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Abstract: In this study, the miscible system was formed by mixing gelatin (G) with mulberry leaf
polysaccharides (MLPs) continuously extracted with a hot buffer (HBSS), a chelating agent (CHSS),
a dilute alkali (DASS), and a concentrated alkali (CASS), and the zeta potential, turbidity, particle
size, distribution, and rheological properties of the miscible systems were evaluated. Under acidic
conditions, the miscible systems of four polysaccharides and gelatin were in a clear state; under
alkaline conditions, G-HBSS and G-CHSS were clarified, and G-DASS and G-CASS changed from
clarification to turbidity. The zeta potential changed from positive to negative with the increase in
pH. When the pH was at 7, it increased with the increase in polysaccharide concentration but was
still negative. The four miscible systems all showed polydispersity. The particle sizes of G-HBSS and
G-CHSS decreased with the increase in pH, while the particle sizes of G-DASS and G-CASS were
increased. The four miscible systems showed “shear thinning” behavior, and the addition of gelatin
reduced the apparent viscosity of the four polysaccharide solutions. G-CHSS was highly stable, and
G-CASS was more suitable as a stabilizer in the freezing process.

Keywords: gelatin; mulberry leaf polysaccharides; miscible system; zeta potential; rheological properties

1. Introduction

Mulberry, belonging to the mulberry genus of the mulberry family, is widely dis-
tributed throughout the world [1]. In particular, the planting area of mulberry trees in
China ranks first in the world, and the yield of mulberry leaves is rich [2]. Mulberry leaves
are mainly used for silkworm breeding, and a few are used for the preparation of tea
and fruit juice [3,4]. In China, mulberry leaf is also a medicinal resource which is widely
used in traditional Chinese medicine [5]. Mulberry leaves contain a variety of functional
components, such as alkaloids, polyphenols and flavonoids, proteins, amino acids, and
carbohydrates [6–9]. A variety of functional components endow mulberry leaves with
different biological activities, such as hypoglycemic, anti-atherosclerotic, antioxidant, and
antibacterial activities [10–13]. Though there are many studies on the active components of
alkaloids, flavonoids, and polyphenols in mulberry leaves, in recent years, more studies
have emerged on the activity of polysaccharides.
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Plant polysaccharides have attracted great attention in recent years because of their
various biological activities, such as antitumor, antiviral, hypoglycemic, and antioxidant
activities [14–17]. Because of their rheological properties, polysaccharides can also be used
as adhesives and gelling agents in the food and cosmetics industries [18]. Previous studies
have shown that plant polysaccharides can be used as a source of natural antioxidants
in the food, pharmaceutical, and other industries [19]. At the same time, because of their
rheological properties, plant polysaccharides can be used as thickeners and adhesives in
natural materials and food industries [20].

The food system is a complex system composed of compounds with different prop-
erties, such as polysaccharides, proteins, and minerals. The current research focus is on
regulating and controlling the interaction of biological macromolecules in the process of
food processing to change their characteristics or structure [21]. Polysaccharides and pro-
teins are the main nutrients in food formulas and can be miscible under certain conditions
and change the system by forming the electrostatic complex [22]. This change affects the
food structure and rheological properties, which is of great significance in food processing.
As a kind of protein macromolecule, gelatin has been widely used in food processing [23].

In our previous study, four mulberry leaf polysaccharides (MLPs) were extracted
continuously with a thermal buffer, a chelating agent, dilute alkalis, and concentrated alkali
extractant to obtain thermal buffer soluble solids (HBSSs), chelating agent soluble solids
(CHSSs), dilute alkali soluble solids (DASSs), and concentrated alkali soluble solids (CASSs),
respectively [19,20]. Four MLPs had a shear-thinning characteristic and the properties of
non-Newtonian fluid [20], and exhibited significant differences in the physicochemical and
antioxidant activities. The CASS displayed higher thermal properties and suitability as a
supplement in hot processed foods [19]; The DASS showed the highest apparent viscosity
at different tested concentrations [20]. However, there are no reports on the interaction
between mulberry leaf polysaccharides and gelatin in the miscible system. In this study,
the effects of gelatin on zeta potential, turbidity, particle size, distribution, and rheological
properties of gelatin–polysaccharide miscible systems were studied.

2. Materials and Methods
2.1. Materials and Chemicals

The mulberry leaves (Morus alba L.) used in the experiment were provided by Anhui
Academy of Agricultural Sciences (Anhui Province, Hefei, China). Four types of mul-
berry leaf polysaccharides (HBSS, CHSS, DASS, and CASS) were obtained by continuous
extraction with four solvents [19,20]. All chemicals were analytical-grade.

2.2. Preparation of Gelatin–Polysaccharide Miscible Solution

A total of 0.5 g gelatin was dissolved in 100 mL water at 40 ◦C, 1 h, then stored at 4 ◦C
for 24 h, and soaked in water at 25 ◦C for 18 h to prepare a stable gelatin solution with a
mass concentration of 5 mg/mL [24]. Then, 0.1 g of mulberry leaf polysaccharides was
added to 100 mL of 5 mg/mL gelatin solution and stirred until it was completely dissolved
to obtain gelatin–polysaccharide miscible solutions (G-MLPs) with a concentration of
1 mg/mL for the phase diagram experiment, in which 2.3. 5 mg/mL gelatin solution
was used as the solvent for the preparation of gelatin–polysaccharide solutions with
different concentrations.

2.3. Phase Diagram

The gelatin–polysaccharide miscible solutions prepared in Section 2.2. were used as
a mother liquor to prepare gelatin–polysaccharide miscible systems with different pHs
(3–10, interval 0.5). At first, the miscible system was placed at room temperature for 1 h,
and then the solution state was observed. The state was divided into the following three
types: clear solution, cloudy solution, precipitation, and cloudy solution [25]. The phase
diagram was drawn according to the change in pH.
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2.4. Measurement of Zeta Potential, Particle Size, and Distribution

The zeta potential, particle size, and distribution of gelatin–polysaccharide miscible
solution at different pHs (3.5, 7, 10) with a concentration of 20 mg/mL and different
concentrations (5, 10, 15, and 20 mg/mL) at pH 7 were determined by Malvin particle
size analyzer (Zetasizer Nano-ZSE, Malvern Instruments, Worcestershire, UK) [26]. The
calculations of zeta potential and particle size were as follows:

ζ
(
×103

)
=

3 η UE
2εf (kα)

(1)

ε (F/M) is numerically equal to εrε0; εr is the relative permittivity of the mixture (25 ◦C
water is about 78.2); ε0 is the vacuum relative permittivity (about 8.854 × 10−12 F/m);
η (Pa·s) is the viscosity of the dispersion system (25 ◦C water is about 8.937 × 10−4 Pa·s);
f (κα) is the ratio of the particle radius α to Debye’s length in Henry’s equation and
approximately 1.5 in the Smoluchowski model.

d
(
×109

)
=

KBT
3π η D

(2)

η (Pa·s) is the viscosity of the dispersion system (25 ◦C water is about 8.937 × 10−4 Pa·s);
KB is Boltzmann’s constant, and T is absolute temperature (k); the refractive index was set
as follows: water 1.33, G 1.45, G-MLPs 1.59; the absorbance of the material was 0.01.

2.5. Determination of Rheological Properties
2.5.1. Effect of Concentration, pH, Na+ Concentration, and Temperature on Apparent
Viscosity of G-MLPs

The rheological properties of G-MLPs were determined using the previously described
method [20]. The rheological properties of the gelatin–polysaccharide miscible system
were mainly studied through the effects of concentration, pH, Na+ concentration, and
temperature on the apparent viscosity of G-MLPs. In short, gelatin–polysaccharide aqueous
solutions with concentration gradients of 5, 10, 15, and 20 mg/mL were prepared to study
the effect of concentration on apparent viscosity, and 5 mg/mL gelatin solution was used
as control. The pH value of 10 mg/mL gelatin–polysaccharide aqueous solution was
adjusted to 3.5, 7.0, and 10.0 with HCl and NaOH solution to study the effect of pH on
apparent viscosity. NaCl solutions with concentrations of 0, 0.1, 0.2, 0.4, and 0.8 mol/L
were prepared, respectively, and then gelatin was dissolved and prepared in 5 mg/mL
gelatin–NaCl solution, and finally polysaccharides were added to the solution to make the
concentration of polysaccharides 10 mg/mL. When studying the effect of temperature on
the apparent viscosity of the miscible system, we selected −20, 25, and 100 ◦C for cold and
heat treatment of 10 mg/mL gelatin–polysaccharide miscible systems. Rheometer (DHR-3,
TA instruments, New Castle, DE, USA) conditions were as follows: steady-state shear
mode; clamp: diameter 40 mm; cone plate: cone angle 2◦; shear speed range: 0.01–1000 s−1;
temperature: 20 ◦C.

2.5.2. Effect of G-MLPs on Viscoelasticity

The changes in apparent viscosity of gelatin–polysaccharide aqueous solution with
mass concentrations of 5, 10, 15, and 20 mg/mL were measured under different shear
oscillation frequencies. Test conditions were as follows: DHR-3: clamp: diameter 40 mm;
cone plate: cone angle 2◦; shear speed range: 0.01–100 Hz; temperature: 20 ◦C [20].

2.6. Statistical Analysis

All the tests reported were repeated three times. One-way ANOVA through SPSS 21.0
was used for the data analysis at p < 0.05, and origin 8.0 software was used for graphs.
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3. Results and Discussion
3.1. Phase Diagram of Gelatin–Mulberry Leaf Polysaccharides (G-MLPs) Miscible System

Table 1 shows the effect of pH on the phase behavior of the gelatin–mulberry leaf
polysaccharide miscible system. The electrical properties of proteins were reported to
vary according to the pH of their environment. When it was in an electronegative state,
proteins co-dissolved with anionic polysaccharides due to electrostatic repulsion, and under
electropositive conditions, proteins aggregated due to the electrostatic binding reaction with
anionic polysaccharides, resulting in a cloudy and precipitated solution [27]. At pH < 7,
the dispersions of the four miscible systems were clear. When pH was 7–8.5, G-HBSS
and G-CHSS were still clear, indicating that the reaction between G-HBSS and G-CHSS
affected the intermolecular aggregation of polysaccharides [22]. G-DASS and G-CASS
were the alkaline extracts; therefore, their resulting systems changed from clear to cloudy.
When the pH was close to alkaline conditions, the repulsion force between G-DASS and
G-CASS molecules decreased, resulting in aggregation, and the miscible system changed
from clear to cloudy [25]. With the continuous increase in pH value, both the G-HBSS
and G-CHSS miscible systems changed from clear to cloudy, while G-DASS and G-CASS
changed to cloudy and precipitated systems. At pH 9, the four samples were unstable,
indicating that the system environment with high pH was conducive to the formation of an
insoluble gelatin–polysaccharide complex, which ultimately increased the instability of the
system [25].

Table 1. State diagrams of G-MLPs’ mixed solutions (1 mg/mL) as a function of pH.

Samples
pH

3 3.5 4 4.5 5 5.5 6 7 7.5 8 8.5 9 9.5 10

G-HBSS N N N N N N N N N N N � � �
G-CHSS N N N N N N N N N N N � � �
G-DASS N N N N N N N N � � � • • •
G-CASS N N N N N N N N � � � • • •

Note: The solubility or insolubility was evaluated by visual observation. (N: clear solution; �: cloudy solution;
•: precipitation and cloudy solution).

3.2. Zeta Potential Analysis of Gelatin–Mulberry Leaf Polysaccharides (G-MLPs) Miscible System

The change in the zeta potential of gelatin and mulberry leaf polysaccharide miscible
systems with respect to pH is shown in Figure 1a. With the increase in pH value, the zeta
potential of the four miscible systems G-HBSS, G-CHSS, G-DASS, and G-CASS changed
from positive to negative. Moreover, the zeta potential of the miscible system also decreased
with the increase in pH. The zeta potential of the miscible system was negatively charged
with the increase in pH, which may have been due to the electrostatic binding reaction
between gelatin and mulberry polysaccharides, and the deprotonation reaction of amino
and carboxyl functional groups on gelatin molecules and carboxyl groups in the mulberry
polysaccharide structure with the increase in pH [28]. At pH 7.0, with the increase in
mulberry leaf polysaccharide concentration, the zeta potential of the miscible system
gradually increased, but it was still negative, as shown in Figure 1b. This may be due to
the fact that the combination of mulberry leaf polysaccharides and gelatin resulted in the
movement of the net charge of the miscible system to the positive direction [29,30].

3.3. Particle Size Analysis of Gelatin–Mulberry Leaf Polysaccharides (G-MLPs) Miscible System

The particle size and distribution of the gelatin solution and four mulberry leaf polysac-
charide solutions at the same concentration (10 mg/mL) are shown in Figure 2. The particle
size of the HBSS, CHSS, DASS, and CASS had two, one, three, and two peaks, respectively.
Unlike the DASS, the other three mulberry leaf polysaccharides were monodisperse, indi-
cating that the composition of the HBSS, CHSS, and CASS was relatively uniform and may
have formed electrostatic complexes with the aqueous solution. This result is consistent
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with the particle size distribution of water-soluble polysaccharides extracted from kidney
beans [31]. The particle size of gelatin had two peaks, and the particle size was larger,
which may have been due to the high pH value of the solution, which led to its positive or
negative charge and increased the interaction between gelatin and water molecules [32].
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Figure 2. Particle size distribution of MLPs and gelatin (G).

Figure 3 shows the particle size and distribution of four miscible systems at pH 3.5, 7.0,
and 10.0. At pH 3.5, G-HBSS, G-CHSS, G-DASS, and G-CASS formed two, one, two, and
three main peaks, respectively. When the pH was 7, there were two, one, three, and two
peaks, respectively. When the pH was 10, there were three, two, three, and two peaks, re-
spectively. Compared with the particle size of gelatin and four polysaccharides, the particle
size distribution of the four miscible systems of gelatin and mulberry leaf polysaccharides
changed significantly. Under different pH conditions, the G-CHSS solution still maintained
high monodispersity, which may have been caused by the electrostatic complex formed
after the miscibility of the CHSS and gelatin [30]. The three miscible systems of G-HBSS,
G-DASS, and G-CASS showed polydispersity, which may have been due to the charge
repulsion between gelatin and these three mulberry leaf polysaccharides [33]. With the
increase in pH, the change trend of particle size of the four miscible systems was also differ-
ent. The particle size of G-HBSS and G-CHSS miscible systems decreased with the increase
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in pH, while the particle size of G-DASS and G-CASS increased with the increase in pH.
These phenomena may have been caused by the different extractants of the HBSS, CHSS,
DASS, and CASS. Specifically, the reason for the change trend of G-HBSS and G-CHSS may
be that with the increase in pH, gelatin and two polysaccharides produced repulsion, which
reduced the particle size of the complex [30], while the reason for the change of G-DASS
and G-CASS may be that both were alkaline extracts. Under alkaline conditions, the electro-
static complexation reaction intensity between gelatin and polysaccharides increased, and
the formed complex was easy to aggregate, resulting in the increase in particle size, which
was the same as the change of the solution state reflected in the above phase diagram [33].
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The particle size distribution and size of the four miscible systems at different con-
centrations are shown in Figure 4. It can be seen from the figure that the miscible system
showed polydispersity, but the particle size did not change much with the change in con-
centration, indicating that the change in concentration only affected the distribution of
particle size, and had little effect on its size. This may be because with the increase in the
polysaccharide concentration, it had little effect on the intermolecular force of the miscible
system of gelatin and polysaccharides [32].

3.4. Rheological Property of Gelatin–Mulberry Leaf Polysaccharide (G-MLPs) Miscible System
3.4.1. Effect of Concentration on Apparent Viscosity of G-MLPs

The change in and influence of apparent viscosity of four miscible systems with
different concentrations and shear rates and the comparison with the apparent viscosity
of the gelatin solution are shown in Figure 5. Under the condition of a low shear rate,
the viscosity of the four miscible systems decreased with the increase in shear rate, and
they showed the “shear thinning” behavior [20]. The main reason for the “shear thinning”
behavior was that gelatin and polysaccharide were colloidal particles of macromolecules.
Under the condition of a static or low shear rate, they entangled with each other and had
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a higher viscosity, while with the increase in shear rate, the shear stress between the flow
layers increased, which made the scattered gelatin–polysaccharide chain particles roll,
rotate, and shrink into clusters, resulting in reducing the hooking effect between the chain
molecules and the viscosity of gelatin–polysaccharide solutions. On the other hand, with
the increase in flow rate, the molecular force between miscible systems decreased, the flow
direction of gelatin–polysaccharide macromolecules changed from disorder to ordered, the
flow direction appeared consistent, and the viscosity decreased [34]. This was a typical
non-Newtonian fluid behavior, indicating that the miscible systems were a non-Newtonian
fluid like pure polysaccharide solutions. As mentioned above, “Shear thinning” behavior
is important in food processing industries for the development of various food products
with desirable properties [20].
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The apparent viscosity of the four miscible systems varied with the increase in mass
concentration (Figure 5). Except for the apparent viscosity of the G-CHSS miscible system at
the highest concentration, which was higher than that of the gelatin solution, the apparent
viscosity of other miscible systems was lower than that of the gelatin solution, which
indicated that the addition of polysaccharides reduced the apparent viscosity of the gelatin
solution. Specifically, after the four mulberry leaf polysaccharide solutions were mixed
with the gelatin solution, the apparent viscosity of G-HBSS, G-DASS, and G-CASS miscible
systems decreased with the increase in mass concentration, while the apparent viscosity
of the G-CHSS miscible system increased with the increase in mass concentration, which
showed relatively appreciable thickening behavior of G-CHSS. One study reported that
the apparent viscosity of polysaccharides increased with their concentration, while their
apparent viscosity decreased after the addition of gelatin, which may be related to the fact
that the particle size of the miscible system in the particle size experiment did not increase
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with the increase in solution concentration [35]. The previous studies [18,20] showed that
the apparent viscosity increased with the increase in mass concentration, mainly because the
fluid viscosity results from intermolecular internal friction. In this study, the particle size in
the miscible system did not increase, resulting in the decrease in apparent viscosity. Within
the studied concentration range, the fluid types of gelatin and mulberry leaf polysaccharide
miscible systems did not change due to the change in concentration.
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It can also be seen from Figure 5 that the rheological properties of the solutions of the
miscible systems with different concentrations were the same as those of mulberry leaf
polysaccharides. With the increase in concentration, the pseudoplastic flow was dominant.
When the shear rate was 0.01–10 s−1, the viscosity of the four miscible systems of G-HBSS,
G-CHSS, G-DASS, and G-CASS decreased rapidly with the increase in shear rate, and then
became stable as the shear rate increased. With the increase in shear rate, the miscible
system showed the properties of Newtonian fluid, which is characterized by the gradual
stabilization of apparent viscosity. Compared with pure mulberry leaf polysaccharides,
G-CHSS had the highest apparent viscosity, and G-DASS had the lowest apparent viscosity
among the four miscible systems. The above results show that G-CHSS can be used as a
food thickener, gelling agent, and binder in food, medicine, and cosmetics industries [18].

3.4.2. Effect of pH on Apparent Viscosity of G-MLPs

The four miscible systems showed different apparent viscosity changes in low- and
high-pH solutions (Figure 6). G-CHSS and G-DASS showed a decrease in apparent viscosity
under acidic and alkaline conditions, which may be because the intermolecular force of
the miscible system was weakened in the acidic or alkaline environment, resulting in the
decomposition of the polymer of the polysaccharide and gelatin miscible system and a
decrease in molecular weight and apparent viscosity [36]. G-HBSS and G-CASS had the
highest apparent viscosity under acidic conditions, and the apparent viscosity decreased
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with the increase in pH. The reason for this may be that the two polysaccharide miscible
systems belonged to an acidic polysaccharide miscible system, and their structure was
much more stable under acidic conditions, while in the alkaline environment, the solvation
effect of water increased with the increase in OH- in the solution, which may have broken
the intramolecular and intermolecular hydrogen bonds of the molecules and reduced the
interactions, resulting in making the structure of the miscible system loosen and decreasing
the viscosity of G-MLPs [37]. Among the four miscible systems, the CHSS had the highest
stability, and it can be used as an important ingredient in acidic or alkaline beverages and
other products.
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3.4.3. Effects of Na+ Concentration on Apparent Viscosity of G-MLPs

Figure 7 shows the effect of Na+ concentration on the apparent viscosity of 10 mg/mL
gelatin–polysaccharide miscible systems. It can be seen from the figure that the apparent
viscosity of G-CASS (Figure 7b) increased with the increase in Na+ concentration. The
reason for this phenomenon may be that the addition of Na+ affected the molecular confor-
mation of the miscible system and improved the structural entanglement, resulting in the
increase in apparent viscosity [38,39]. The apparent viscosity of G-CHSS decreased with the
increase in Na+ concentration (Figure 7b). This may be due to the salting out of the polysac-
charide solution of the miscible system due to the addition of Na+, which would reduce
the concentration of the polysaccharide solution and the apparent viscosity. The higher
the NaCl concentration, the more serious the salting out phenomenon and the greater the
viscosity drop [18,20]. The apparent viscosity of G-HBSS and G-DASS did not change
regularly with the concentration of Na+, which may have been caused by the particularity
of the structure of the HBSS and DASS. The action law of Na+ on their miscible systems
was different from that of G-CHSS and G-CASS. In other words, the low concentration of
Na+ increased the structural entanglement between molecules, resulting in the increase in
apparent viscosity, while the high concentration of Na+ salted out the system, resulting in
the decrease in apparent viscosity [18]. The inconsistency of the rheological behavior of
samples may also have been due to the different intensity of the interaction between gelatin
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and the HBSS, CHSS, DASS, and CASS in different concentrations of sodium chloride
solution. Therefore, during the food processing, the content of salt ions needs to be strictly
controlled to ensure the desired products.
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3.4.4. Effect of System Temperature on Apparent Viscosity of G-MLPs

The different effects of cold treatment and heat treatment on the apparent viscosity
of the four miscible systems are shown in Figure 8. Gelatin is thermo-reversible, meaning
that the viscosity of a gelatin solution would increase with decreasing temperature to
form a gel, and vice versa. Thus, heating and freezing followed by reversing the system
temperature to room temperature will have no significant effect on gelatin viscosity [39].
The rheological properties of the four miscible systems after cold and heat treatment were
different. After cold treatment, the apparent viscosity of G-HBSS decreased, while the
apparent viscosity of G-CHSS, G-DASS, and G-CASS was increased. After heat treatment,
the apparent viscosity of G-HBSS was decreased. The increase in the apparent viscosity of
G-DASS was higher than that of cold treatment, while the increase in the apparent viscosity
of G-CASS was lower than that of cold treatment, and the apparent viscosity of G-CASS
after freezing treatment was the highest among the four miscible systems, which indicated
that G-CASS was more suitable as a stabilizer in the freezing process. After heat treatment,
the apparent viscosity of the G-CHSS sample generally showed an upward trend with the
increase in shear rate and changed from “shear thinning” to “shear thickening” expansive
fluid [40]. The reason for this phenomenon may be that the interaction between gelatin
and the CHSS was strengthened during the heat treatment, resulting in the very stable
miscible system. When the temperature returned to room temperature, it was still in an
orderly distribution. Therefore, with the increase in shear rate, the order in the system
was disturbed and transformed into disorder, and the apparent viscosity increased with
the increase in shear force. The above results show that the four miscible systems, except
G-HBSS, had good freeze–thaw stability and could be applied to the products that need to
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be stabilized after freezing, while the “shear thickening” characteristic of G-CHSS marks
its suitability as a thickener in heat processing.

Foods 2022, 11, x FOR PEER REVIEW  11  of  15 
 

3.4.4. Effect of System Temperature on Apparent Viscosity of G‐MLPs 

The different effects of cold treatment and heat treatment on the apparent viscosity of the 

four miscible systems are shown in Figure 8. Gelatin is thermo‐reversible, meaning that the 

viscosity of a gelatin solution would increase with decreasing temperature to form a gel, and 

vice versa. Thus, heating and freezing followed by reversing the system temperature to room 

temperature will have no significant effect on gelatin viscosity [39]. The rheological properties 

of the four miscible systems after cold and heat treatment were different. After cold treatment, 

the apparent viscosity of G‐HBSS decreased, while  the apparent viscosity of G‐CHSS, G‐

DASS, and G‐CASS was increased. After heat treatment, the apparent viscosity of G‐HBSS 

was decreased. The increase in the apparent viscosity of G‐DASS was higher than that of cold 

treatment, while the increase in the apparent viscosity of G‐CASS was lower than that of cold 

treatment, and  the apparent viscosity of G‐CASS after  freezing  treatment was  the highest 

among the four miscible systems, which indicated that G‐CASS was more suitable as a stabi‐

lizer in the freezing process. After heat treatment, the apparent viscosity of the G‐CHSS sam‐

ple generally showed an upward  trend with  the  increase  in shear  rate and changed  from 

“shear thinning” to “shear thickening” expansive fluid [40]. The reason for this phenomenon 

may be that the interaction between gelatin and the CHSS was strengthened during the heat 

treatment, resulting  in  the very stable miscible system. When  the  temperature returned  to 

room temperature, it was still in an orderly distribution. Therefore, with the increase in shear 

rate, the order in the system was disturbed and transformed into disorder, and the apparent 

viscosity increased with the increase in shear force. The above results show that the four mis‐

cible systems, except G‐HBSS, had good freeze–thaw stability and could be applied to  the 

products that need to be stabilized after freezing, while the “shear thickening” characteristic 

of G‐CHSS marks its suitability as a thickener in heat processing. 

 

Figure 8. Effect of freezing and heating on the viscosity of G‐MLPs. (a) G‐HBSS; (b) G‐CHSS; (c) G‐

DASS; (d) G‐CASS. 
Figure 8. Effect of freezing and heating on the viscosity of G-MLPs. (a) G-HBSS; (b) G-CHSS;
(c) G-DASS; (d) G-CASS.

3.4.5. Effect of G-MLPs on Viscoelasticity

At 25 ◦C, the storage modulus G’ and loss modulus G” of gelatin and mulberry
leaf polysaccharide miscible systems changed with frequency, as shown in Figure 9. By
dynamically measuring the G’ and G” of the samples, the advantages of solid elasticity or
liquid viscosity of the sample could be quantified [41]. Within the range of shear oscillation
frequency measured in this study, the storage modulus G’ and loss modulus G” of the
four miscible systems had a certain dependence on the shear oscillation frequency, which
showed that they continued to increase with the increase in shear oscillation frequency
and indicated that gelatin and mulberry leaf polysaccharides solutions were a viscoelastic
material [18,20]. The storage modulus G’ and loss modulus G” of G-HBSS were different
from those of the other three miscible systems. At 5 mg/mL and 10 mg/mL, G’ was greater
than G” under the low shear vibration frequency of G-HBSS, and solution mainly showed
the elastic properties of a solid. With the increase in frequency, G’ was less than G”, and the
main property of the solution changed to the viscosity of the liquid. The frequency of shear
oscillation further increased until the G’ of the solution was greater than G”. The elastic
properties of the solid were dominant [42]. The changes between the storage modulus G’
and loss modulus G” of G-HBSS at 15 mg/mL and 20 mg/mL were the same as those of
the other three miscible systems. At low frequency, the storage modulus G’ was less than
the loss modulus G”, and the solution showed the viscosity of the liquid. With the increase
in frequency, a crossover value is reported [43]. At this time, the loss modulus G’ curve
and the storage modulus G” curve was close to or intersected, which also meant that the
crossover value was negatively correlated with the elastic contribution at the beginning
of the elastic behavior [44]. With the further increase in oscillation frequency, G’ began
to exceed G”, which indicated that the elastic properties were dominant. Additionally,
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the miscible system mainly showed the elastic properties of solids. The crossover values
of four gelatin and mulberry leaf polysaccharide miscible systems varied with different
concentrations. At 5 mg/mL and 15 mg/mL, the crossover value of G-CHSS was lower
than that of the other three, while at 10 mg/mL and 20 mg/mL, the crossover value of
G-DASS was lowest.
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Figure 9. Frequency dependence of storage (G’) and loss (G”) modulus of G-HBSS (a–d),
G-CHSS (e–h), G-DASS (i–l), and G-CASS (m–p) at different concentrations.

4. Conclusions

The zeta potential, turbidity, rheological properties, and particle size of gelatin–
mulberry leaf polysaccharide miscible systems were evaluated. Under acidic conditions,
the four miscible systems were in a clear state. Under alkaline conditions, G-HBSS and
G-CHSS were in a clear state, while G-DASS and G-CASS changed from a clear to cloudy
state. With the increase in pH, the potential of the four miscible systems changed from
positive to negative and decreased gradually. At pH 7.0, the zeta potential of the four
miscible systems increased with the increase in MLP concentration, but it was still negative.
The particle size distribution of the four miscible systems showed polydispersity at differ-
ent concentrations, but the particle size did not change much. The four miscible systems
showed “shear thinning” behavior, and the addition of gelatin reduced the apparent vis-
cosity of four polysaccharides solutions. The apparent viscosity of G-HBSS, G-DASS, and
G-CASS decreased with the increase in mass concentration, while the apparent viscosity
of the G-CHSS miscible system increased with the increase in mass concentration, and
it had relatively appreciable thickening. The effect of pH value on the stability of the
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miscible system was in the order of G-CHSS > G-HBSS > G-CASS > G-DASS. Na+ had
different effects on the apparent viscosity of the solutions of the four miscible systems.
With the increase in Na+ concentration, the apparent viscosity of G-CASS increased, while
G-HBSS, G-CHSS, and G-DASS decreased. After cold and heat treatment, G-CHSS changed
from a “shear thinning” to “shear thickening” expansive fluid. Dynamic oscillatory shear
data revealed that the miscible systems exhibited viscous properties with the increase in
oscillation frequency.

Author Contributions: J.-G.Z. and Z.-J.W. proposed and designed the experiment; X.-X.Z., B.-Y.L.
and Z.-J.G. experimented; X.-X.Z., B.-Y.L. and K.T. wrote the paper; M.R.K. and R.B. processed the
data; R.B., J.-G.Z. and Z.-J.W. corrected the language of the paper. All authors have read and agreed
to the published version of the manuscript.

Funding: This work was supported by the key research and development projects in Ningxia Province
(2021BEF02013), the National Natural Science Foundation of Ningxia Province (2021AAC02019), the
youth talent cultivation project of North Minzu University (2021KYQD27, FWNX14), the Researchers
Supporting Project No. (RSP-2021/138) King Saud University (Riyadh, Saudi Arabia), and the
Major Projects of Science and Technology in Anhui Province (201903a06020021, 202004a06020042,
202004a06020052).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: All related data and methods are presented in this paper. Additional
inquiries should be addressed to the corresponding author.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Fan, W.; Xia, Z.; Liu, C.; Ma, S.; Liu, S.; Wu, Y.; Zhu, B.; Xu, C.; Zhao, A. Ionomics, transcriptomics and untargeted metabolomics

analyses provide new insights into the Cd response and accumulation mechanisms of mulberry. Environ. Exp. Bot. 2022,
196, 104821. [CrossRef]

2. Ma, G.Q.; Chai, X.Y.; Hou, G.G.; Zhao, F.L.; Meng, Q.G. Phytochemistry, bioactivities and future prospects of mulberry leaves: A
review. Food Chem. 2022, 372, 131335. [CrossRef] [PubMed]

3. Chen, X.; Li, Y.; Zeng, J.; Zheng, L.; Zhou, Y.; Xu, K.; Politova, E.D.; Li, G. Effect of rhombohedral-orthorhombic phase transition
on structure and electrical properties of KNN-based lead-free piezoceramics. Ferroelectrics 2016, 505, 10–16. [CrossRef]

4. Eruygur, N.; Dural, E. Determination of 1-Deoxynojirimycin by a developed and validated HPLC-FLD method and assessment of
In-vitro antioxidant, α-Amylase and α-Glucosidase inhibitory activity in mulberry varieties from Turkey. Phytomedicine 2019, 53,
234–242. [CrossRef]

5. Joh, B.; Jeon, E.S.; Lim, S.H.; Park, Y.L.; Park, W.; Chae, H. Intercultural Usage of Mori Folium: Comparison Review from a Korean
Medical Perspective. Evid. Based Complementary Altern. Med. 2015, 2015, 379268. [CrossRef]

6. Chan, E.W.C.; Wong, S.K.; Tangah, J.; Inoue, T.; Chan, H.T. Phenolic constituents and anticancer properties of Morus alba (white
mulberry) leaves. J. Integr. Med. 2020, 18, 189–195. [CrossRef]

7. Qadir, R.; Anwar, F.; Gilani, M.A.; Zahoor, S.; Misbah ur Rehman, M.; Mustaqeem, M. RSM/ANN based optimized recovery of
phenolics from mulberry leaves by enzyme-assisted extraction. Czech. J. Food Sci. 2019, 37, 99–105. [CrossRef]

8. Hu, X.Q.; Jiang, L.; Zhang, J.G.; Deng, W.; Wang, H.L.; Wei, Z.J. Quantitative determination of 1-deoxynojirimycin in mulberry
leaves from 132 varieties. Ind. Crops Prod. 2013, 49, 782–784. [CrossRef]

9. Li, R.L.; Xue, Z.H.; Jia, Y.N.; Wang, Y.J.; Li, S.Q.; Zhou, J.N.; Liu, J.Y.; Zhang, M.; He, C.W.; Chen, H.X. Polysaccharides from
mulberry (Morus alba L.) leaf prevents obesity by inhibiting pancreatic lipase in high-fat diet induced mice. Int. J. Biol. Macromol.
2021, 92, 452–460. [CrossRef]

10. Liao, B.Y.; Hu, H.M.; Thakur, K.; Chen, G.H.; Li, L.; Wei, Z.J. Hypoglycemic activity and the composition analysis of the
polysaccharide extracted from the fruit of Mori multicaulis. Curr. Top. Nutraceut. Res. 2018, 16, 1–8.

11. Hu, X.Q.; Thakur, K.; Chen, G.H.; Hu, F.; Zhang, J.G.; Zhang, H.B.; Wei, Z.J. Metabolic Effect of 1 Deoxynojirimycin from Mulberry
Leaves on db/db Diabetic Mice Using Liquid Chromatography−Mass Spectrometry Based Metabolomics. J. Agric. Food Chem.
2017, 65, 4658–4667. [CrossRef]

12. Zhang, Q.; Zhang, F.; Thakur, K.; Wang, J.; Wang, H.; Hu, F.; Zhang, J.G.; Wei, Z.J. Molecular mechanism of anti-cancerous
potential of Morin extracted from mulberry in Hela cells. Food Chem. Toxicol. 2018, 112, 466–475. [CrossRef] [PubMed]

13. Thakur, K.; Zhang, Y.Y.; Mocan, A.; Zhang, F.; Zhang, J.G.; Wei, Z.J. 1-Deoxynojirimycin, its potential for management of
non-communicable metabolic diseases. Trends Food Sci. Technol. 2019, 89, 88–99. [CrossRef]

http://doi.org/10.1016/j.envexpbot.2022.104821
http://doi.org/10.1016/j.foodchem.2021.131335
http://www.ncbi.nlm.nih.gov/pubmed/34818743
http://doi.org/10.1080/00150193.2016.1157743
http://doi.org/10.1016/j.phymed.2018.09.016
http://doi.org/10.1155/2015/379268
http://doi.org/10.1016/j.joim.2020.02.006
http://doi.org/10.17221/147/2018-CJFS
http://doi.org/10.1016/j.indcrop.2013.06.030
http://doi.org/10.1016/j.ijbiomac.2021.10.010
http://doi.org/10.1021/acs.jafc.7b01766
http://doi.org/10.1016/j.fct.2017.07.002
http://www.ncbi.nlm.nih.gov/pubmed/28689916
http://doi.org/10.1016/j.tifs.2019.05.010


Foods 2022, 11, 1571 14 of 15

14. Li, L.; Thakur, K.; Cao, Y.Y.; Liao, B.Y.; Zhang, J.G.; Wei, Z.J. Anticancerous potential of polysaccharides sequential extracted from
Polygonatum cyrtonema Hua in Human cervical cancer Hela cells. Int. J. Biol. Macromol. 2020, 148, 843–850. [CrossRef] [PubMed]

15. Kalinina, T.S.; Zlenko, D.V.; Kiselev, A.V.; Litvin, A.A.; Stovbun, S.V. Antiviral activity of the high-molecular-weight plant
polysaccharides (Panavir). Int. J. Biol. Macromol. 2020, 161, 936–938. [CrossRef]

16. Mirzadeh, M.; Keshavarz Lelekami, A.; Khedmat, L. Plant/algal polysaccharides extracted by microwave: A review on hypo-
glycemic, hypolipidemic, prebiotic, and immune-stimulatory effect. Carbohydr. Polym. 2021, 266, 118134. [CrossRef] [PubMed]

17. Ji, Y.H.; Liao, A.M.; Huang, J.H.; Thakur, K.; Li, X.L.; Wei, Z.J. Physicochemical and antioxidant potential of polysaccharides
sequentially extracted from Amana edulis. Int. J. Biol. Macromol. 2019, 131, 453–460. [CrossRef]

18. Dimopoulou, M.; Alba, K.; Sims, I.M.; Kontogiorgos, V. Structure and rheology of pectic polysaccharides from baobab fruit and
leaves. Carbohydr. Polym. 2021, 273, 118540. [CrossRef]

19. Liao, B.Y.; Zhu, D.Y.; Thakur, K.; Li, L.; Zhang, J.G.; Wei, Z.J. Thermal and antioxidant properties of polysaccharides sequentially
extracted from mulberry leaves (Morus alba L.). Molecules 2017, 22, 22. [CrossRef]

20. Liao, B.Y.; Li, L.; Tanase, C.; Thakur, K.; Zhu, D.Y.; Zhang, J.G.; Wei, Z.J. The rheological behavior of polysaccharides from
mulberry leaves (Morus alba L.). Agronomy 2020, 9, 10. [CrossRef]

21. Guo, X.; Chen, M.; Li, Y.; Dai, T.; Shuai, X.; Chen, J.; Liu, C. Modification of food macromolecules using dynamic high pressure
microfluidization: A review. Trends Food Sci. Technol. 2020, 100, 223–234. [CrossRef]

22. Zhang, Z.; Hao, G.; Liu, C.; Fu, J.; Hu, D.; Rong, J.; Yang, X. Recent progress in the preparation, chemical interactions and
applications of biocompatible polysaccharide-protein nanogel carriers. Food Res. Int. 2021, 147, 110564. [CrossRef] [PubMed]

23. Luo, Q.; Hossen, M.A.; Zeng, Y.; Dai, J.; Li, S.; Qin, W.; Liu, Y. Gelatin-based composite films and their application in food
packaging: A review. J. Food Eng. 2022, 313, 110762. [CrossRef]

24. Pei, Y.; Zheng, Y.; Li, Z.; Liu, J.; Zheng, X.; Tang, K.; Kaplan, D.L. Ethanol-induced coacervation in aqueous gelatin solution for
constructing nanospheres and networks: Morphology, dynamics and thermal sensitivity. J. Colloid Interface Sci. 2021, 582, 610–618.
[CrossRef]

25. Azarikia, F.; Abbasi, S. Mechanism of soluble complex formation of milk proteins with native gums (tragacanth and Persian
gum). Food Hydrocoll. 2016, 59, 35–44. [CrossRef]

26. Esteban, P.P.; Jenkins, A.T.; Arnot, T.C. Elucidation of the mechanisms of action of Bacteriophage K/nano-emulsion formulations
against S. aureus via measurement of particle size and zeta potential. Colloid Surf. B 2016, 139, 87–94. [CrossRef] [PubMed]

27. Li, H.; Wang, T.; Hu, Y.; Wu, J.; Van der Meeren, P. Designing delivery systems for functional ingredients by protein/polysaccharide
interactions. Trends Food Sci. Technol. 2022, 119, 272–287. [CrossRef]

28. Wu, Y.; Ding, W.; Jia, L.; He, Q. The rheological properties of tara gum (Caesalpinia spinosa). Food Chem. 2015, 168, 366–371.
[CrossRef]

29. Zhang, J.; Wang, G.; Liang, Q.; Cai, W.; Zhang, Q. Rheological and microstructural properties of gelatin B/tara gum hydrogels:
Effect of protein/polysaccharide ratio, pH and salt addition. LWT-Food Sci. Technol. 2019, 103, 108–115. [CrossRef]

30. Zhang, T.; Xu, X.; Ji, L.; Li, Z.; Wang, Y.; Xue, Y.; Xue, C. Phase behaviors involved in surimi gel system: Effects of phase separation
on gelation of myofibrillar protein and kappa-carrageenan. Food Res. Int. 2017, 100, 361–368. [CrossRef]

31. Nakamura, A.; Ohboshi, H.; Sakai, M.; Nomura, K.; Nishiyama, S.; Ashida, H. Extraction of water-soluble polysaccharides from
kidney beans and examination of their protein dispersion and stabilization properties under acidic conditions. Food Res. Int. 2021,
144, 110357. [CrossRef] [PubMed]

32. Ahsan, S.M.; Rao, C.M. The role of surface charge in the desolvation process of gelatin: Implications in nanoparticle synthesis and
modulation of drug release. Int. J. Nanomed. 2017, 12, 795–808. [CrossRef] [PubMed]

33. Hosseini, S.M.H.; Emam-Djomeh, Z.; Sabatino, P.; Van der Meeren, P. Nanocomplexes arising from protein-polysaccharide
electrostatic interaction as a promising carrier for nutraceutical compounds. Food Hydrocoll. 2015, 50, 16–26. [CrossRef]

34. Ji, X.; Yin, M.; Hao, L.; Shi, M.; Liu, H.; Liu, Y. Effect of inulin on pasting, thermal, rheological properties and in vitro digestibility
of pea starch gel. Int. J. Biol. Macromol. 2021, 193, 1669–1675. [CrossRef] [PubMed]

35. Xie, F.; Zhang, H.; Xia, Y.; Ai, L. Effects of tamarind seed polysaccharide on gelatinization, rheological, and structural properties
of corn starch with different amylose/amylopectin ratios. Food Hydrocoll. 2020, 105, 105854. [CrossRef]

36. Yang, X.; Nisar, T.; Liang, D.; Hou, Y.; Sun, L.; Guo, Y. Low methoxyl pectin gelation under alkaline conditions and its rheological
properties: Using NaOH as a pH regulator. Food Hydrocoll. 2018, 79, 560–571. [CrossRef]

37. Han, W.Y.; Meng, Y.H.; Hu, C.Y.; Dong, G.R.; Qu, Y.L.; Deng, H.; Guo, Y.R. Mathematical model of Ca2+ concentration, pH, pectin
concentration and soluble solids (sucrose) on the gelation of low methoxyl pectin. Food Hydrocoll. 2017, 66, 36–48. [CrossRef]

38. Pan, M.K.; Zhou, F.F.; Liu, Y.; Wang, J.-H. Na+-induced gelation of a low-methoxyl pectin extracted from Premna microphylla Turcz.
Food Hydrocoll. 2021, 110, 106153. [CrossRef]

39. Wang, R.; Hartel, R.W. Confectionery gels: Gelling behavior and gel properties of gelatin in concentrated sugar solutions. Food
Hydrocoll. 2022, 124, 107132. [CrossRef]

40. Ghosh, A.; Majumdar, A.; Singh Butola, B. Modulating the rheological response of shear thickening fluids by variation in
molecular weight of carrier fluid and its correlation with impact resistance of treated p-aramid fabrics. Polym. Test. 2020,
91, 106830. [CrossRef]

41. Ali Razavi, S.M.; Alghooneh, A.; Behrouzian, F.; Cui, S.W. Investigation of the interaction between sage seed gum and guar gum:
Steady and dynamic shear rheology. Food Hydrocoll. 2016, 60, 67–76. [CrossRef]

http://doi.org/10.1016/j.ijbiomac.2020.01.223
http://www.ncbi.nlm.nih.gov/pubmed/31982521
http://doi.org/10.1016/j.ijbiomac.2020.06.031
http://doi.org/10.1016/j.carbpol.2021.118134
http://www.ncbi.nlm.nih.gov/pubmed/34044950
http://doi.org/10.1016/j.ijbiomac.2019.03.089
http://doi.org/10.1016/j.carbpol.2021.118540
http://doi.org/10.3390/molecules22122271
http://doi.org/10.3390/agronomy10091267
http://doi.org/10.1016/j.tifs.2020.04.004
http://doi.org/10.1016/j.foodres.2021.110564
http://www.ncbi.nlm.nih.gov/pubmed/34399540
http://doi.org/10.1016/j.jfoodeng.2021.110762
http://doi.org/10.1016/j.jcis.2020.08.068
http://doi.org/10.1016/j.foodhyd.2015.10.018
http://doi.org/10.1016/j.colsurfb.2015.11.030
http://www.ncbi.nlm.nih.gov/pubmed/26700237
http://doi.org/10.1016/j.tifs.2021.12.007
http://doi.org/10.1016/j.foodchem.2014.07.083
http://doi.org/10.1016/j.lwt.2018.12.080
http://doi.org/10.1016/j.foodres.2017.07.025
http://doi.org/10.1016/j.foodres.2021.110357
http://www.ncbi.nlm.nih.gov/pubmed/34053550
http://doi.org/10.2147/IJN.S124938
http://www.ncbi.nlm.nih.gov/pubmed/28182126
http://doi.org/10.1016/j.foodhyd.2015.04.006
http://doi.org/10.1016/j.ijbiomac.2021.11.004
http://www.ncbi.nlm.nih.gov/pubmed/34742552
http://doi.org/10.1016/j.foodhyd.2020.105854
http://doi.org/10.1016/j.foodhyd.2017.12.006
http://doi.org/10.1016/j.foodhyd.2016.12.011
http://doi.org/10.1016/j.foodhyd.2020.106153
http://doi.org/10.1016/j.foodhyd.2021.107132
http://doi.org/10.1016/j.polymertesting.2020.106830
http://doi.org/10.1016/j.foodhyd.2016.03.022


Foods 2022, 11, 1571 15 of 15

42. Chen, L.; Dai, Y.; Hou, H.; Wang, W.; Ding, X.; Zhang, H.; Li, X.; Dong, H. Effect of high pressure microfluidization on the
morphology, structure and rheology of sweet potato starch. Food Hydrocoll. 2021, 115, 106606. [CrossRef]

43. Gharanjig, H.; Gharanjig, K.; Hosseinnezhad, M.; Jafari, S.M. Development and optimization of complex coacervates based on
zedo gum, cress seed gum and gelatin. Int. J. Biol. Macromol. 2020, 148, 31–40. [CrossRef]

44. Cui, T.; Wu, Y.; Ni, C.; Sun, Y.; Cheng, J. Rheology and texture analysis of gelatin/dialdehyde starch hydrogel carriers for
curcumin controlled release. Carbohydr. Polym. 2022, 283, 119154. [CrossRef] [PubMed]

http://doi.org/10.1016/j.foodhyd.2021.106606
http://doi.org/10.1016/j.ijbiomac.2020.01.115
http://doi.org/10.1016/j.carbpol.2022.119154
http://www.ncbi.nlm.nih.gov/pubmed/35153020

	Introduction 
	Materials and Methods 
	Materials and Chemicals 
	Preparation of Gelatin–Polysaccharide Miscible Solution 
	Phase Diagram 
	Measurement of Zeta Potential, Particle Size, and Distribution 
	Determination of Rheological Properties 
	Effect of Concentration, pH, Na+ Concentration, and Temperature on Apparent Viscosity of G-MLPs 
	Effect of G-MLPs on Viscoelasticity 

	Statistical Analysis 

	Results and Discussion 
	Phase Diagram of Gelatin–Mulberry Leaf Polysaccharides (G-MLPs) Miscible System 
	Zeta Potential Analysis of Gelatin–Mulberry Leaf Polysaccharides (G-MLPs) Miscible System 
	Particle Size Analysis of Gelatin–Mulberry Leaf Polysaccharides (G-MLPs) Miscible System 
	Rheological Property of Gelatin–Mulberry Leaf Polysaccharide (G-MLPs) Miscible System 
	Effect of Concentration on Apparent Viscosity of G-MLPs 
	Effect of pH on Apparent Viscosity of G-MLPs 
	Effects of Na+ Concentration on Apparent Viscosity of G-MLPs 
	Effect of System Temperature on Apparent Viscosity of G-MLPs 
	Effect of G-MLPs on Viscoelasticity 


	Conclusions 
	References

