin. The nanogels withstood the challenges posed by stomach acid and
various digestive enzymes and facilitated an efficient, controlled release of curcumin over a
period of time, enhancing its bioavailability and targeted delivery. In another study, Jung
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et al. [158] explored the potential of various hydrogel sources derived from low-methoxyl
citrus pectins and citrus pectin methylesterase (PME)-modified pectin as carriers for the
drug indomethacin. Impressively, the study achieved favorable results in terms of drug
encapsulation efficiency, particularly for applications in a drug delivery system targeting
the colon through oral administration. Additionally, a novel pH-responsive biopolymer
mixture known as Al-P, comprising alginate and pectin, was designed to form a hydrogel at
pH levels below 3.0. This innovative approach was demonstrated in the study by Guo and
Kaletunç [159]. Notably, the production of disc-shaped particles using this approach was
innovative and had the potential to enhance adhesion within the intestines. The hydrogel’s
dissolution characteristics adapt to changes in pH within the environment, enabling the
controlled and efficient release of bioactive compounds that align with specific physiologi-
cal conditions. The study aimed to elucidate the factors impacting the dissolution kinetics
of Al-P hydrogel and to create mathematical models describing the degradation behavior
of these hydrogels under conditions similar to product storage and the lower gastrointesti-
nal tract. Overall, it is evident from the aforementioned studies that pectin hydrogel has
the potential to serve as an effective mechanism for delivering active bioingredients into
food delivery systems. This property is very effective for increasing the bioavailability of
nutrients and functional components, potentially offering consumers health benefits.

Figure 6. Application of pectin hydrogels in the food industry.

6.2. Fat Replacement and Emulsifiers

Pectin hydrogel particles emulate the texture and deformability of fat particles, effec-
tively mimicking the sensory and physical properties of emulsified fats. Notably, pectin-
based fat substitutes have emerged, employing various pectin variants with distinct degrees
of esterification. For instance, low-methoxyl pectin (LMP), harnessed through calcium
gelation, has found application as a fat mimic in products like mayonnaise [160]. On the
other hand, high-methoxyl pectin (HMP) played a pivotal role in crafting oil-filled hydrogel
granules through controlled phase separation via hydrophobic interactions and hydrogen
bonding. This strategic use of HMP serves the purpose of both fat substitutes and emulsi-
fiers [161]. Their flexible and soft nature makes them a healthier alternative to typical fats
without compromising taste or texture. Pectin hydrogels can also be used to improve the
nutritional profile of meals by increasing the mouthfeel of low-fat products and developing
fat-barrier functions. A study by Kavya et al. [162] demonstrated the utilization of pectin
sourced from passion fruit rind to produce an emulsion with varying oil content (20–40%
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oil v/v). This was carried out to investigate the transformation process from emulsion to
emulgel and its consequent impact on the structural and rheological properties. Passion
fruit rind pectin demonstrated impressive emulsifying capabilities by significantly lowering
the interfacial tension between water and oil. Furthermore, the study highlights passion
fruit rind pectin emulgel as a sustainable fat substitute for commercial use, showcasing the
potential of pectin hydrogel as a viable fat replacer. In all, the application of pectin hydrogel
as a fat replacer and emulsifier is yet to be fully explored and requires more studies for a
consistent report.

6.3. Three-Dimensionally-Printed Food

Another useful property of pectin is its gelation ability, which allows for the creation
of structured meals with certain textures and uses. This feature not only enhances sensory
characteristics but also allows for the creation of distinctive meals tailored to consumer
preferences. Pectin hydrogels are a significant combination for innovative technologies such
as 3D printing. Their structural stability makes them suitable for 3D printing applications
in food design, enabling the precise fabrication of complex shapes and customized food
products. Among the pectin types, LMP has been proposed by a few studies as a suitable
food-ink material for the 3D printing of customizable food simulants. A study by Lu
et al. [163] formulated polysaccharide-based hydrogel food inks using ionic crosslinked
LMP and cellulose nanocrystalline (CNC). LMP, characterized by its lower degree of
methoxylation, typically forms gels through electrostatic interactions with cations like Ca2+.
The formation of a polymeric network by crosslinking LMP with calcium ions contributed
to maintaining the 3D structure of the hydrogels formulated for the food ink in this study.
In another investigation conducted by Vancauwenberghe et al. [164], the adjustment of
pectin, sugar syrup, and bovine serum albumin (BSA) concentrations was explored to
manipulate the desired texture and structural properties of the printed food. The results
showed that the viscosity and mechanical properties of the printed food were primarily
influenced by pectin and sugar concentrations, while BSA enhanced the gel’s porosity.

6.4. Food Packaging

In food packaging, hydrogels are applicable due to their unique properties, such as
water retention and controlled release. They prolong the shelf life of perishables, notably
fruits and vegetables, by regulating moisture and gas exchange, reducing food waste, and
ensuring fresher products. Moreover, hydrogels can also be tailored to release antimicrobial
agents or antioxidants, enhancing food preservation and safety. Importantly, they contribute
to sustainability by reducing single-use plastics. This section summarizes their various
film- and coating-based approaches.

6.4.1. Film-Based Applications

Pectin-based films incorporated with essential oils and plant extracts, such as clove
essential oil [165], copaiba oil [166], marjoram [167], and tea polyphenols [168], have been
demonstrated to exhibit good antioxidant and antimicrobial activity while also enhancing
the film’s water barrier properties, which led to longer preservation of intended food
products. In another instance, Torpol et al. [109] successfully encapsulated antimicrobial
compounds like garlic and holy basil essential oils in chitosan-pectin hydrogel beads,
combating various pathogens. The beads demonstrated the capacity to hinder the growth
of Bacillus cereus, Clostridium perfringens, Escherichia coli, Pseudomonas fluorescens, Listeria
monocytogenes, and Staphylococcus aureus. Another finding by Nešić et al. [119] demonstrated
the promising potential of pectin-TiO2 nanocomposite aerogels as an environmentally
friendly and effective material for food packaging. These aerogels, prepared through
a sol–gel process and supercritical drying, exhibit improved mechanical, thermal, and
antimicrobial properties compared to traditional pectin aerogels. Notably, their thermal
conductivity is lower than that of air, which is a valuable attribute for temperature-sensitive
food storage. The study by Otálora González et al. [169] successfully developed functional
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composite edible films based on pectin with beetroot and red cabbage powder fillers.
These films exhibited favorable physico-chemical, mechanical, and thermal properties
and demonstrated color stability over a 30-day storage period, suggesting their potential
as smart indicators for edible food packaging applications. Another study by Dudnyk
et al. [170] developed a pectin-based sensor incorporating red cabbage as a food-derived
material, which represents an innovative and edible solution for food packaging. This
sensor operates as a colorimetric indicator of food freshness, demonstrating high sensitivity
to gaseous amines. It effectively detects degradation in various food samples, including
beef, chicken, shrimp, and fish, with colorimetric changes aligning well with standard
degradation markers. The sensor’s ability to correlate visual and measured changes
with established freshness indicators like total volatile basic nitrogen and aerobic colony
counting highlights its potential as a smart indicator for food packaging, offering both
safety and utility.

6.4.2. Coating Applications

Hydrogel coatings have the ability to protect fresh food from deterioration by pro-
viding semi-permeable barriers against harmful factors, reducing enzymatic browning
and water loss, and can be fortified with minerals, antioxidants, nutrients, vitamins, or
probiotics. A study by Muñoz-Labrador et al. [171] investigated the potential use of citrus
pectin gels applied as edible coatings for fresh strawberries. The results demonstrated that
these pectin gels effectively enhanced the quality of strawberries during storage, reducing
moisture loss, changes in acidity, and alterations in color. Furthermore, the utilization
of pectin derived from crude cacao shells as a coating for tomatoes demonstrated the
capability to postpone quality deterioration, thereby extending the shelf life of the coated
samples to 27 days at 4 ◦C [172]. This underscores the potential of pectin-based coatings to
extend the shelf life and preserve the quality of perishable food products like fresh produce
and fruits. Additionally, pectin-based coatings enriched with essential oils have been
studied to exhibit both antioxidant and antimicrobial effects. These coatings preserve food
quality and safety by preventing oxidative degradation and inhibiting microbial growth,
offering a natural and eco-friendly alternative to synthetic preservatives. Pectin-based
coatings, enriched with essential oils like oregano, rosemary, Mentha piperita, and lemon,
have demonstrated efficacy in enhancing the shelf life of various food items, including
broccoli, shrimp, and rainbow trout fillets, by mitigating the growth of spoilage microor-
ganisms [173–175]. Similarly, research by Nisar et al. [176] also highlighted the remarkable
potential of pectin-based coatings enriched with clove essential oil as potent edible coatings
for preserving bream fillets during refrigeration. These coatings, with their demonstrated
antimicrobial properties, effectively extend the shelf life of the fillets by inhibiting lipid
oxidation and suppressing bacterial growth while simultaneously improving the weight
loss, water holding capacity, and textural and color attributes of the bream samples. In
addition, research also indicates that active compounds can migrate from pectin-based
packaging, influencing sensory characteristics. For example, coating carrots with pectin
reduced the accumulation of substances such as lignin precursors and flavonoids, which
can contribute to undesirable flavors, resulting in improved overall taste and sensory
qualities of the carrots [177]. This demonstrates how pectin coatings can positively impact
the way food tastes and feels when consumed.

7. Conclusions

This comprehensive review uncovered the distinct gelling mechanisms of pectin,
classified into high-ester and low-ester pectins. High-methoxyl pectins form gels through
hydrophobic interactions and hydrogen bonding under specific conditions, while low-
methoxyl pectins create continuous gel networks through calcium-mediated “egg-box”
formations. Both types of pectin hydrogels offer unique properties with vast potential for
various food applications. The review has highlighted that pectin’s gelling behavior is
influenced by several factors, including degree of esterification (DE), molecular weight,
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acetylation, pH, ionic strength, and water activity. Understanding these factors and their
impact on gel properties is crucial for optimizing the applications of pectin hydrogel in
food design.

Furthermore, the review explored the wide array of pectin gel types, including cryo-
gels, aerogels, xerogels, and oleogels, each offering distinct characteristics with vast poten-
tial in diverse fields. Cryogels and aerogels, characterized by their high surface area and
porous structures, demonstrate considerable potential for drug delivery and wound dress-
ing applications. Xerogels, with reduced water content while retaining the 3D network, are
valuable for encapsulating and releasing bioactive compounds in food applications. On the
other hand, oleogels, formed by structuring liquid oil with pectin, serve as fat substitutes in
food items, contributing to formulations that are both healthier and nutritionally enhanced.
The review also highlighted the significant influence of processing factors, such as ionic
interactions, ionotropic gelation, filtration, and drying methods, on the properties of pectin
gels. Understanding and optimizing these factors is essential for tailoring gel properties
to specific applications and enhancing the efficiency of gel preparation techniques. How-
ever, there are still knowledge gaps, particularly in optimizing preparation methods and
functionalizing gels with nanoparticles or bioactive compounds. Interdisciplinary collabo-
rations and eco-friendly approaches are recommended to advance the field and unleash
the full potential of pectin-based gels in diverse industries, benefiting both consumers and
the environment.

In addition to pectin gel exploration, this paper also discussed the crosslinking mecha-
nisms in hydrogels, including physical, chemical, and interpenetrating polymer networks
(IPNs). Physical hydrogels are formed through non-covalent interactions and are suitable
for short-term drug release, while chemical hydrogels, formed through covalent crosslink-
ing, offer enhanced stability and control over properties for longer-term applications. IPNs
combine different polymer networks to achieve unique properties, but gaps in understand-
ing cooperative gelation mechanisms and the influence of amidation on gel properties
remain. Innovative methods, interdisciplinary collaboration, and synergy between differ-
ent hydrogel preparation techniques offer potential avenues for advancing the field and
unlocking new applications in targeted drug delivery, tissue engineering, and food design.
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