Chapter 4 )
Gelling Properties e

Katsuyoshi Nishinari

Abstract Except beverages, soups, and dried foods, most foods are eaten in gel
state, and thus it is important to understand the mechanisms of gel formation to
improve the food quality. Starting from the definition and classification of gels, this
chapter describes the molecular forces responsible for gel formation, how the
network structure is formed, rheological determination of gel point, critical molar
mass and concentration below which no gelation occurs. Then, characterization
methods, gelation kinetics, mechanical spectra, and thermal scanning rheology are
described based on studies performed for gelation of polysaccharides and proteins.
Various factors influencing structure and properties of polysaccharide and protein
gels, in particular, gelation rate, temperature, molar mass, concentration, interaction
between long chains and short chains, small molecules such as sugars, acids, salts,
and polyphenols are described. Release of molecular chains followed by erosion of
gels induced by immersion in solvents is also described. Special categories of gels,
microgels, mixed gels, cryogels, and oleogels are also described.
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1 Introduction

Gels are everywhere around us. In the breakfast, boiled or fried eggs are served.
Tofu, yogurt or cheese is also served. They all are gels. Jams on the toast are also
gels. There are many food gels, dessert jellies, pudding, marshmallow, etc. When
water used to boil fish or meat is concentrated and cooled, a gel is formed. Though
raw rice grains are not gels, cooked rice grains, and cooked pasta and noodles might
be family members of gels. When dried foods with very low water content are
masticated and crushed into small fragments, they are mixed with saliva forming a
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bolus and then swallowed. Before swallowing, the solid foods are transformed to
gels before forming a swallowable bolus. Our gastric juice is in acidic pH ca. 1-1.5.
Why the stomach wall is not injured? It is protected by mucin gels. Acid-induced
gelling property of alginate has been used for treating gastroesophageal reflux
disorder. When some part of our body is injured, blood comes out and it clots
(gels). When we catch a cold, sputum is formed. It is also a gel. They all are formed
from a liquid which is solidified or a solid becomes a gel by absorbing liquid.
Therefore, apart from two extremes, very dried foods and liquids, most semi-solid
foods can be called gels although mainly polysaccharide and protein gels are
discussed in this chapter. Some shampoos are called gels although they are not
gels in a scientific word. It is necessary to define a gel.

2 What Is a Gel?

The definition of gels has been a problem discussed for a long time. Jordan Lloyd
said “The colloidal condition, the ‘gel’, is one which it is easier to recognize than to
define”. In the review on structure of gels, she classified gels into (1) heat-reversible
gels such as gelatin or agar in water, cellulose acetate in benzoyl alcohol and
(2) heat-irreversible gels such as silica in water, colloid in chloroform and alcohol,
many metallic sulfides and oxides in water. Since then, many definitions have been
done for polymer gels (Djabourov et al. 2013). Recently, low molar mass gelator has
been attracting attention in relation to pharmaceutical and cosmetic industry but not
so much applications are found in food industry except oleogel. Gels formed from
synthetic and biological polymers have many things in common and it is useful to
discuss together comparing each other (Djabourov et al. 2013; Nishinari et al. 2016a;
Tokita and Nishinari 2009) although the present chapter focuses mainly on polysac-
charide and protein gels. Gels can be defined both from a rheological behavior and
from a structural feature.

Rheological definition of a gel is that the system does not flow, and it can be
characterized by the presence of a plateau region of storage modulus and the low
tand (<0.1) at an angular frequency range from 10 to 10* rad/s, which is accessible
by many commercially available rtheometers. This should be called an operational
definition and it cannot exclude the possibility to find the violation of this definition
if a material obeying this definition shows a liquid-like rheological behavior at
further lower frequencies. We should remember a famous saying of a prophetess
Deborah “Even the mountains flow before the Lord” or everything flows. We could
enjoy to visit the Website of a pitch drop experiment. A drop of the pitch flows (falls)
every 9 years or 10 years or 11 years. It shows clearly that the distinction of a liquid
and a solid is not simple, and depends on the “patience” of the observer. Since it is
difficult to set the reasonable time-scale for both patient and impatient persons, it is
more practical to clarify the fluidity by the yield stress concept (discussed in the
previous Chap. 3) and the large deformation behavior above the yield stress. In this
sense, a commonly used tube tilting method is not a good method because of its
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dependence on the patience of the observer. Impatient observers will not see whether
it flows after a long time under the gravity which does not induce flow during a short
time (see the discussion on delayed failure in Chap. 3). If it flows above the yield
stress, it is a structured liquid and should not be called a gel as mentioned below. If it
is a gel, it will be broken down into separate parts and will not flow. If divided parts
recover the initial continuity immediately on contact, such materials could be used in
various areas in adhesive, coating, electric conductivity, and tissue engineering.
These are called self-healing gels (Cordier et al. 2008; Halake and Lee 2017), and
it is expected that the principle may be also applied in encapsulation of bioactives
and endurable packaging materials in the future.

Structural definition of a gel is based on the connectivity of the system. Gel is a
system consisting of molecules, particles, chains, or other structural elements which
are partially connected to each other in a fluid medium by crosslinks to the macro-
scopic dimensions. According to this structural definition, the loss of fluidity is the
result of connectivity. Entanglement of long object may be regarded as connected by
delocalized crosslinks. The sol-gel transition can be treated by a percolation theory
(Tokita 1989). This is also another operational definition, and it cannot exclude the
possibility of finding gels whose constituents are not directly connected.

There are two material groups having a name “gel,” but it can cause a confusion.
These two are a weak gel and a fluid gel. Weak gel was named for structured liquids
which show a weak frequency dependence for storage and loss modulus at a
commonly accessible angular frequency range from 10> to 10% rad/s, and the
mechanical loss tangent is higher than 0.1. These materials are essentially liquid
but it does not flow below its yield stress, thus it is apparently different from other
liquids with no yield stress. Since yield stress has attracted further attention recently,
it was discussed in the previous chapter for rheology. It may be better to mention
here that it is not a good question to ask “which is more viscous, mayonnaise or whip
cream and sugar syrup or honey?” The former has a yield stress and the latter not. In
the present chapter, this is not called a weak gel but called structured liquid because it
is essentially a liquid with non-zero yield stress.

The second class material, fluid gel is against the definition of gels mentioned
above in the sense that it flows; fluid includes the meaning of flow. In this case, we
should define the length scale of the “phase.” Strictly speaking, the so-called fluid
gels should be called microgels. Everybody knows that sands “flow.” And there is an
expression “flowing sands.” Everybody also knows that a grain of sand is a solid
although a mass of sands “flows.” These granular materials like sands, powders, and
other solid particles flow, but this flow is different from the liquid flow which has
been studied in fluid dynamics. The flow of granular materials stops at the angle of
repose of these granular solids when put on the horizontal plane while liquids with
no yield stress (described in the previous chapter) flatten showing no angle of repose.
Dried sands and powders don’t stick each other, and therefore contradict with the
connectivity in the above definition, but this situation can be modified by increasing
moisture content or adding liquids. Such a material has, however, been called a paste
rather than a gel. They are similar to slurries. But, it is difficult to make a clear
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distinction between a gel and a paste. It may be impossible to define the highest and
the lowest liquid content for gels. This is related to the following problem.

Emulsion gel and oleogel are different from food polymer gels consisting of
polysaccharides and proteins. In fats such as butter or margarine, the solid fat content
is an index to characterize the state of the material. This index decreases with
increasing the temperature. The difference between the gel-sol transition and the
melting of fat is that the latter is more crystalline than the former. What is the border
of the crystallinity or the orderliness of the structure when we define the gel? There
may be gels very close to crystalline state and also other gels very close to
amorphous state. It may be impossible to define a borderline which depends on
many factors, which is discussed later.

It is therefore difficult to propose the simple definitive definition of gels, and the
present author has a similar feeling with his good friend, Nijenhuis who says A gel is
a gel, as long as one cannot prove that it is not a gel. The difficulty arises when we
define a border between a gel and non-gel as pointed above such as liquid content,
and the degree of the order, and glass. If the border can be found as a discontinuous
transition, it can be clearly defined, but if the border is not discontinuous and vague,
it might be difficult to distinguish the materials on both sides, gel and non-gel. The
above tentatively proposed definition of gels could be operationally practical, but the
author will be happy if more persuasive definition is proposed because the science is
the never-ending endeavor of human beings.

3 C(lassification of Food Gels

Gels can be classified from various points of views based on mechanical properties,
molecular forces, constituting ingredients, temperature dependence of elastic mod-
ulus, transparence, electric charges, etc.

3.1 Classification of Food Gels Based on Mechanical
Properties

When we hear that it is easier to recognize than to define a gel, we expect that a gel
may wobble which is easy to recognize. The amplitude we observe is related to the
elastic modulus (Nishinari 1976) or simply we can push a gel with a finger. Gels may
not have the elastic modulus of common solids such as metals, stones, glass, or
plastics which have the moduli >10°~"" Pa. Moduli of most rubbers are of the order
of 10° Pa. What is the maximum and the minimum moduli for gels? There is no
consensus about this because there may be a very firm gel which is very close to
solids, and a very tenuous or sloppy gel very close to liquids. The minimum modulus
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necessary for a gel to be self-standing is cal0® Pa, and this and yield stress are
recognized important in 3D printing (Nan et al. 2020).

Beyond the small deformation range, gels show a failure or fracture. Gels close to
liquids show failure but not clear fracture. The strain at failure or fracture is an
important property in the application of gels. Generally, gels consisting of long
chains show a deformable behavior while gels consisting of short chains or small
molecules show a failure at small strain and are brittle. Obviously, textures of
deformable gels and brittle gels are very different (Nishinari 2000a).

Soft gels are not chewed by teeth but compressed/squeezed between the tongue
and the hard palate. The transition of the mastication mode from the tongue-palate
squeezing to the chewing by teeth could be well predicted by a simulating compres-
sion experiment of a gel between an artificial tongue and the base plate of the
uniaxial compression machine, and depended on the deformability of gels (Ishihara
et al. 2013, 2014).

3.2 Classification of Food Gels Based on Molecular Forces

Molecular forces which form gel network are covalent and non-covalent bonds such
as hydrogen bonds, hydrophobic interactions, ionic bonds. Gels formed by
non-covalent weak secondary forces such as hydrogen bonds, hydrophobic interac-
tions, van der Waals forces are called physical gels, while gels formed by covalent
bonds are called chemical gels. In many food protein gels, physical and chemical
bonds coexist (Djabourov et al. 2013).

It seems that it is still not possible to understand the structure-property relation of
all different gels in common language which is aimed in this chapter. Researchers
studying polysaccharide gels consisting of linear chain molecules use the network
theory derived from rubber elasticity and the ordering process is related with coil-
helix transition and aggregation processes while globular protein gels are studied
from the viewpoint of molecular rearrangement (Nishinari and Takahashi 2003;
Nishinari et al. 2000). Gelatin is a fibrous molecule and its gelation has been studied
extensively, but in food area, particle gels formed from globular proteins are another
important material. Helix-coil transition is also a molecular rearrangement, but this
term is not so much used among researchers interested in polysaccharide gels or
gelatin gels which are jokingly called an honorary polysaccharide. Both of these gels
are common in a sense that structural elements are connected or in modern parlance,
after de Gennes’ introduction, “percolated” to span the space. The term percolation
originates from a coffee percolator (Djabourov et al. 2013).
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3.3 Classification of Food Gels Based on Molar Mass
of Network Elements

Most food gels are made from polysaccharides or proteins. When they are degraded
into lower mass compounds, they cease to form a gel. Everybody knows that sucrose
solutions don’t form a gel even if they are concentrated. They precipitate above a
certain concentration at each temperature. An important difference between lower
molar mass compounds such as sugar or salt and higher molar mass compounds
(polymer) is that the former solutions precipitate when the temperature or pressure or
concentration is changed so that the extrinsic condition is outside of the condition of
saturated solution while the latter materials have plural conformations such as helix
and coil and their aggregates which lead to network structure called commonly gels.
Precipitated lower molar mass materials such as butter or margarine are usually not
called gels. However, lower molar mass gelators (Weiss and Terech 2006) have been
attracting much attention and especially oleogels in food area (Singh et al. 2017).
Pullulan is one of most soluble polysaccharides and its films are used in food
packaging, but its gels are not studied in gel technology so much, because materials
called gelling agents form a gel at lower concentrations.

3.4 Classification of Food Gels Based on Ingredients

In foods, many polysaccharide gels and protein gels have been known, and gels
consisting of mixed polysaccharides and proteins have also been studied. Emulsion
gels which consist of polysaccharide or protein gels containing oil droplet have been
attracting much attention in the past two decades. Aerated gels have been also
studied recently because it can reduce the calorie inducing satiety thus can be a
convenient tool to prevent the obesity. Recently, gelation of oils has attracted much
attention, and is described later.

3.5 (Classification of Food Gels Based on Origin

Gels can be also classified by the origin of materials, plant or animals, sea weed,
seed, bean, legume, fish, meat, egg, milk, and microbial origin such as curdlan,
gellan, and so on. This viewpoint is important in designing food products (Phillips
and Williams 2020).
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3.6 Classification of Food Gels Based on Temperature
Dependence of Elastic Modulus

Some biopolymer solutions of agar, carrageenan, gellan, and gelatin form a gel on
cooling, but egg white, milk proteins, solutions of methylcellulose and other cellu-
lose derivatives, and curdlan form a gel on heating (Nishinari 2000b; Nishinari and
Zhang 2004). They are often called cold-set gels and heat-set gels, respectively.
Some of them are thermoreversible and the others are thermo-irreversible; gels of
agar, carrageenan, gellan, gelatin are formed on cooling, return to sol state on
heating, thus called thermoreversible gels, while boiled egg white or tofu or konjac
is a typical thermo-irreversible gel because they do not show gel-sol transition after
gel formation. However, some thermoreversible gelation of ovalbumin (OVA), one
of the main proteins in egg white, is well-known and studied extensively (Doi 1993).

3.7 Classification of Food Gels Based on Optical Properties

Gels of gellan and gelatin are transparent while egg white gels, starch gels, and many
other gels are opaque. But it is well established to make a transparent egg white
protein gel (Doi 1993). Most pigments are added artificially but some gels have a
color in gels where naturally binding pigments exist.

3.8 Classification of Food Gels Based on Shape of Network
Elements or Crystallinity

Fibrous gel, particle gels, or mixture of these may exist, since rearrangements or
ageing always occurs and these may be related to syneresis. Partially ordered
structured gels or liquid crystalline gels also exist. Even in apparently homogeneous
gels, an internal structure consists of ordered domains and amorphous domains. It
may be impossible to define the upper and lower limit of the degree of order.

3.9 C(Classification of Food Gels Based on Electric Charges

Most gelling polysaccharides have anionic groups such as carboxyl group (gellan
(Morris et al. 2012)) or sulfate group (carrageenan) while chitosan molecule has a
positive charge. Gels of agarose, curdlan, and starch are electrically neutral without
electric charges although most commercially available samples contain some ions.
Since amino acids are positively or negatively charged, gelling behavior of proteins
is strongly influenced by pH and ionic strength.
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3.10 Classification Based on Other Criteria

It is also possible to classify gels based on size (microgels and bulk gel), pH
dependence, water holding capacity, thermal conductivity, liquid (water, oil, alco-
hol), or gas content. This viewpoint is useful in food processing and preservation.
Macroscopic shape such as spherical, rod, tetrahedron, rectangular can be controlled
if it is moldable, but these geometrically regular shaped gels may not be naturally
occurring gels. It is an important problem to keep a shape in food processing and
flavor release.

4 Gel-Sol Transition

4.1 Molecular Forces

Suzuki et al. (1972) examined whether the pressure would prompt the gel formation
in which hydrogen bonds play a main role, while the pressure would retard it in
which hydrophobic interactions play a main role. Investigating the dependence of
equilibrium constant K in the gel-sol phase transition on the temperature and
pressure (01nK /0T) , = AH/ R7? and (01nK/OP) 1 = -AVIRT, respectively,
they studied the effect of pressure and temperature on the gelation of gelatin and
methylcellulose (MC). They found that the pressure prompted the gel formation of
gelatin, while the pressure retarded that of MC, and therefore, it is concluded that
hydrogen bonds and hydrophobic interactions are dominating molecular forces for
gelatin and MC, respectively. However, they noticed that AV changes the sign above
6000 atm, and stated that both hydrophobic interaction and hydrogen bonds concern
in the gelation of MC.

Kometani et al. (2015) studied the pressure effect on the gelation of agarose and
MC (Fig. 4.1). The cloud-point temperature, 7jo.q, Was determined from cooling
curves by the temperature of 75% transmittance because it corresponds to the
steepest point of decreasing transmittance in all curves. In the same way, the
“transparency temperature,” Ti.ns, at which the solution returns to a transparent
sol state was determined from heating curves by the temperature of 75% transmit-
tance. From the Clapeyron-Clausius relation d7/dP = TAV/AH together with the
enthalpy change determined by thermal measurements, the volume change for
agarose was determined as AV = —4.57 x 107° m’/kg which is an order of
magnitude larger than that for gelatin (Fig. 4.1a). This suggests that the gels of
agarose and gelatin are stabilized under high pressure, but their stabilization mech-
anism may be different. In addition, it should be mentioned that both k- and
1-carrageenan gels formed also by hydrogen bonds are destabilized by pressure
(Gekko and Kasuya 1985).

The slope d7/dP = 2.97 x 10~? K/MPa determined from Fig. 4.1b for MC is
consistent with the reported values AV = 0.80 x 10~® m*/kg and AH = 11.8 kl/kg
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Fig. 4.1 Plots of Touq (square) and Ty, (diamond) as a function of pressure for 1 wt % solutions
of agarose (Fig. 4.1a) and methylcellulose (Fig. 4.1b). Triangles and cross show the gelling
temperature Ty and melting temperature Ty, respectively, measured by the falling-ball method.
Reproduced with permission from Kometani et al. (2015), Copyright 2015ACS

taken from literatures, and indicates that MC gel is destabilized by compression as
contrasted with agarose (Kometani et al. 2015).

The main molecular forces responsible for gel formation in agarose and MC are
hydrogen bonds and hydrophobic interaction, respectively, and both appear as an
endothermic peak on heating in DSC. In the former, gel-to-sol transition occurs,
while in the latter sol-to-gel transition occurs. However, in the latter, at some
intermediate concentration range, an exothermic peak appears on heating which is
attributed to the appearance of anisotropic phase (Yin et al. 2006). This anisotropic
phase formation at higher concentration for stiff molecules is also known for xanthan
(Lee and Brant 2002), gellan (Nitta et al. 2010), schizophyllan (Fang et al. 2004),
and other biopolymers (Djabourov et al. 2013).

Shirakawa et al. (1998a, b) found that xyloglucan from which galactose residues
were removed formed a gel on heating and returned into sol state on further heating
and that this transition was thermally reversible (Fig. 4.2). Enthalpy change AH
accompanying gel to sol transition on heating was reported 24.2 J/g for gelatin
(Gekko et al. 1992), 33.2 J/g for k-carrageenan (Watase and Nishinari 1987a), 40 J/g
for agarose (Watase and Nishinari 1987b) while AH accompanying sol to gel
transition on heating is 16.0 J/g (Haque and Morris 1993) or 10-17 J/g (Funami
et al. 2007) for methylcellulose, 6.9 J/g for methylhydroxypropylcellulose (Yuguchi
etal. 1995). AH found for the degalactosylated xyloglucan was 4.4 J/g, which is the
same order of magnitude to the latter group where hydrophobic interaction plays a
main role. The gelation of xyloglucan by galactose removal is still studied recently
(Sakakibara et al. 2017).
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As is seen in the gelation of MC and xyloglucan, the chemical modification
changes the solubility or gel forming ability. Gel forming ability is the intermediate
between the insolubility and solubility. Carboxymethylation of curdlan confers
curdlan water solubility but makes lose its gelling ability (Jin et al. 2006; Nishinari
and Zhang 2004).

On the other hand, molecular forces in the gelation of globular protein gels are
more complicated (Djabourov et al. 2013; Walstra 2003).

4.2 Rheological Determination of Sol-Gel Transition

One of the most widely used methods for the determination of sol-gel transition is
that proposed by Winter and Chambon (1986). These authors examined the gelation
process of polydimethylsiloxane (PDMS) to determine the gel point. PDMS was
chosen for its well-defined chemical nature, the need of catalysis, the availability of
prepolymers with different molecular weights, and the elastomeric nature of the
samples after crosslinking. The advantage of this method was to stop the catalyst
action instantaneously to prevent the further crosslinking reaction. Since the mea-
surement of the frequency dependence of G’ and G” takes a time, it was examined
before and after the crossover of G’ and G”, which was possible by stopping the
crosslinking reaction by stopping the catalytic action by stopping agent (sulfur). By
this method, they could observe the storage modulus G’ and loss modulus G” as a
function of frequency near the crossover point of G’ and G” observed as a function of
time at a constant frequency. Before the gelation point GP, G’ < G” and after GP,
G' > G". The frequency dependence of G’ and G” was observed from 6 min before
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the time of crossover of G’ and G”, 1y, to the time after 6 min of 7y. At an earlier stage
of the crosslinking reaction, both G’ and G” are strongly frequency dependent and
G' < G”, and at time £, both G’ and G” show a similar frequency dependence, and
after the time fy, G’ tends to show a plateau which is a characteristic mechanical

behavior for rubbers. They proposed the following criterion for the critical gelation
point.

G/ ~ G// ~ O)n
tand = G” /G’ = tan (nn/2)

()
2)

which is now called Winter-Chambon criterion. At the critical point, both of these
two equations should be satisfied simultaneously. The exponent n in the two
equations should be the same. These equations are valid at times longer than a
certain characteristic time 7, or at lower frequencies than 1/¢,. First, this criterion was
proposed for such a chemical gel, but later, Nijenhuis and Winter (1989) found that
this criterion is valid also for physical gels of polyvinyl chloride (PVC). Since then
many papers have been published to study the critical gelation point, and although
initially the exponent was proposed as 0.5, other values between 0.3 and 0.7 have
been reported for various gelation processes (Winter 2016). Figure 4.3a shows the
mechanical spectra, i.e., the frequency dependence of G’ and G” of a 2.5 wt %
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Fig. 4.3 (a) Angular frequency dependence of G’ (open symbols) and G” (filled) for a 2.5% gellan
gum solution at various temperatures shown on the right side of each curve. The data are shifted
along both the horizontal and the vertical axes by shift factors “a” and “b,” respectively, to avoid
overlapping. Numbers on the left side of each curves represent “a” and “b,” respectively.
Reproduced with permission from Miyoshi and Nishinari (1999), Copyright 1999 Springer. (b)
Angular frequency dependence of G’ (filled symbols) and G” (open) for a 50mg cm™ OVA
solutions heated at 80 °C for 60 min and then reheated after addition of 60 mM NaCl for various
times At =3, 5, 15, 45, and 240 min. The data are shifted along both the horizontal and the vertical
axes by shift factor “a” to avoid overlapping. Reproduced with permission from Koike et al. (1998),

Copyright 1998 Elsevier
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sodium type gellan solution at temperatures from 40 °C to 10 °C (Miyoshi and
Nishinari 1999). At higher temperatures, G’ and G” of the solution shows strong
frequency dependence and G’ < G” while at low temperatures G’ > G” and both
moduli tend to show a plateau. At 26 °C, the solution satisfies the above equations,
and is in the critical state.

Figure 4.3b shows the mechanical spectra of G’ and G” of a 50 mg cm > OVA
solution prepared by a two-step heating method; first heating at 80 °C for 60 min and
then cooled, and then reheated at the same temperature for various heating time
periods Ar (Koike et al. 1998). Critical gels satisfying the eqs. (1) and (2) were
observed for Af from 3 to 30 min indicating the fractal structure persisted in this
range of the heating time. Koike et al. (1998) had reported that OVA formed linear
aggregates, worm-like cylinder, diameter 12 nm, persistence length 23 nm, and the
molar mass per contour length 16,000 nm ™" after heating the solution at 80 °C by
dynamic laser scattering (Nemoto et al. 1993) (See Fig. 4.13). Transparent gels were
formed by both one-step and two-step heating in a certain condition of the salt
concentration and heating time, and these gels were found to satisfy the critical
condition eqgs. (1) and (2). However, such a critical gel behavior was not observed for
translucent gels. Although these authors ascribed the main molecular forces for the
gel formation are hydrophobic interaction, they found the necessity of further
structural study based on neutron scattering and SEM, and this is discussed again
in Sect. 7.

Hossain et al. (1997) studied the gelation of iota-carrageenan solutions, and found
that G = G” at 57°C and n =0.42. The value of n was found to decrease with
increasing concentration of iota- carrageenan. The crossover of G’ and G” as a
function of time or temperature has often been taken as an indication for the gelation
point, but this is only right for a critical gel with the relaxation exponent n = 0.5.
Very small values 0.1 for the relaxation exponent were reported for bacterial poly-
ester, poly(p -hydroxyoctanoate), and gelatin. The critical gelation point at which G’
and G” show the same frequency dependence may lie in between the entangled
solution behavior and a weak gel behavior described before. To determine the
gelation point by Winter-Chambon criterion, it is convenient to plot the tan &
observed at different frequencies as a function of time.

Figure 4.4 shows gelation process of carboxymethyl cellulose crosslinked with
polyfunctional glycidyl ether.

However, this method of determination of gel point was found not applicable in
some systems. In the gelation of pluronic (called also poloxamer, PEO-PPO-PEO
triblock copolymer, where PEO = poly(ethylene oxide), PPO = poly(propylene
oxide)) used in drug delivery, it was found that at lower temperatures (33 °C) a
liquid-like behavior G'<G” was found, on further heating gel is formed at >34 °C,
however, at higher temperatures it was found that G'>>G” at high frequencies and
G'<G" at low frequencies, which is characteristic for entangled polymer solutions
(Nystrom and Walderhaug 1996).

Globular protein solutions show mechanical spectra similar to those of structured
liquids such as xanthan solutions, that is, G'>G" at the angular frequency range from
10" to 10° rad s™" and tan § > 0.1 (Ikeda and Nishinari 2000; Ikeda and Nishinari
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2001a, b; Matsumoto and Inoue 1993). During isothermal heating at 70°C, 5% w/w
B-lactoglobulin in a 0.1 mol/dm® NaCl aqueous solution shows a gelation behavior
(Ikeda and Nishinari 2001a). It was observed that G'>G” all the time, and the
gelation occurred at around 3000 s, which was also confirmed by tilting tube.
Thus, the Winter-Chambon criterion cannot be used. For such a case, the tempera-
ture or the time at which G’ begins to increase steeply is generally taken as the
gelation point (Tobitani and Ross-Murphy 1997).

4.3 Spinodal Decomposition or Nucleation and Growth?

Gelation of agarose was thought to progress through spinodal transition based on
Cahn’s theory (Feke and Prins 1974). San Biagio et al. (1996a) recognized the
characteristic or “signature” behavior of spinodal decomposition in the gelation of
agarose (concentration < 1%); the occurrence of a low-angle scattering ring, the
exponential increase of scattered light, its typical dependence upon the scattering
vector represented by linear Cahn’s plot, the occurrence of a transient viscosity peak.
Summarizing their data, they constructed a C-T phase diagram according to which at
higher concentrations (>1.5%), only direct gelation occurs at 60 + 10 °C, and below
this temperature range both demixing mediated and direct gelation are thought to be
possible. They conclude that this approach is useful to understand the gelation
beginning from the break of symmetry, the formation of inhomogeneous structure
from a homogeneous sol state through the spinodal decomposition, and the possi-
bility to control the final gel structure. San Biagio et al. (1996b) studied the gelation
of bovine serum albumin (BSA) by the same approach and found the occurrence of
spinodal demixing of sol after the unfolding of the native BSA.

Morita et al. (2013) constructed a C-T phase diagram of agarose, and found that
an agarose solution formed a gel on cooling and then the phase separation occurred,
which was detected as a cloud point. The spinodal points are found below these
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temperatures. They also recognize characteristic features of spinodal decomposition
mentioned above. They attributed the opacity of agarose gels to the frozen concen-
tration fluctuation within the gel already formed. They pointed out that the sol-gel
transition and the phase separation are independent phenomena, and showed a
porous structure of a quenched gel. They finally emphasize the importance to take
into account this porous structure induced by spinodal decomposition in addition to
the formation of the crosslinking points (junction zones) to understand the macro-
scopic properties of gels.

MC gelation has been studied by many research groups. Group of Lodge
(Arvidson et al. 2013) studied gelation and phase separation of MC with three
different Mw using Winter-Chambon criteria and light transmittance. The gelation
point was determined by frequency independent tan & for concentrated solutions
(C > 10C", where C” is the coil-overlap concentration). They found a high corre-
lation between the T, and the cloud point which is different from previous papers
reporting the phase separation and the gelation are distinct events. In addition, they
showed that gelation of MC has strong dependence on heating rate while the melting
of the gel has little dependence on cooling rate, and thus suggested that
thermogelation of MC proceeded by a nucleation and growth mechanism
(McAllister et al. 2015) rather than spinodal decomposition although they cited
several papers which propose the different mechanism that the gelation of MC is
induced by spinodal decomposition.

4.4 Jamming Transition: Another Molecular Rearrangement
Induced by Shear

In relation to shear thickening of suspensions, shear induced close packing formation
has been attracting much attention. Jamming transition is functionally defined to
occur when, with increasing packing fraction or decreasing applied shear stress, a
yield stress is first observed (Liu and Nagel 1998). Tanaka (2011) classifies jamming
gels with delocalized crosslinks as viscoelastic fluids with long relaxation times.

The minimum packing fraction where a yield stress is observed depends on a
number of suspension properties, including shape, polydispersity, friction coeffi-
cient, roughness, density matching, temperature, and attractive forces (Brown and
Jaeger 2014).

4.5 Zippering and the Size of Junction Zone

To correlate the microscopic states of a macroscopic system with thermodynamic
state variables such as the temperature, volume, and pressure, it is necessary to
determine the partition function in the statistical mechanics. A simple zipper model
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for thermoreversible gels consists of aggregated ordered structures such as helices
and stiff chains which can be opened from both ends (Nishinari et al. 1990). From
the partition function including the number of parallel links &, the number of zippers
N, binding energy € and the degeneracy (rotational freedom) g, the heat capacity
C can be calculated.

In the heating DSC measurements, d7/dt is positive, then the endothermic peak is
equivalent to the maximum of the heat capacity C. In the cooling DSC measure-
ments, d7/dt is negative, then the exothermic peak is again equivalent to the
maximum of C. When the concentration of gels increases, the mobility of chain
molecules decreases, and then the degeneracy g will decrease. As a result, the peak
of the heat capacity shifts to higher temperatures. This is in accordance with
Eldridge-Ferry’s empirical formula. This zipper model approach can also explain
that the transition is sharper in cooling than in heating as has been observed for many
polysaccharide gels such as agarose, k-carrageenan, and gellan (Watase and
Nishinari 1987b; Miyoshi and Nishinari 1999).

A single DSC endothermic peak for a k-carrageenan gel on heating was success-
fully fitted by choosing appropriate structural parameters. This treatment was extended
to multi-component systems in which junction zones consist of associations with
different kinds of zippers. A broader DSC endothermic peak for 0.42% k-carrageenan
/0.186% konjac glucomannan gel was thus fitted (Nishinari et al. 1990).

Using van’t Hoff’s law, Eldridge and Ferry (1954) proposed a method to deter-
mine the heat AH,,, absorbed on forming a mole of crosslinks—dInC /dT;,, = AH,, /
RTmz, where R is the gas constant, T,,, (gel melting/K) is the transition temperature,
and C is the gel concentration. Integration of this equation leads to InC = AH,, /
RT}, + const. This EF equation is based on the following chemical equilibrium:
2 moles crosslinking loci — 1 mole crosslinks.

Tanaka and Nishinari (1996) modified the EF equation taking into account the
molar mass dependence and proposed a method to estimate the bonding energy e
(i.e., the enthalpy change for binding a single repeat unit into the network junction),
the number £ of repeating unit in the molecular chain constituting a crosslink, and the
junction multiplicity s (the number of polymer chains combined in a single junction)
(Nishinari et al. 1996). It is expected that this method is applied for food polymers
although it is not so easy to get food polymers with different molar masses (Nishinari
and Fang 2021).

4.6 Critical Molar Mass and Concentration for Gelation

For thermoreversible gels, the term “junction zone” has been frequently used to
describe the crosslink because each crosslink involves aggregates of ordered molec-
ular chains like helices or extended stiff chains. It is required to know the lower limit
of the molar mass below which a helix is not formed for each polymers. The
minimum concentration necessary for gelation might be related to a persistent length
of the chain. It has never been found that gels are formed in a dilute solution of
flexible polymers such as polyethylene oxide or pullulan which only entangle each
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other but don’t form junction zones. Such a system cannot retain water solvent, and
the system flows if the concentration is not high enough. Koga and Tanaka reported
that the critical concentration for gelation shifted to lower concentrations with
increasing persistence length of linear chain molecules by Monte Carlo simulation.
Solutions of flexible chains, like pullulan, polyethylene oxide, don’t form a gel even
at quite a high concentration. However, since it is known that these polymer
solutions produce a film when the solvent water is evaporated they should form a
gel before becoming a solid film. It is evident that solutions of monomers of these
polymers, glucose, or ethylene glycol do not form a gel even if solvents are
evaporated. These substances with low molar mass are known to form a crystal
when the solution is concentrated. Therefore, there should be a critical molar mass of
polymers below which no gelation occurs.

Ogawa et al. (2006) prepared 6 gellan gum samples with different molar masses
converted to sodium form and examined the helix-coil transition. The weight
average molar mass for higher molar mass samples at 25 °C (M, »s) determined
by DLS was two times higher than that determined at 40 °C (My, 4¢), indicating the
double helix formation while the ratio My, »5/My,.40 1S becoming smaller with
decreasing molar mass, and was 1 for the lowest molar mass sample
(Mw = 17,000) indicating that the lowest molar mass sample does not form a double
helix. This is consistent with results obtained by circular dichroism and DSC. The
minimum molar mass for gelation of pectin, k-carrageenan, and alginate has been
discussed recently (Nishinari and Fang 2021).

The critical gelation concentration has been determined by scaling in which the
shear modulus G’ near the gelation threshold is plotted against the distance of the
concentration from the critical concentration: G’ ~ (C — C,)". The critical exponent
t =~ 2 has been reported by many workers (Djabourov et al. 2013). Joly-Duhamel
et al. (2002) reported that the G’ of gelatin gels could be represented well by the helix
concentration for all the gelatin extracted from various fish although gelatin
extracted from warm water fish begins to form a gel at a higher temperature than
that from cold water fish.

Concentration dependence of the elastic modulus of gels has been studied for a
long time, and it has been known empirically that the modulus is represented by a
power law. The exponent for agarose has been known larger ~4 at lower concen-
trations and smaller ~2 at higher concentrations. A cascade treatment and a modified
rubber elasticity theory were applied to fit the concentration dependence of moduli
for agarose, amylose, pectin, k-carrageenan, etc. Both these theories predict that the
exponent is larger at lower concentration region and smaller at higher concentration
region. However, an opposite tendency was found in heated ovalbumin gels: the
exponent is about 4 at lower concentration region and about 10 at higher concen-
tration region (Koike et al. 1996).

Generally, the minimum concentration required for gelation is found lower for
linear polymers but gelatin needs higher concentration than agarose or gellan
(Fig. 4.5). This is not a rigorous statement because it may be possible to make the
opposite situation by preparing gels with short chain gellan samples which need
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Fig. 4.5 Storage modulus of linear chain polymers and globular protein gels as a function of
concentration. This comparison is not strict because the molar masses and other molecular param-
eters are not the same. Taken from Djabourov et al. (2013) collecting the data from Clark et al.
(1983); Milas, Rinaudo (1996); Kavanagh et al. (2000); Veerman et al. (2002). Reproduced with
permission from Djabourov et al. (2013), Copyright 2013 Cambridge University Press

higher concentration than agarose. Djabourov et al. (1988, 2013) plotted G’ of
gelatin gels as a function of helix content y and found G’ = 0 at y < 8%.

4.7 Rigid Network Chains

Common characteristics in physical gels are that network chains are very stiff. Stiff
chains tend to align to form a liquid crystal. Structure formation has been discussed
in relation to Flory’s phase diagram (1956) for rod-like polymers; agarose (Hayashi
et al. 1978), MC (McAllister et al. 2015), xanthan (Lee and Brant 2002). Since stiff
chains are expected to form a gel at a low concentration, it has been attracting much
attention.

Fibrils have been attracting much attention in relation to amyloidosis diseases
such as Alzheimer’s, Creutzfeldt-Jakob disease (CJD), and type II diabetes (van der
Linden 2012). Recently, p-lactoglobulin (f-1g) fibrils formed after heating at 80 °C
and pH 2 for 10 h were observed by atomic force microscopy (AFM) and it was
reported that the fibrils have a multi-stranded helical shape with twisted ribbon-like
structures having persistence length from 1000 to 3000 nm (Adamcik et al. 2010).
Since the fibrils of globular proteins have a similar structure to those causing
amyloidosis diseases, it is necessary to confirm the safety of these materials.
Bateman et al. (2010) reported that -1g fibrils could be digested in simulated gastric
fluid. They found that the fibrils were digested completely by pepsin within 2 min.
Fibrils of p-lg are known to form a gel above a certain concentration depending on
pH, ionic strength (I), and temperature. A phase diagram of solutions of p-Ig fibrils at
pH 2 was constructed as a function of concentration (0-2 wt%) and ionic strength
(0—-800 mM NacCl) at 20 °C (Bolisetty et al. 2012). Gel phase is found in the region
C =0.3-2.0 wt% and I = ca 40-100 mM. Recently, Cao et al. (2018) found that the
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Fig. 4.6 Normalized G, of BLG fibril networks as a function of (a) ionic strength / (mM NaCl) and
(b) polymer concentration C (wt%). Reproduced with permission from Cao et al. (2018), Copyright
2018 APS

dependence of plateau modulus G, on the polymer concentration C scales as Go ~ C *2
for semiflexible fibrils or Go ~ C ** for rigid fibrils (Fig. 4.6b).

Based on the recent theoretical treatment on the stiff chain networks by groups of
MacKintosh, Janmey, Weitz, Cao et al. deduced Gy ~ C 175 for semiflexible fibrils
network and Gy ~ C 52 for rigid fibrils network, which coincided well with their
experimental observation (Fig. 4.6b). As for the dependence of plateau modulus G,
on the ionic strength 7, Cao et al. (2018) found Gy ~ 1 44 for both semiflexible fibrils
and rigid fibrils (Fig. 4.6a). They explained this high exponent taking into account
the DLVO theory which led to the exponent 4.1.

It was shown recently that B-1g fibrils in the presence of transglutaminase (TGase)
form a gel at a much lower f-lg concentration (Wu et al. 2016) because TGase has a
crosslinking ability to form isopeptide bonds between glutamine and lysine residues
in proteins, thus introducing both inter- and intramolecular covalent crosslinks.

4.8 Interaction of Short Chains and Long Chains

Fang et al. (2007) re-examined the so-called egg-box model which has been pro-
posed for the gelation of alginates and pectins, where two or more chains are
involved in cooperative binding, forming the egg-box structure, by isothermal
titration calorimetry (ITC). Three distinct and successive steps in the binding of
calcium to alginate were identified with increasing concentration of Ca ions. They
were assigned to (1) interaction of Ca®* with a single guluronate unit forming
monocomplexes; (2) propagation and formation of egg-box dimers via pairing of
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Fig. 4.7 Coexistence of oligoguluronate (GB), short chain guluronate, with alginates promotes the
aggregation and strengthens the gel in the presence of sufficient calcium while at low Ca®* it inhibits
the network growth by binding with calcium. The blue dots represent Ca>* and the green dots
represent Na* and H,O etc. Reproduced with permission from Liao et al. (2015), Copyright 2015
Elsevier

these monocomplexes; and (3) lateral association of the egg-box dimers, generating
multimers.

Since alginates and pectins both are known to have a similar structure and form
gels in the presence of calcium, it is expected to see the similar multiple step gelation
process also in pectin. The different behaviors in alginates and pectin gelation were
attributed to the structural difference; alginates are block-copolymer while arrange-
ment of copolymer units in pectins is more random (Fang et al. 2008).

Recently, effects of the addition of oligoguluronate, guluronate block (GB) to
alginates with and without salt on rheological properties were studied, and the ratio
of Ca to guluronate G, R(Ca/G) was found to play an important role (Liao et al.
2015). The addition of GB was inhibitive in the range of 0.25 < R (Ca/G) < 0.60 and
promotive in the range of R > 0.60. These two effects were shown to be associated
with the different molecular events that dominate the gelation of alginate, namely,
egg-box dimerization and lateral aggregation. Quantitative analysis indicates a
competitive binding rather than a screening binding during egg-box dimerization,
which led to the inhibitory effect in the lower Ca concentration regime. On the other
hand, in the higher Ca concentration regime where alginate gelation is predominated
by chain lateral aggregation, the dimers formed by GB could act as a binder to
enhance the aggregation of alginate dimers, resulting in a promotive effect on
alginate gelation (Fig. 4.7). The results are consistent with the microstructures
observed by AFM.
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Fig. 4.8 The effect of f-1g or its hydrolysates on the onset DSC temperature (7)) of helix formation
of k-car (a) and relative extent (¢) of the conformational transition of k-car (b) as a function of the
mixing ratio r = p-lg/k-car. The concentration of k-car 0.15%; pH = 4.7. Reproduced with
permission from Cao et al. (2016b), Copyright 2016 ACS

Cao et al. (2016a) studied the mixture of k-carrageenan (x-car) and f-lg with
different mixing ratios » = p-lg/k-car, and found that the exothermic peak enthalpy
of x-car accompanying coil to helix transition detected by DSC decreased with
increasing r. It was analyzed quantitatively based on a theory of McGhee and von
Hippel (1974) which was used to explain the binding of protein to DNA. The relative
extent of conformational transition ¢ (r) could be experimentally measured as the
ratio of the enthalpy change of conformational transition of protein/polyelectrolyte
mixture (AH (r)) to that of pure polyelectrolyte (AH (r = 0)). The inhibiting degree ¢
of k-car helix formation by p-lg was quantified by the enthalpy change as a function
of r. Electrostatic complexation in soluble state had subtle effect on the coil-to-helix
transition of k-car, which is due to the relatively high freedom of k-car at the initial
stage of protein binding. Electrostatic complexation in insoluble state however
greatly suppressed the conformational transition, which is due to the high physical
hindrance imposed by p-lg upon extensive protein binding. The effect of protein/
polyelectrolyte electrostatic complexation on the conformation transition of poly-
electrolyte was described quantitatively. The effect was closely associated with the
molar mass of B-lg or its hydrolysates: Larger hydrolysates S1 (>2000 Da) had an
inhibitory effect on the conformational transition of k-car, smaller hydrolysates S3
(<1000 Da) tended to promote it (Fig. 4.8).

4.9 Cation- or Acid-Induced Gelation

Gelation of globular proteins can be induced either by heating (heat induced
gelation) or by cold gelation. In the cold gelation, a low concentration solution of
native proteins is heated or subjected to high pressure and soluble aggregates are
formed. The aggregates remain soluble on cooling. Then, gelation is induced either
by adding salt or by changing the pH toward the isoelectric point of the proteins in
order to reduce the electrostatic repulsion. Cold-set gels have been used as a vehicle
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to deliver thermally labile and water insoluble functional ingredients (Chen et al.
2006), and recently cold-set emulsion gels are also attracting much attention
(McClements 2017; Khalesi et al. 2019).

Ion-induced gelation of alginate has been used to produce an imitation ikra
(salmon roe). When a droplet of non-gelling sodium alginate falls into calcium
lactate solution, a thin film is formed on the surface of droplet. This process was
patented by a Japanese chemical industry (Nishinari 1988). This very fast gelation
can be used to produce artificial berries and onion rings (Draget 2021). Since this
gelation of sodium alginate is too fast and leads to inhomogeneous gel formation,
slow release of calcium ions from insoluble calcium salts is used by chelating agents
EDTA, citrate) or glucono-delta-lactone to control the gelation rate and to form
homogeneous gels (Draget 2021). Alginate is also used to treat heart burn (acid
reflux) since alginate solution forms a gel raft on the top surface in the stomach
because of its low pH (ca 1.5) (Gaviscon has been used).

5 Characterization Methods

5.1 Gelation Kinetics: Time Dependence of Storage and Loss
Moduli G’ and G” of a Solution at a Constant
Temperature and a Frequency

When a solution prepared at a non-gelling temperature is kept at a certain gelling
temperature, G* begins to increase with lapse of time. Generally employed condition
of the measurements are as follows: the frequency and the amplitude should be as
low as possible so that the structure being formed might not be broken, however, the
frequency ca 1 Hz has been chosen in most cases. The geometry of the apparatus for
viscoelastic measurements should be chosen so that the injected sample solution can
be quenched (cooled rapidly) or can be heated rapidly. This can be satisfied generally
if the required volume of sample solution is small.

Generally, the gelation proceeds faster at higher temperatures for a heat-setting
system whilst it proceeds faster at lower temperatures for a cold-setting system. It is
easier to carry out the rheological measurement at the temperature where the gelation
proceeds slowly for the analysis of kinetics. In the first order kinetics, the storage
modulus is written as follows:

G'(1) = Gy [1 — exp (=k (1 — 10)));

where £, is the latent time (gelation time), k is the rate constant, G’ is the saturated
value of the storage modulus after a long time. Solutions of some biopolymers such
as methyl cellulose, degalactosylated xyloglucan, curdlan, glycinin, and
B-conglycinin form a gel on heating, while solutions of other biopolymers such as
agarose, carrageenan, gelatin, and gellan form a gel on cooling (All these were cited
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in Nishinari 1997). When the gelling polymer is composed of fast gelling and slow
gelling components, the above kinetic equation can be modified using two rate
constants and two latent times for each components. More kinetic models have
been proposed, see p. 386 in Lapasin and Pricl (1999). Recently, the gelation of
P-lactoglobulin was analyzed by a simple eq. G'(f) = G’ exp(—p/t) proposed by
Scott Blair in 1963.

Lapasin et al. (1990) reported that both moduli increased first and then decreased
during gelation of calcium pectate. The decrease of the moduli was attributed to the
structure breakdown into smaller flow units.

Rennet-induced gels have been studied extensively by many groups as a basis for
cheese production. The dependence of casein micelle size on the gelation has been
studied using micelles with different sizes prepared by differential centrifugation,
and it was found that smaller casein micelles form a stronger gel faster (Niki et al.
1994). It was interpreted on the basis that the k-casein, which plays a main role in
rennet-induced casein gelation, is abundant on the surface of casein micelles.

As in the enzymatic modification of casein, partial hydrolysis has a great potential
to control the structure and property of proteins. Doi et al. (1987) performed a limited
proteolysis of ovalbumin (OVA) (Mw = 45,000) using a pepsin, and obtained an
intermediate OVA (Mw = 42,500), called p-OVA having a similar physicochemical
properties with native OVA, and compared the gelation. This will be described later
in Sect. 7.

To control the rheological and structural properties of proteins, transglutaminase
(TGase) was used by several research groups. Jaros et al. (2010) reported G’ ..,y in
GDL-induced gelation process of TGase-treated casein solution at 30 min after the
GDL addition, and G ,,,, depended strongly on the incubation time by TGase. G’ .«
increased and then deceased with the incubation time, and was attributed to
rearrangement and not due to the slippage frequently observed in gelation experi-
ments. Syneresis and tand showed the minimum at 30 min after the GDL addition
when G’ showed the maximum (Fig. 4.9). In the processing of yogurt, various
polysaccharides or microparticulated whey proteins are added to increase G/,
which reduces the syneresis and increases the creaminess (Jgrgensen et al. 2019).

Soy protein gels are used not only for tofu but also attracted attention as raw
materials for cheese and yogurt to replace animal milk, and the optimization
condition has been studied by many research groups (Nishinari et al. 2018).

5.2 Mechanical Spectra: Frequency Dependence of G’'
and G" at a Constant Temperature

Figure 4.10 shows the frequency dependence of gellan solutions with a small and
large amount of NaCl. Most commonly available commercial gellan samples contain
salts to enhance the gelling ability. This figure shows the behavior of gellan which is
converted into pure sodium type to see the effect of salts on the gelation behavior.
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Fig. 4.10 Frequency dependence of G’ (open) and G” (closed) of 2 wt% sodium type gellan with
30 mM NaCl at 5 °C (a) and 0.3 wt% sodium type gellan with 100 mM NaCl at 35 °C (b)
Reproduced with permission from Nitta et al. (2010), Copyright 2010 ACS

Both storage modulus G’ and loss modulus G” show a weak frequency dependence
in Fig. 4.10a, while both G’ and G” show a plateau in Fig. 4.10b although the
polymer concentration is much lower in the latter.

The behavior in Fig. 4.10a is seen in a structured liquid (often called a “weak gel,”
but this term was not to be used because it is essentially a liquid), and is different
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from a “true gel” or “elastic gel” behavior shown in Fig. 4.10b. The difference
between a structured liquid and an elastic gel appears in a larger value of tangent
delta for the former because of its liquid nature. The large deformation behavior
shows a more clear difference between a structured fluid and an elastic gel; the
former flows while the latter fractures above the yield stress. For example, see the
strain dependence of G’ and G” in Fig. 4.4 and the frequency dependence G’ and G”
in Fig. 4.3 for k-carrageenan in a paper by Ikeda and Nishinari (2001d).

In the globular protein such as soybean f-conglycinin, the gelation commences
only at higher temperatures than the denaturation temperature. The frequency
dependence for G’ and G” of B-conglycinin or glycinin solution begins to show a
plateau at 68 °C or 80 °C, respectively (Nagano et al. 1994a; Nishinari et al. 2014).

5.3 Thermal Scanning Rheology

Temperature dependence of storage and loss moduli G’ and G” of a solution at a
constant frequency.

Figure 4.11 shows the gelation process of a 15% soybean [3-conglycinin solution.
At a constant temperature of 80 °C, G’ increased, and continued to increase when the
temperature was lowered from 80 °C to 20 °C at the rate of 2 °C/min. G’ decreased
with increasing temperature from 20 °C to 80 °C at the same rate. Values of G’ are
symmetrical about the vertical line at # = 3600 s. The increase in G’ after 1800 s
when heating is stopped and the temperature is lowered is attributed to the further
formation of network structure by hydrogen bonding which may be broken by
subsequent heating from 20 °C to 80 °C. Although it is almost impossible to evaluate
the contribution of hydrophobic interactions, hydrogen bonding, ionic interactions,
and covalent bonding quantitatively because these interactions operate

Fig. 4.11 Gelation process 4000 100
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heated at 80 °C for 30 min 3000 4
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simultaneously, Fig. 4.11 clearly shows the important contribution of hydrogen
bonding to the gel formation of B-conglycinin.

At higher temperatures for a 2 wt% solution of sodium type gellan, G’ < G” while
on cooling moduli show a steep increase at ca 35 °C (T,) which is attributed to coil-
to-helix transition, which coincides with the temperature at which the molecular
ellipticity shows a transition. On further cooling, G’ and G” show a crossover at 8 °C
(Tsg) which is ascribed to sol-gel transition (Miyoshi and Nishinari 1999). This
sol-gel transition was found not the formation of a true gel but a structured liquid.
Strictly speaking, this procedure to determine the gelation point is not precise
because the crossover point depends on the frequency of measurement in addition
to scan rate.

For gelling polysaccharides, it is necessary to pay attention to the slippage which
sometimes leads to a serious misinterpretation. The cooling curve of G’ and G” using
a normal cone and plate geometry showed a peak for both G’ and G” in the cooling
process of carrageenan solutions, while that using perforated cylinders which pre-
vent the slippage, no peak of G’ and G” was observed (Richardson and Goycoolea
1994). Zhang et al. (2001) also found the peak of G’ and G” as a function of time for
2% dispersions of KGM at higher temperatures at @ = lrad/s. It is known that
gelation of KGM is faster at higher temperatures. Zhang et al. (2001) measured the
compressive force during gelation of KGM which is free from slippage, and then
they did not observe the peak even at higher temperatures confirming that the peak of
G’ and G” observed was caused by the slippage.

6 Physical Properties of Gels

6.1 Effect of Gelling Rate on Gel Properties

The elastic modulus of gelatin gels increased with time at lower temperatures not
reaching an equilibrium value even after 100 h (Nijenhuis 1981, 1997). The thermal
stability of gelatin gels increased with increasing storage time at the temperature
which is a little higher than gelation temperature (Michon et al. 1997). For agarose
gels, which are other helix-forming thermoreversible gels, the effect of the storage
temperature near the gelation temperature on rheological and structural properties
has been studied and it was found to differ from the behavior of gelatin gels. Aymard
et al. (2001) found that holding solutions of agarose for long times at high temper-
atures decreased the strength of the gels formed on cooling. They interpreted this by
structural observation that during the holding period the un-gelled solutions resolved
progressively into regions of high and low polymer concentration, and that the
resulting heterogeneity gave weaker networks when the solutions were gelled by
cooling. On the other hand, Mohammed et al. (1998) reported that agarose gels
showed larger elastic modulus and were more thermally stabilized by cooling more
slowly. Recently, it was shown that storage Young’s modulus and the fracture stress
and strain of gellan gels increased with decreasing cooling rate (Nitta et al. 2014).



144 K. Nishinari

As mentioned before, a gel may be formed before a solid film is formed when the
solvent is evaporated from, for example, solutions of pullulan which is usually not
called a gelling polysaccharide because it forms a gel only at higher concentrations.
The evaporation speed influences the length scale of the structure being formed, but
this problem has only been tackled recently (Schaefer et al. 2015) mainly in relation
to spin coating. This may be called a kind of concentration quench, as temperature
quench influenced the formation of gel structure.

6.2 Temperature Dependence of Elasticity of Gels

Sol-gel transition in polysaccharides can be classified into four groups: (1) cold-set
gels like agarose, kappa- and iota-carrageenans, and gellans which form a gel on
cooling the solution; (2) heat-set gels like some cellulose derivatives such as methyl
cellulose (MC), curdlan, konjac glucomannan (KGM) which form a gel on heating
the solution; (3) inverse reentrant gels like a mixed solution of methyl cellulose and
gelatin, which forms a gel at higher and lower temperatures and stays a sol state at an
intermediate temperature range. Gelatin may be replaced by some polysaccharides
which form a gel on cooling; and (4) reentrant gels like xyloglucan from which some
galactose residues are removed. It forms a gel at an intermediate specific temperature
range and remains in the sol state at higher and lower temperatures outside of this
specific temperature range. Some copolymer gels show a complex temperature
dependence: Sol-gel transition is observed at two or three different temperatures,
i.e. they show reentrant transition (Nishinari 2000a, b, 2001, 2009).

There have been many investigations and debate on the temperature dependence
of the elastic modulus or gels relating with the entropic and energetic contribution.
Since it was difficult to observe the elastic modulus of thermoreversible gels as a
function of temperature from a low temperature, the increase in modulus with
increasing temperature was not observed. It was concluded that the gel elasticity is
energetic elasticity in previous studies while the opposite was also asserted. To
understand this problem it is effective by dividing the elastic modulus into entropic
and energetic contribution from the temperature dependence of the elastic modulus
of gels of agarose with different molar masses (Nishinari et al. 1984).

Reel-chain model was proposed to explain the temperature dependence of
thermoreversible gels (Nishinari et al. 1985). In this model, network consists of
Langevin chains which allow to treat large deformation. On heating, some segments
are released from junction zones consisting of aggregated helices. There should be a
limit for number of segments released before gel-to-sol transition occurs. Some
statistical calculations gave the elastic modulus as a function of the binding energy,
upper limit number of segments released from the junction zone, average distance
between junction zones. It predicts the monotonic increase of the modulus for a high
binding energy as expected from rubber elasticity theory, and the monotonic
decrease for a low binding energy, and an intermediate behavior showing the
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maximum of the modulus as a function of temperature. This theory was applied to
many thermoreversible gels to explain the temperature dependence of the modulus.

6.3 Molar Mass Dependence of Elastic Modulus

Since it is difficult to prepare samples with different molar masses with a narrow
molar mass distribution, there have not been so many studies on the molar mass
dependence of elastic modulus of gels. Saunders and Ward (1955) studied rheolog-
ical properties of gelatin gels with different molar masses and showed that the elastic
modulus increased with increasing molar mass up to a certain value and then leveled
off whilst the breaking stress continued to increase with increasing molar mass.
Similar tendency was observed for gels of alginate (Smidsrgd 1974) and
k-carrageenan (Rochas et al. 1990). The gelation kinetics of dispersions of konjac
glucomannan with different molar masses has been studied by measurements of
storage shear modulus and it was shown that the storage modulus of the dispersion of
the same concentration increased with increasing molar mass (Yoshimura and
Nishinari 1999).

Effects of molar mass on the stress-strain curve and on the temperature depen-
dence of the modulus of agarose gels are shown in Fig. 4.12. Both the stress and
strain at break increased (Fig. 4.12a), and the entropic behavior of elastic moduli was
enhanced (Fig. 4.12b) with increasing molar mass of agarose.
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Fig. 4.12 (a) Stress-strain relation of 2.4% (w/w) gels of agarose with different molar masses
(¢ < O< A < 0)at 25 °C. Reproduced with permission from Watase and Nishinari (1983),
Copyright 1983 Springer. (b) Temperature dependence of storage modulus E' for five agarose
fractions with M, from 3.4 x 10* g mol ™! (F1) to 48.5 x 10* g mol ™! (F5) (Nishinari and Watase
1993)
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Molar mass dependence of the moduli was found sometimes contradictory
(Nishinari and Fang 2021). While from a figure of G’ as a function of concentration
in amylose gels showed a greater G’ for a higher molar mass amylose (Clark et al.
1989), a similar plot for oat B-glucan showed a greater G’ for a lower molar mass
(Lazaridou et al. 2003). This apparent inconsistency is originated from the
non-equilibrium nature of these physical gels. In both amylose and oat p-glucan,
the gelation proceeded faster for lower molar mass because of the higher mobility.
This slower pace of gelation is different in amylose and p-glucan, and therefore,
great care is required to compare the molar mass dependence of the modulus. Gel
formation of higher molar mass fractions is so slow that the modulus at a time not
long enough is smaller than that for lower mass fractions. Gelation of gelatin is also
known to take a long time as mentioned before (Nijenhuis 1981, 1997).

6.4 Molecular Motion (Rearrangement) in Gels

Agarose forms a gel at a very low concentration < 0.1 wt% depending on the molar
mass, sulfate content (purified agarose or idealized agarose contains no sulfate
groups but most commercially available agarose contains a small amount of sulfate
groups). Even after gelation it is not in the equilibrium state. Syneresis, which is an
exudation process of water from the network, is also observed in globular protein
gels such as cheese (syneresis is necessary) and yogurt (syneresis is not preferable).
This process is not so fast, and therefore gel engineers study small and large
deformation rheological behavior of these gels in pseudo-equilibrium state. Agarose
gels as well as other polysaccharide gels are believed to be formed by aggregated
double helices connected by flexible chains. Since the concentration is low, there are
free spaces where molecular motion is occurring.

A step-like decrease of tan & was observed while the endothermic peak in DSC
and the steep change in the specific ellipticity in CD were observed at 25 °C on
heating a 1.6% gellan gel, and these changes are attributed to helix-coil transition
(Nitta et al. 2001; Nishinari et al. 2001). A molecular motion or molecular
rearrangement such as the helix-coil transition occurs in an apparently solid material
with the elastic modulus of ca 10° Pa. This was a surprise for authors because of the
appearance of a solid of the gellan gels. From the viewpoint of the solid content,
most part of the gel consists of water and thus there must be much enough space
where large-scale molecular motion or rearrangement can occur.

Helix-coil transition can occur in different ways. Segments can be released from
junction zones on heating as was discussed in reel-chain model approach (See Sect.
6.2). On cooling, these released segments are reeled into junction zones so that
junction zones become longer and/or thicker. If the elastic modulus is mainly
determined by the number of elastically active chains which connect junction
zones as in the theory of rubber elasticity, the increase in elastic modulus should
be attributed to the increase in the number of elastically active chains rather than to
the thickening or lengthening of junction zones. It is quite possible that long
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segments released from junction zones form a new junction by helix formation.
Helix-coil transition does not necessarily occur only at the chain ends, but it also may
occur at the intermediate point of long chains.

There may be different junction zones with different thermal stabilities. Weak
junction zones with low thermal stabilities may disintegrate at lower temperatures
which arc directly related to helix-coil transitions, and these chains produced from
the disintegration of helices may form helices on cooling only at lower temperatures.
The distribution of thermal stability may cause a broad endo- and exo-thermic peak
in DSC heating and cooling curves as well as gradual increase and decrease of the
specific ellipticity in heating and cooling CD measurements. According to a fibrous
model (Morris et al. 2000), the elasticity of gels arises mainly from stretching and
bending of fibers that consist of aggregated helices. When some ends of these fibers
arc converted into flexible chains by helix-coil transition, these ends will cease to
contribute to the elasticity and then the elastic modulus will decrease. Even if one of
these conformational changes occurs, it does not necessarily lead to the gel-to-sol
transition. When these changes are only local, only less ordered helices are
converted into coils, and the whole network structure is not broken down, and
keeps the size and shape of the self-supporting gel.

6.5 Chain Release and Erosion of Gels

Most gel technologists using chemical gels formed by covalent bonds believe that a
polymer gel consists of a three-dimensional crosslinked network and swells in a
solvent to a certain finite extent, but does not dissolve even in a good solvent. It was
found that some molecular chains in a gellan gel release out from the gel when it is
immersed in a solvent such as water or salt solutions (Tanaka and Nishinari 2007,
Hossain and Nishinari 2009). After a long time, the gel swells infinitely, and
disperses completely in a great amount of water. On immersion of gels in water,
cations and non-crosslinked chains diffuse out from the gel into the surrounding
medium, and the gel structure is weakened. Salt diffusion from the gels into the
surrounding medium is faster than chain release; chains which lose condensed or
bound ions cannot retain a helical conformation, and so they then diffuse out.
Analysis of the released chains revealed that the shorter chains are released predom-
inantly. The modulus increase by immersion was observed at first, and it was
suggested by stiffening of elastically active chains. Potassium ions in the external
solvent were found to strengthen the gel structure of gellan, yet
tetramethylammonium (TMA) ions in the external solvent, which are known to
inhibit the gelation though not inhibiting helix formation, were also found to
increase the modulus.

A mass loss in gellan gels prepared by calcium ions were also found, and after
28 days these gels maintained constant composition without further mass loss during
the remainder of the test period between 28 and 164 days (De Silva et al. 2013). This
shows the difference between monovalent cations and divalent cations as will be
discussed in Sect. 6.7.
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6.6 Syneresis/Water Holding Capacity (WHC)

Syneresis is a phenomenon in which water oozes out from the gel network, and is
known from long time ago but its mechanism is not so well understood although the
importance has been recognized because of its close relation with flavor release and
juiciness perception. Many methods of measurements have been proposed: centri-
fugation, compression, wiping the surface, measuring water on the top of a test tube
containing the gel, etc. As Mizrahi described (Mizrahi 2010), the syneresis may be
governed by the swelling pressure which is the difference between the osmotic
pressure and the network pressure I, = I, -1, Where the osmotic pressure is
produced by polymer chains in the gel and it drives water into the gel, thus causing
the swelling and stretching of polymer network. Stretched chains tend to contract to
compensate the decrease of the entropy caused by the chain stretching, thus giving
rise to an internal pressure which is called a network pressure. Mizrahi (2010)
suggested several methods to prevent the syneresis by increasing the osmotic
pressure, controlling network pressure and crosslinking.

Miwa et al. (1994) compared the syneresis of 3—4 wt % gels of curdlan, carra-
geenan, agar, konjac after kept at 4 °C for 20 h, and the syneresis of both curdlan and
konjac was 10.3% which was much larger than that of carrageenan (1.4%) and agar
(0.6%). However, after freezing and thawing, syneresis of both curdlan and konjac
increased to ca 21% while it was much more than that for carrageenan and agar
because these gels became sponge-like and water ran out through larger pores. This
encouraged food industry to use curdlan and konjac in frozen foods such as surimi to
improve the texture. Syneresis of agar gels was reported to decrease with increasing
agar concentration/added sucrose/sulfate residue. It should be reminded that the
order of the addition of sucrose to make polysaccharide gels, before or after gelation,
changes the structure/mechanical properties and syneresis. For example, the addition
of a higher sucrose content (>55 wt%) in 1 wt% agar gelation before heating was
found to make the gel inhomogeneous and led to a weaker gel with more syneresis
(Yang et al. 2015). It was found that the elastic modulus decreased after syneresis
although the concentration was increased by syneresis, and it was attributed to the
loosening of the network structure caused by syneresis (Nagasaka and Taneya 2000;
Nishinari and Fang 2016, 2017). It was also shown that syneresis was reduced by
adding sucrose or starch to curdlan though it also reduced the gel strength. While this
practical manipulation may be sometimes useful, the basic understanding of syner-
esis in polysaccharide gels is not yet reached (Ako 2017; Divoux et al. 2015).

Syneresis in globular protein gels may be understood in the first approximation by
permeability B which is proportional to the area and the fraction of pores in a cross
section of the gel (Walstra 2003). Walstra explains the great difference in the
syneresis in ground coffee (B ~ 10~® m?), rennet milk gel (B ~ 10~'* m?), and
polysaccharide gel (B ~ 10~'7 m?) by the approximate value of the permeability. The
difference of B values roughly explains that some polysaccharide gels retain water
while globular protein gels show a much more syneresis. While syneresis is unde-
sirable in most gels, it is an essential process in cheese making, where most of the
liquid (whey) in the rennet gel has to be removed (Walstra 2003). In these protein
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gels, rearrangements of strands consisting of globular protein aggregates lead to
loose ends which in turn form junctions thus becoming more compact expelling
liquids. When junctions are broken, a pressure is built up, which is called “endog-
enous syneresis pressure,” that is causing syneresis even without external pressure
such as gravity. However, the experimental determination of the endogenous syn-
eresis pressure seems to be difficult, and thus the complete understanding of the
syneresis of protein gels is still a challenge.

Nieuwland et al. (2016) found a good correlation between the structure, mechan-
ical properties, and WHC for ovalbumin (OVA) gels at a pH range from 5.8 to 6.8:
the microstructure of OVA gels became less dense based on SEM and CLSM, and
the Young’s modulus decreased, in parallel with the decrease in WHC with
decreasing pH.

Urbonaite et al. (2016) prepared 14 w/w% WPI gels at pH 7.2 with different pore
sizes ranging from 10~ to 10° pm by changing NaCl content from 0 to 300 mM to
examine the effect of coarseness (pore size) and the mechanical properties, Young’s
modulus on WHC. They found that, depending on the lower or higher than 100 mM
NaCl, fine stranded gels (Iength scale <0.1pm) or coarse stranded gels (> 0.1pm)
were formed. They found the Young’s modulus showed the maximum at 100 mM
NaCl, while the WHC decreased with increasing concentration of added NaCl, and
concluded that coarseness was more dominant than stiffness (Young’s modulus) for
water holding.

Dai et al. (2016) examined the effects of the addition of 0.5% KGM on the
physicochemical properties of yogurt, and found that the syneresis was decreased
while retaining the structural stability and the firmness of full-fat yogurt. They found
the suppression of syneresis was equivalent to previous reports in which inulin or
orange fiber was added to skimmed yogurt and noticed that total solid content was
also responsible for the reduction of syneresis.

To improve the texture and water holding capacity of myofibrillar protein gels,
dietary fibers are widely used. Effects of the addition of insoluble fibers (microcrys-
talline cellulose, oat fiber, walnut shell flour) and native and modified starches
(potato, tapioca) on liquid loss, hardness and resilience (recoverable deformation)
of chicken breast myofibrillar proteins were measured (Gravelle et al. 2017). Since
fat and connective tissues were removed, the samples were myofibrillar protein gels,
and liquid loss was mainly from water. Among the fillers tested, native potato starch
was most effective to reduce the liquid loss, which was attributed to the difference in
hydration estimated by 7, relaxation time of water.

6.7 Effect of Sugars, Salt, Acid, and Polyphenols
on Rheological Behavior of Gels

It has been empirically known that the addition of sucrose to polysaccharide gels
make them transparent, less brittle and reduce the syneresis. The Young’s modulus,
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fracture stress, and melting enthalpy increased and then decreased with increasing
sucrose or glucose in agarose or k-carrageenan gels (Nishinari and Fang 2016). The
different strengthening effect of sugars has been correlated with a number of
equatorial hydroxyl residues in sugars. Kawai et al. (2007, 2008) extended the
reel-chain model in which flexible chains are released from junction zones consti-
tuting aggregated helices to explain the observed strain hardening and then softening
in uniaxial compression. As the end-to-end distance increases due to the deforma-
tion, more and more segments are reeled out from the junction zone. Finally, one end
of the chain is liberated from the junction and the chain becomes dangling. The
appearance of dangling chains causes the strain softening because they cease to
contribute to the elasticity.

Drying of gels has been studied from various viewpoints, and recently the effect
of sugars on drying kinetics of agarose gels was studied (Mao et al. 2017).

Epigallocatechin gallate (EGCG), a polyphenol abundant in tea leaves was found
to induce gelation of non-gelling xyloglucan (Nitta et al. 2004). Yan et al. (2016)
further reported that other gallate analogs also induce gelation of xyloglucan.

Generally, salt does not influence so much the gelation of neutral polysaccharides
such as agarose but sometimes enhances the gelation of KGM or xyloglucan. Effects
of salts on gelation of charged polysaccharides have been extensively studied. While
the monovalent cations shield the electrostatic repulsion of carboxyl groups in
gellan, divalent cations bind different molecular chains of gellan, and therefore
once the gel is formed it does not return to the sol state on heating up to 90 °C
(Miyoshi et al. 1994; Djabourov et al. 2013).

7 Particulate Disordered Structure: Globular Protein Gels

When globular proteins are denatured by heating, high pressure or denaturants such
as urea or guanidine hydrochloride, hydrophobic portion folded and buried inside
were exposed outside, which is called unfolding, and then unfolded polypeptide
chains form a three-dimensional network (Doi 1993). In comparison with network
structure formed from long chain molecules which are predominantly entropic and
have been successfully elucidated to some extent by developing rubber elasticity
theory, particulate disordered gels are less well understood. Rheology and structure
of rennet-induced or acid-induced casein or whey protein gels (Nicolai et al. 2011),
ovalbumin gels (Nemoto 2000; Nieuwland et al. 2016) as well as soybean proteins
(Nishinari et al. 2014), and other plant proteins have been extensively studied.

A great difference from thermoreversible polysaccharide gels such as agarose,
kappa-carrageenan, gellan is that the minimum concentration required is much
higher for globular protein gels, but recently, gelation of fibrils made from globular
protein changed this common knowledge. This was described in “4.7 Rigid network
chains.” Most polysaccharide gels except cellulose derivatives such as methyl
cellulose form a gel by hydrogen bonds and thus form a gel on cooling while
globular protein gels are formed on heating and it is thought that the denaturation
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of the native protein structure is prerequisite for gel formation. The main force
responsible for gelation is thought to be hydrophobic interaction, but other second-
ary forces are also contributing.

Dutch school employed a fractal model and measured the permeability and
rheology to correlate the structure and property of milk protein gels. Bremer et al.
(1989) concluded that acid casein gels can be described very well by a fractal model
with a fractal dimension 2.3, while it was not applicable for rennet-induced casein
gels because of microsyneresis. The modulus decreased with increasing temperature
which contradicts some earlier publications affirming that the casein gels are entro-
pic like rubber elasticity (van Vliet and Walstra 1985). The increase of the aging
temperature to 50 °C and extending the aging time to 157 h changed the gel to a more
solid like material; the storage modulus tends to show a rubber like plateau and the
loss tangent decreased. Storage modulus G’ as a function of measuring temperature
T,, for acid sodium caseinate gels aged at different temperatures increased with
increasing aging temperature, but decreased with the temperature of measurement
(Roefs and van Vliet 1990). It is generally accepted that in casein gels, an ultimate
effect of structural rearrangement is syneresis: expulsion of liquid. Syneresis is
desired for manufacturing of cheese but not for yogurt.

Doi (1993) classified the gelation of globular protein into random aggregates and
string beads network. His group studied the gelation of ovalbumin (OVA) by
rheology, dynamic light scattering (DLS), CD, TEM, SEM, CLSM based on the
conformational studies reporting that OVA molecules are worm-like chains, linear
aggregates, with cylindrical diameter 12 nm and the persistence length 23 nm (Doi
et al. 1987; Nemoto 2000). As a result of heat denaturation, hydrophobic regions are
exposed on the surface, and linear polymer or aggregate is formed depending on the
balance of hydrophobic interaction and electrostatic repulsion (Fig. 4.13).

They found that the heat induced gelation of 39-59% OVA solution showed a
critical structure obeying the Winter-Chambon criteria (Koike et al. 1996), and
found a very low exponent 0.09-0.14. Gels formed with concentrations lower than
25% and higher than 59% did not show critical structure. The exponent of concen-
tration dependence was found to change from 4 below 59% to 10 above the
concentration range from 59% to 89%, where the modulus an order of 10° Pa
close to the glass modulus was found. This is totally different from common
concentration dependence of modulus for polysaccharide gels where the exponent
is ca 4 at lower concentration range, but ca 2 at a higher concentration range as
described in “4.6 Critical molar mass and concentration for gelation.”

A two-step heating was employed in addition to one-step heating; the OVA
solution was first heated without NaCl for 60 min, and quickly quenched to room
temperature where linear aggregates molar mass higher than several millions were
formed. After addition of NaCl (20, 60, and 100 mM) to the viscous solutions, they
were reheated for various time periods from 2 to 240 min and then immediately
cooled (Koike et al. 1998). Transparent gels were obtained by both the one-step and
the two-step heating. Doi (1993) described methods to obtain transparent egg white
or milk whey protein gels controlling the pH and ionic strength by two-step heating.
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Fig. 4.13 Schematic representation of the heat denaturation of OVA, leading to the formation of
linear polymer or aggregate (Doi et al. 1987). Reproduced with permission from Doi et al. (1987),
Copyright 1987 John Wiley & Sons

More recently, gelling behavior of OVA and p-OVA (formed by a limited
hydrolysis with pepsin) was analyzed based on SANS (small angle neutron scatter-
ing) in addition to DLS (Hiroi et al. 2016). In spite of the similarity of physico-
chemical properties, intrinsic viscosity, secondary structure, denaturation
temperature, OVA and p-OVA showed significantly different gelling behaviors on
heating. Heating 6 wt% solutions at neutral pH without salt led to a transparent gel
for OVA while a turbid gel was formed for p-OVA. On heating OVA solution, the
resulted aggregate size was found proportional to the protein concentration judging
from the independence of the peak position in the SANS intensity as a function of
scattering angle. On the contrary, an increase in the amount of large clusters formed
on heating was thought to disturb the correlation of p-OVA dimers resulting in wide
distribution of the distance between each solute and thus a two-phase separated
structure was formed. The fact that the cleavage of only 22 N-terminal residues from
OVA led to a very different gelling behavior is expected to be a hint to develop
further utilization of OVA.

Globular protein solutions show a “solid-like” mechanical spectra (shown in
Chap. 3) even before gelation probably because they form a colloidal crystalline
structure (Matsumoto and Inoue 1993; Ikeda and Nishinari 2001a, b, c¢). Tobitani and
Ross-Murphy (1997) made a temperature-concentration diagram constructed by the
gelation temperature for each concentration of globular protein which is determined
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by interpolation and extrapolation of the data set, a locus of nominally infinite
gelation time.

8 Mixed Gels

Just as in alloys of metals and plastics, many mixed gels have been prepared to
respond to the demand of various functionalities (Morris 1986). Many papers have
been published on the mixed gels of xanthan, locust bean gum, konjac mannan, etc.,
and some common features are recognized for synergistic interaction, which means
that the only one polysaccharide does not form a gel at that concentration, but forms
a gel by mixing with other polysaccharide. 1) One polysaccharide undergoes coil-
helix conformational transition, such as agarose, carrageenan, furcellaran, gellan,
and xanthan gum. 2) The backbone linkage of the other polysaccharide in the
mixture is B(1,4) linkage, such as in konjac glucomannan or galactomannan, or
xyloglucan (Morris 1994).

Polysaccharide mixture gels have been extensively studied, and Unilever model
and Norwich model have been proposed and examined. Gels of the mixture of
xanthan and galactomannan or konjac glucomannan have been studied, and it was
proposed that helical xanthan associates with the smooth region of galactomannan
devoid of galactose side chains (Unilever model, Dea et al. 1977) while Norwich
model proposed that the mixed gel was formed between coiled xanthan and
galactomannan or KGM because gels were formed only after the helical xanthan
was denatured into coil state (Brownsey et al. 1988). The latter statement was
affirmed by adding helix enhancing cations to raise the helix-coil transition and in
such a condition the mixture did not form a gel on cooling. However, the gelation in
the mixture of pyruvate free xanthan (PFX) and KGM was observed to start about
40 °C more than 60 °C lower than coil-to-helix transition temperature of xanthan at
acidic pH (3.5 and 4) higher than 100 °C, and that the synergistic gelation of KGM
with PFX and commercial xanthan was not so different. Thus, the above-mentioned
prerequisite of Norwich group for the gel formation of the mixture, the conformation
of xanthan should be in coil state, was refuted (Agoub et al. 2007).

The effect of salt is important to study the mixtures. Annable et al. (1994) studied
the mixture of xanthan and KGM in the presence of different salts using dynamic
viscoelasticity, DSC, and ESR. They showed that the gelation temperature shifted to
lower temperatures when electrolyte is present, with divalent cations having a
greater effect than monovalent cations. These observations are explained by the
fact that electrolyte promotes xanthan self-association at the expense of xanthan/
KGM interaction, and thus the temperature for gelation on cooling shifted to lower
temperatures with increasing xanthan self-association. The effect of salt follows the
Hofmeister series. The strength of the cationic effect was as follows:
K* ~ Cs* < Na* ~ NH*" ~ Ba>* < <Mg”* ~ Ca®* (Annable et al. 1994).

Recently, Takemasa and Nishinari (2016) found the nuclear Overhauser effect
(NOE) between low molar mass galactomannan and xanthan, which is a direct
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evidence for the synergistic interaction because NOE is seen only for nuclei closer
than about 0.5 nm.

Although synergistic interaction leading to an industrially interesting phenome-
non such as enhancement of thickening and gelling ability has been attracting great
interest, the most common phenomenon occurring in the mixing of different bio-
polymers is phase separation. Fang et al. (2006) constructed a state diagram of
gelatin/k-carrageenan aqueous mixtures based on turbidity measurement, confocal
scanning laser microscopy (CSLM), DSC, and zeta potential measurements. They
found a coexistence of associative and segregative (associative-co-segregative)
phase separations at low temperature and low NaCl concentration in addition to
compatible, associative, and segregative phase separation behaviors. A coexistence
of associative and segregative phase separations was observed and it was attributed
to a kinetically trapped state by gelation.

The effect of the addition of insoluble fibers and starches (discussed in Sect. 6.6
Syneresis) on mechanical properties of myofibrillar protein gels (Gravelle et al.
2017) is discussed here. When the addition of fiber was low (mass fraction m; of
filler <0.1-0.15), the hardness increased with increasing my. While the resilience,
estimated from the immediately recovered deformation, was decreased with increas-
ing my in myofibrillar protein gels with insoluble fibers, that of starch-filled protein
gels was almost independent of my. This was interpreted that swelling of starch
granules made the filler more flexible and diminished the stress concentration at the
interface. The stress concentration S, as a function of m; estimated for completely
bonded interface was shown to decrease, and thus the relative strength Ry which is an
inverse of the stress concentration, Ry = 1/S, increased with increasing m¢ (Gao and
Lelievre 1994).

The fundamental problems and many examples of mixed gels are discussed in
Chap. 10 of Djabourov et al. (2013) Cao et al. (20164, b) and in Nicolai (2019).

9 Fracture of Food Gels

Fracture of gels can be divided into brittle fracture and ductile fracture. Fracture
occurs at the structural defects. To avoid the uncertain distribution of structural
defects, the fracture test is sometimes done for notched samples (van Vliet and
Walstra 1995). While Young’s modulus obtained at the small deformation is not so
influenced by the depth of the notch /, the fracture stress decreased with increasing /.

In the extension test, the gel tends to fracture at the clamps or slips if the gel is not
clamped tightly or too loosely, therefore it is not easy to obtain reproducible results.
A memorable record in food gels was reported by van Kleef (1986) who could use
224 experiments which were successfully performed free from slippage or fracture of
the gels at the clamps among more than several hundreds of experiments for OVA
gels. He got the relation between the fracture stress and the protein concentration C:
o, = 102C*° for the pH 10 gels and oy, = 5.89C* for the pH 5 gels.

Fragment size distribution of masticated fish sausages was analyzed, and it was
found that the distribution was fitted well by combination of the lognormal
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distribution with exponential tail indicating that the fragmentation process has a size-
segregation-structure between large and small parts. For large fragments population,
incorporation of exponential distribution N(s) = Ae™® in addition to lognormal
distribution was effective. In the mastication, the segregation of fragments into larger
and smaller fragments occurs, but the number of large fragments decreases with the
progress of mastication and the value of B decreases with the increasing number of
mastication (Kobayashi et al. 2010). Recently, the fragmentation process in the
mastication was studied using agarose gels with different sizes and with different
molar masses. The effects of gel size and molar mass were recognized in the early
stage of mastication. The average particle size showed a high correlation with the
hardness (Moritaka et al. 2019).

Soft gels are known to be crushed between the tongue and the hard palate
(Nishinari et al. 2020). Many such food gels have recently been produced for
disadvantaged persons. Ishihara et al. (2013, 2014) studied the compression of
agar gels and gellan gels using an artificial tongue made from silicone gel, and the
transition from the tongue only breaking to chewing by teeth was found to be
predicted from the instrumental uniaxial compression.

10 Microgels (Fluid Gels)

Microgels can be produced by shearing the gelling polymer solutions undergoing
sol-gel transitions (Norton et al. 1999) or other method using emulsion in which
gelling polysaccharides are dispersed. These microgels have been used as texture
modifiers, stabilizers and especially for reduced fat foods. With a finite yield stress,
microgels behave as a solid at rest but flow when subjected to a stress above the yield
stress. In addition to many kind of polysaccharides from agar (Farres and Norton
2015), carrageenan (Garrec et al. 2013), and other origins, whey protein isolate
(Moakes et al. 2015) was also used to make microgels.

Microgels of alginates were studied to encapsulate probiotics such as lactobacil-
lus which are labile in severe gastrointestinal environments. In comparison with
external gelation where alginate solution is dripping into calcium chloride solution,
internal gelation of alginate is performed in alginate emulsion containing insoluble
calcium carbonate particles by slowly lowering pH using GDL, which can produce
small alginate beads ca 1pm or even smaller than 200 nm (Paques et al. 2013).
Smaller gel beads are advantageous because larger particles than 25pm (this value
depends on the shape of particles, hard and irregular particles are perceived as gritty
than soft and round particles of similar size; Engelen et al. 2005) are detected on the
palate, and thus can extend the application. Cai et al. (2014) compared alginate beads
prepared using calcium carbonate and calcium disodium ethylenediamine- tetra-
acetate and found that encapsulation using the former protected L. acidophilus
more effectively in the survival test, which was related to the mechanical strength
of the microcapsules.

Protein microgels can be also produced by ultrasonication of heated f-lg at low
pH (Murphy et al. 2017, 2018). Produced microgels of B-lg with a diameter ca
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230 nm were shown to be stable without coalescence over 6 weeks storage; however,
emulsions containing limonen stabilized by the microgels were susceptible to
creaming, flocculation, and limonen was lost during storage, which remain as future
problems.

11 Cryogels

A cryogel is formed by the cryogenic treatment, freezing—frozen storage—thawing of
the precursor system. Scientific research became active since the discovery of
cryogels of poly(vinyl alcohol) (Lozinsky and Okay 2014). According to this
definition, traditional Japanese foods such as koori-tofu (dried tofu after freezing),
bo kanten (agar-stick, resulting from freezing—thawing) are cryogels but since they
are xerogels and are eaten after absorbing solvent (water) by cooking, the charac-
teristics of these xerogels are quite different from those of swollen food gels. Most
gels lose their elastic characteristics once they are frozen and thawed. Most of them
lose their solvents and only dried framework remains like agar-stick and koori-tofu.
Cryogels keeping the rubber-like texture and water even after freeze—thaw cycles
have been studied extensively including PVA and hyaluronan (Djabourov et al.
2013; Zhang et al. 2013). Other cryogels of amylopectin, gelatin, maltodextrin,
potato starch, oat f-glucan have also been studied, but most of them are sponge-
like cryogels (Lozinsky and Okay 2014). LBG solution was found to form a gel after
the repeating cycles of freezing and thawing (Tanaka et al. 1998). It was found that
LBG does gel from solutions containing in excess of 1% solids at room temperature
on a time-scale of several months. The gelation mechanism of LBG in concentrated
sucrose solutions was shown to be governed by frustrated crystallization process
with nucleation and growth stages rather than reversible pairwise crosslinking and
the gelation rate became maximum at —5 °C (Richardson and Norton 1998). This
experimental finding may give a clue to explain the well-known fact that LBG forms
a gel via a freeze—thaw cycle.

Giannouli and Morris (2003) reported that ca. 0.5% xanthan solution forms a
cryogel when subjected to a freeze—thaw cycle. As has been known, xanthan
solution is a structured liquid and can suspend solid particles. This network is
known to be strengthened by calcium ions. Giannouli and Morris reported that the
cryogelation was abolished by adding sucrose higher than 30% and also by adding
0.4 mM calcium ions. The inhibiting role of sucrose was attributed to the freezing
point depression, and thus ice crystallization was inhibited leading to the insufficient
alignment and association of xanthan chains. The weakening of cryogelation of
xanthan by calcium ions was suggested that the strengthening the structure of
xanthan by calcium restricts the alignment during freezing, thus hampering the
cryogel formation.

Doyle et al. (2006) studied the effect of sugars (sucrose, glucose and fructose) and
sorbitol on the cryogelation of galactomannans. They prepared galactomannans with
different M/G ratios from 2.65 to 4.16 by enzymatic modification of guar gum
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(M/G ~ 1.6), and in addition they used LBG with much higher molar mass. They
found that Young’s modulus determined from the initial slope of the compression
curve, the stress at break, increased up to ca 50% sugar and then decreased with
increasing concentration of sugars. On the other hand, the strain at break was found
to decrease monotonically with increasing sugar concentration. In addition, they
found that Young’s modulus, stress at break as a function of M/G increased steeply
around M/G = 4, and the chain length did not affect so much for these behaviors.
They raise again the freezing point depression as one of the reasons. Since the
concentration of sugars used in this study was 40-60% and was lower to make the
system glassy state where conformational ordering of polysaccharide chains was
inhibited. Then, the inhibition of polymer—polymer association by binding of sugar
molecules to polysaccharide chains was thought to be the main reason for the
decrease in Young’s modulus, and stress at break after reaching the maximum.

It was found that cereal f-glucans from oat, barley, and wheat (molar mass
ca. 200 x 107) form cryogels, and both elastic modulus and the fracture stress
increased with increasing freeze—thaw cycles (Lazaridou and Biliaderis 2004).
They further examined the effects of sugars and polyols (fructose, glucose, sorbitol,
sucrose, and xylose) on rheological and thermal properties of cryogels of barley
B-glucans (Lazaridou et al. 2008). While both G’ and G” decreased by adding
fructose, glucose, sucrose, and xylose, both modulus increased by adding sorbitol.
On heating, G’ of cryogels slightly decreased up to 50-60 °C, then decreased steeply
indicating the melting. The melting temperature shifted to lower temperatures except
cryogels with sorbitol. Heating DSC curves also showed the endothermic peak
accompanying the melting, and the melting peak temperature shifted to lower
temperatures in the presence of polyols. However, the endothermic enthalpy was
increased by the addition of polyols. They interpreted these experimental results by
the freezing point depression of the B-glucan solutions by adding of sugars that may
decrease the ice crystallization leading to the weaker structural formation of
cryogels. They attributed the difference between rheological behavior and thermal
behavior to the difference in the global structure and local structure.

Though some trial cryogel production of food hydrocolloids such as
hydroxyethyl cellulose irradiated with UV-visible light at room temperature and in
the frozen state or chitosan cryogels formed in moderately frozen aqueous solutions
using glutaraldehyde as a crosslinker (Okay 2014), they are not still acceptable in
food use. It is expected that other polysaccharide or protein cryogels are developed.

12 Oleogels

Since the findings of adverse effect of trans fatty acids on blood lipids and coronary
heart disease risk in the early 1990s, food industry tries to find a better way to modify
the texture-property of oil/fat products without using a large amount of crystalline
triacylglycerol molecules which are rich in saturated and or trans fatty acids. Solid
fat foods such as butter and margarine keep a shape but are spreadable when
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subjected to shear stress higher than their yield stress. One of the most important
differences between polysaccharide and protein gels and solid fat is that the linear
elastic range is very narrow in the latter in comparison with the former because of the
crystalline nature in the latter. The most widely employed method of producing
oleogels is dispersing a gelator into liquid oil. The well-known gelators include
waxes such as rice bran waxes, beeswax, shellac, and ethylcellulose (Singh et al.
2017; Patel and Dewettinck 2016). All the edible oleogels reported show a structured
liquid behavior as described earlier, that is, both G’ and G” are almost independent of
frequency and G’ > G”, tan & > 0.1 (de Vries et al. 2017; Moschakis et al. 2016;
Zetzl et al. 2014; Patel et al. 2013).

The finding that the slowly formed gels have a stronger structure is widely
observed for polymer gels but the different behavior is reported for oleogels made
by dispersing gelator in edible oil. Oleogels of shellac, a natural resin secreted by lac
insect, were prepared in the following way: the dispersion of shellac in the rapeseed
oil was heated above melting temperature of shellac (>85 °C), and then cooled to
room temperature resulting in oleogels. The onset of nucleation and crystal forma-
tion was delayed on slower cooling resulting in larger and less dense crystals. The
storage modulus was found to decrease with lowering the cooling rate (Patel et al.
2013). This was explained by the increase in total effective area for smaller crystals
which leads to the stronger network formation due to the higher crystal—crystal
interactions.

13 Applications of Gelling Agents in Food Industry

Nata de coco, a kind of bacterial cellulose produced from coconut water, has been a
favorite dessert jelly, and boomed in the 1990s especially in Japan, and still
continued to be consumed all over the world, may be because of its health benefits,
lowering cholesterol, and effective for diabetes and obesity in addition to its peculiar
textural characteristics (Fontana et al. 2017). It has an anisotropic fibrous texture and
thus expected to be a suitable matrix as vegetarian “meat,” since it can have various
colors and meat-like flavors (Fontana et al. 2017). The addition of small amount of
bacterial cellulose increased the gel strength of tofu and kamaboko and thus
improved the sensory evaluation (Okiyama et al. 1992, 1993; Shi et al. 2014).

In the preparation of mixed gels of k-carrageenan, KGM, and LBG, the small
deformation rheology was governed by «k-carrageenan, and Young’s modulus
decreased with decreasing k-carrageenan concentration. The large deformation
behavior examined by gel ring extension test, however, was dominated by KGM,
and the rupture strain increased with increasing KGM concentration (Brenner et al.
2013). These two opposing trends led to a maximum in rupture stress. It should be
noted that only k-carrageenan has a gelling ability in this combination at neutral or
lower pH, and KGM gels only at higher pH. This result may be generalized to design
texture of food gels consisting of a deformable component and a brittle component.

The instantaneous gelation ability of alginate is applied to make an imitation
ikura (salmon roe). A drop of salad oil is introduced into a sol of carrageenan or
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xanthan which does not form a gel. This sol is wrapped by a film of alginate or
pectin. The appearance resembles a natural salmon roe so even a fisherman cannot
distinguish between them (Ueda 1985; Kishi 1977). This is quite often used for sushi
and some other snacks. This became a popular demonstration in open campus event
in universities.

Fish paste gels (surimi or kamaboko) show rubber-like behavior and frequently
added starch plays a role of filler reducing the entropic nature of elasticity (Nishinari
1988). Many trials to improve the texture of surimi or meat products have been done
by adding cellulose, KGM, curdlan, and other polysaccharides (Kaur and Sharma
2019; Zhuang et al. 2020). Anisotropy is an important factor controlling the fibrous
texture, and has been successfully introduced in softened meat and string cheese
(Nishinari 2020). A Japanese invention, crab stick (kani-kama) is consumed inter-
nationally, and the fibrousness is conferred by making the structure anisotropic
sometimes adding alginates or other polysaccharides.

Frozen tofu containing curdlan keeps the smooth texture after thawing (Nakao
et al. 1994) whilst when usual tofu is frozen, the texture becomes rough, which has
been used as koori-tofu in Japanese and Chinese dishes.

Agar has been used widely in Japanese cuisine, and higher molar mass agar
(M, ~ 5-10%) is used for tokoroten (noodle-shaped agar gel served with vinegar and
soy sauce or brown sugar syrup), while medium molar mass agar (M, ~ 3-10%) is
used for sweets and yogurt, and lower molar mass agar (M,, < 10°) gels with low gel
strength break down into microgels by a weak force, and thus suitable for mixing
with honey to make it less sticky and easy to spread on toasted bread (Nishinari and
Shiba 2007). Strictly speaking, agar is not a molecule but a mixture of agarose and
agaropectin, and thus the molar mass is a kind of the average. This concept of the
average molar mass has also been used for alginate, starch, and other biopolymers.

Melt-in-the mouth sensation of foods are liked in chocolate, ice cream and jellies.
This means that most humans like the sensation or feeling when chocolate, ice cream
and jellies are melted. Fish gelatin exploitation was pursued by many hydrocolloids
research groups to overcome the BSE issue or religious issues. Xanthan cryogel
(0.5%) (Giannouli and Morris 2003) and mixed gels of xanthan and KGM at acidic
pH (3.5 and 4) (Agoub et al. 2007) were found to melt in the mouth temperature
range, which might be useful for fruit jellies.

Aerogels have attracted much attention because of the light mouth feel and low
calorie. Marshmallow, soufflé, and hanpen are typical examples and have been
enjoyed before a short note with colloids science view appeared in Nature (Kistler
1931). Endeavor to develop aerogels more systematically to apply them in delivery
carrier of active compounds using starch-based aerogels containing agar or micro-
crystalline cellulose (Dogenski et al. 2020) or in food packaging as absorber matrix
(da Silva et al. 2020) is in progress.

Gelling polysaccharides agar, alginate, KGM, curdlan, carrageenan, gellan, pec-
tin, starch are used in controlling the texture, water holding capacity of meat and fish
products, and are also used to make dessert jellies (Nussinovitch and Hirashima
2014; Nishinari 2020).
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