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To address the “gel weakening” of fish gelatin (FG) under acidic conditions,this study investigates the
enhancement of gel performance in FG through the incorporation of locust bean gum (LBG) and
explores its feasibility for application in acidic gel systems. Results show that the gel properties of FG
were significantly improved through LBG modification. At pH 3—7, gel strength and melting
temperature of LBG-modified FG (FG-LBG) surpassed those of unmodified FG (524.68 + 1.54 g,
28.86 + 0.03 °C). Specifically, at pH 3, after LBG modification, the gel strength and melting
temperature of FG increased by 62.65% and 29.44%, respectively. LBG alters the conformation of FG
via electrostatic and hydrogen bonding interactions, forming a denser polymer network. The acidic gel
gummies prepared from the FG modified with LBG exhibit superior gel properties and texture
characteristics. This study provides a basis for the modification of FG under acidic conditions.

Fish gelatin (FG) is a macromolecular polypeptide polymer derived from the
hydrolysis of collagen, which has similar multifunctional properties to
mammalian gelatin'. Compared with mammalian gelatin, FG could meet
the needs of people with special religious and cultural beliefs while avoiding
some of the zoonotic threats to human health. In addition, FG has a wide
and abundant source of raw materials, as fish processing generated 30% of
processing waste, such as fish skin, fish bones, and fish scales, which could be
used to extract FG™. It could be used as a good substitute for mammalian
gelatin. However, the low proline and hydroxyproline contents of FG result
in lower rheological and gelling properties than mammalian gelatin®.
Therefore, the use of different methods to improve the rheological and
gelling properties of FG has been widely discussed by researchers. Common
FG modification methods include the mechanical method (high pressure,
ultrasonic, irradiation, etc.)’, the aldehyde method®’, the enzyme method’,
polysaccharide modification™"’, etc. Polysaccharide modification has shown
greater advantages on account of its simplicity and low cost". The gelling
and rheological properties of FG-polysaccharide composite systems were
improved by electrostatic and hydrogen bonding interactions between the
polysaccharide molecules and the FG molecules'”.

In addition, FG is also used in acidic food environments such as yogurt
and acid gel gummies. Acidic conditions have a strong influence on the
gelling properties of gelatin. When pH was low, gelling of gelatin was

inhibited and led to a suboptimal value". However, many modification
methods were not effective under the condition of strong acid. For examples,
y-Polyglutamic acid (y-PGA) could improve the gelling properties of FG but
have no positive effect under strong acid conditions (pH < 3)'“. In addition,
the hardness of FG modified by phosphorylation decreased under weak
acidic conditions'”. Therefore, a method to improve the performance of FG
under acidic conditions is urgently needed.

Locust bean gum (LBG) is a type of plant galactomannan extracted
from the endosperm of carob seeds. Its main structure is primarily com-
posed of 3-(1-4)-D-mannose, with a single a-D-mannose side chain ran-
domly connected at the O-6 of the mannose residue'*"”. LBG is used as a
thickener, stabilizer, and emulsifier'®. Owing to its unique creamy flavour, it
is widely used in a variety of food products. LBG could form a highly viscous
solution when cooled at a relatively low concentration. It has no gelling
properties by itself, but can cooperate with other polysaccharides to improve
the viscosity and gel strength of the system'®. The interaction between FG
and LBG under acidic conditions has not been previously documented.

In this study, tilapia protein gel and LBG were used as experimental
materials. Non-covalent modification of FG was carried out by using LBG.
The structural and gelling properties of the FG-LBG complexes were
investigated at different pH values (2—7). The microstructure was observed
using scanning electron microscopy (SEM) to further explore the
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relationship between properties and structure. This work further explored
the intrinsic mechanisms by which LBG improved the gelling properties of
FG in acidic environments. The FG-LBG was then applied to acid gel
gummies to determine its gelling properties.

Results

Gel strength analysis

The gel strength of gelatin is a critical factor in determining its impact on
product quality during application”. As shown in Fig. 1 A, the gel strength of
group F increased with rising pH, reaching a peak value of 524.68 + 1.54 g in
F7. The gel strength of F group significantly reduced (<400 g) in strong
acidic environment (pH < 3). This might be attributed to the inhibition of
network structure formation when the FG deviated from the isoelectric
point (6.5—9.0)**"". At extremely acidic pH, the FG network experienced
large repulsive forces that separated the FG molecules and prevented them
from orientating into the desired network structure. As the pH approached
the isoelectric point, intermolecular electrostatic gravitational forces
dominated, orienting the FG chains into a more compact structure, which
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Fig. 1 | The influence of locust bean gum modification on the gel properties and
stability of fish gelatin under different pH conditions. A The influence of pH value
on the gel strength of the system. Different lowercase letters (a-j) indicated sig-
nificant differences (P < 0.05). B The influence of pH value on the gelatin melting

was similar as the report from Goudie, McCreath, Parkinson, Davidson, and
Liggat (2023).

The gel strength of group L increased and then decreased with the
increase of pH. The maximum value of 713.48 + 6.08 g was reached at L5.
Gel strength of FG was significantly increased after modification by LBG.
Under the same pH conditions, the gel strength of group L was visibly higher
than that of group F (P < 0.05). The negative charge of LBG might interact
with the positive charge of FG to promote the formation of gelatin network.
With the increase of pH, the interaction weakened and the gel strength
decreased. This was similar to the results of Hu et al."*. They found that at
pH =5, FG (positively charged) and y-PGA (negatively charged) could
combine to form complex aggregates through electrostatic interactions. As
the pH of the system increased, the positive charge on FG gradually
decreased. The alteration in the charge states of FG and LBG results in a
reduction in electrostatic attraction between them, which in turn causes a
gradual decline in the proportional increase of FG gel strength. Interestingly,
at pH 3-7, all gel strength values of group L were higher than the maximum
in group F (pH 7). Under the same pH conditions, L3 exhibited the
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temperature of the system. Different lowercase letters (a-h) indicated significant

differences (P < 0.05). C, D The influence of pH value on the thermal stability of the
system.
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maximum increased ratio of gel strength with 62.65%. The increment in gel
strength of group L decreased gradually with the gradual increase of pH. The
results showed that LBG was suitable for acidic environments and was
effective in improving the gelling properties of FG.

Melting temperature analysis

The melting temperature is one of the important indexes to evaluate the gel
properties of gelatin’. The impact of different pH levels combined with LBG
modifications on the melting temperature of FG is illustrated in Fig. 1B. The
melting temperature of group F increased with increasing pH and reached a
maximum value of 28.86 + 0.03 °C at F7. The melting temperature of FG
was lower in strongly acidic environments (pH < 3). However, the melting
temperature didn’t change significantly when pH values were 5—7. At the
isoelectric point, the positive and negative charges of the entire molecule
were balanced, thus promoting helix formation. As the pH deviated from
the isoelectric point, the spin decreased as the increase in repulsive charge
inhibited the formation of intermolecular helices owing to the increase in
repulsive charge™. Between pH 5 - 7, the charges throughout the gelatin
network were more balanced. This resulted in a stronger, more compact
network with a higher melt temperature.

The melting temperature of group L first increased and then decreased
with increasing pH, reaching a maximum value of 34.80 + 0.12 °Cat L3. The
melting temperature of FG modified by LBG was already higher than that of
mammalian gelatin (28-31°C)". Particularly, L3 showed an increase of
7.98 °C over F3. Under the same pH condition, the melting temperature of
group L was higher than that of group F (P <0.05). The viscosity of the
system increased after modification by LBG, indicating that the interaction
between protein molecules changed™’. The existence of many -OH groups in
the molecular structure of LBG might contribute to the structural strength of
the colloidal network by interacting with FG to form hydrogen bonds. This
was similar to that reported by Lu et al.**. They found that the LBG enhanced
the hydrogen bonding interactions between the casein/k-carrageenan gel
molecules to form a more uniform and dense gel network structure. The
thermal stability of casein/k-carrageenan binary gels could be improved by
the addition of appropriate amount of LBG. However, as the pH increased
the interaction between the two weakened leading to a decrease in melting
temperature. Interestingly, the melting temperature of L group was higher
than the highest value of F group (pH 7) at pH values between 3 and 7, which
was consistent with the change in gel strength. This suggested that the acidic
environment of LBG was effective in improving the gelling properties of FG.

DSC analysis

DSC is capable of detecting changes in the heat flow of a sample during the
temperature variation process and is widely employed to assess the thermal
stability of the sample. In general, the thermal stability of a protein is defined
as the energy required to disrupt its naturally ordered structure. This is
attributed to the fact that protein molecules must absorb energy during
expansion to overcome intramolecular forces, including disulfide bonds,
hydrogen bonds, and hydrophobic interactions™. As shown in Fig. 1C, D, all
samples exhibited endothermic peaks within the temperature range of 80-
105 °C. When the temperature reaches a specific point, the rate of thermal
denaturation of the sample reaches its maximum. At this temperature,
denoted as Tp, the denaturation rate is the fastest®. As shown in Fig. 1C, the
Tp-values for the F2-F7 samples were 83.32 °C, 89.94 °C, 91.23 °C, 91.06 °C,
92.99 °C, and 99.10 °C, respectively. With increasing pH of the solution, the
thermal stability performance of the samples in group F showed an upward
trend. Derkach et al.”” found that thermal stability was positively correlated
with the content of triple helix structure and molecular weight. Under acidic
conditions, the helical structure was disrupted, resulting in a significant
decrease in thermal stability. As depicted in Fig. 1D, the Tp-values for the
L2-L7 samples were 89.90 °C, 103.12 °C, 99.45 °C, 91.25 °C, 96.72 °C, and
96.65 °C, respectively. With increasing pH of the solution, the thermal
stability performance of the samples in group L exhibited a trend of first
increasing and then decreasing. Among these, the L3 sample demonstrated
the highest thermal stability. This changing trend aligns with the variation

trend of the gelation melting temperature observed previously. This phe-
nomenon may be attributed to the presence of numerous hydroxyl groups
in the LBG molecular structure, which potentially interact with FG to form
hydrogen bonds, thereby enhancing the colloid network structure. Lu et al.**
had reported that LBG could significantly enhance the hydrogen bond
interaction between casein/k-carrageenan gel molecules, promote the for-
mation of a more uniform and dense gel network structure, and improve the
thermal stability of the binary casein /k -carrageenan gel.

Apparent viscosity analysis
Apparent viscosity reflects the change of intermolecular forces of proteins.
The greater the intermolecular forces, the higher the apparent viscosity of
the protein. Viscosity can control the processing characteristics of gelatin
products. It is mainly affected by shear rate, pH, shear pressure and time?®.
As shown in Fig. 2A-D, except for F7, the shear rate of group F was not
significantly affected by pH. The viscosity value of gelatin at pH 2—6 was
small thus there was no significant difference. In a strongly acidic envir-
onment, the degree of hydrolysis of FG increases, leading to an elevation in
low-molecular-weight components and consequently a reduction in visc-
osity. When the pH gradually increased, the intermolecular electrostatic
attraction played a dominant role in promoting the formation of the gel
network structure leading to an increase in the viscosity of the solution™.
It was obvious that the apparent viscosity of group L samples gradually
decreased (from 0.1 to 100s) with the increase of shear rate. This shear
thinning phenomenon indicates that all samples behave as pseudoplastic
fluids. In other words, as the shear rate increased, the molecular entangle-
ment of gelatin gradually decreased”. Deepa Agarwal™ also found that LBG
could improve the viscosity of plant proteins. The viscosity of group L
exhibited an overall trend of initially increasing and subsequently decreas-
ing. It is worth noting that the viscosities of samples L3 and L4 were sig-
nificantly higher than those of other samples. This might be related to
electrostatic interactions between proteins and polysaccharides FG-LBG
could form tighter structures at pH 3-4. The similar situation was reported
by Feng”. This could also be one of the reasons for the high melting tem-
peratures of the L3 and L4 samples, where the high viscosity prevented the
bubbles from rising (Fig. 1B). In Fig. 2A and C, the change of shear pressure
with shear rate was consistent with the change of viscosity, which could help
explain the apparent viscosity change law of colloid under shear rate. When
the shear rate was low, the shear pressure of the system was also low. The
stable state of the solution could not be destroyed, the apparent viscosity
value was high. As the shear rate increased, the hydrogen bonds in the
protein were broken leading to disintegration of the network structure.
Consequently, the apparent viscosity of the composite colloidal solution
gradually decreased until it reached an equilibrium state™.

Frequency sweep analysis
The frequency test of colloids can characterize the strength of the gelling
properties of colloids™. As shown in Fig. 2 (E-H), the energy storage
modulus of all colloids increased with the frequency, which was frequency
dependent, indicating that the gel of the colloids was still in progress™. The
sizes of m and n were analyzed by Power-law model (G’ (w) =Aw™,
G”(w) =Bw"). The A (Pa) is the rigidity of FG gel, m means the frequency
dependence. In addition, only the change of G’ in this experiment was
suitable for the Power-law model, and the simulation degree was relatively
high. In group F, pH 5-7 was FG showed higher G’, indicating a denser and
more stable intermolecular network structure. It was evident from Table 1
that pH 5-7 had significantly higher A values than other pH. This was
related to the content of triple helix. This was a similar result with the gel
strength. However, the A-values were lower at pH 2-4. This might be due to
the fact that FG undergoes hydrolysis of the high molecular weight material
which reduce the content thus weakening the gel network structure”. The
tand value increased with increasing frequency and this result suggested that
the gel network might weaken at high frequencies.

In group L, L5 was exhibited the highest G, indicating a denser gel
network structure. Similar to group F pH 5-7 the A values were significantly
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Fig. 2 | The influence of locust bean gum modification on the rheological properties of fish gelatin under different pH conditions. The influence of pH value on the shear
pressure (A, C) and apparent viscosity (B, D) of the system. The influence of frequency scanning on the system G (E, G) and tan § (F, H) at different pH values.

Table. 1| Gel structure of FG and FG modified by LBG at different pH levels

LBG(%)-pH A m R? tan 61Hz tan §10Hz tan 650Hz
0%-pH2 4245.20 + 33.89° 0.0167 0.9741 0.0133 0.0151 0.0214
0%-pH3 4521.05+131.17° 0.0162 0.9824 0.0136 0.0149 0.0208
0%-pH4 5326.15 + 132.30¢ 0.0141 0.9673 0.0138 0.0122 0.0161
0%-pH5 6371.10 +62.51" 0.0108 0.9763 0.0128 0.0111 0.0139
0%-pH6 6102.45 + 98.50° 0.0111 0.9758 0.0122 0.0109 0.0135
0%-pH7 5971.25 +41.93° 0.0107 0.9682 0.0121 0.0103 0.0127
0.3%-pH2 4887.45 +63.71° 0.0249 0.9888 0.0252 0.0279 0.0352
0.3%-pH3 6957.05 + 85.91° 0.0202 0.9877 0.0235 0.0235 0.0281
0.3%-pH4 7475.40 +35.21" 0.0195 0.9869 0.0234 0.0222 0.0252
0.3%-pH5 7704.35 + 53.25' 0.0178 0.9893 0.0229 0.0210 0.0236
0.3%-pH6 7518.45 £ 121.41" 0.0191 0.9895 0.0254 0.0238 0.0266
0.3%-pH7 7648.60 + 85.28" 0.0196 0.9949 0.0240 0.0250 0.0300

Different lowercase letters indicate significant differences in the same column (P < 0.05).
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Fig. 3 | The influence of locust bean gum modification on the interaction force
and microstructure of fish gelatin under different pH conditions. A The influence
of pH value on the zeta potential of the system. Different lowercase letters (a-f)
indicated significant differences within group F (P < 0.05), different uppercase letters
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Roman letters (I - IV) indicated significant differences within group L0 (P < 0.05).
B The proportion of gel strength loss of fish gelatin modified with locust bean gum at
different pH values. Different lowercase letters indicated significant differences
(P<0.05). C Microstructure of the system at different pH values.

higher than other pH. This was similar result with gel strength. It was noted
that the A-value of group L was significantly higher than that of group F at
the same pH. It was most obvious at pH 3. It might be that the structure of
the gel network was enhanced by the electrostatic interaction between FG
and polysaccharide molecules™. As shown in Table 1, the m-values of the L
group were greater than those of the F group, indicating that the frequency
dependence of the gel elasticity properties of the composite colloids was
greater than that of the unmodified FG. Overall, the m-values were in the
range of 0.0108-0.0249, indicating that there was agglomeration of the
colloids, which contributed to the enhancement of their gelling properties™.

Zeta potential analysis

The stability of the composite system comprising FG and LBG at various pH
levels, as well as the impact of electrostatic interaction on the system’s
stability, can be elucidated through potential analysis. Electrostatic

attraction serves as a primary driving force in the condensation process of
composite systems”. As shown in Fig. 3A, the absolute value of group F
potential decreased gradually with increasing pH. At pH 2, FG exhibited a
positive charge and a high H+ concentration within the system, primarily
resulting in electrostatic repulsion. As the pH value increased, the H+
concentration decreased while the OH- concentration gradually rose.
Consequently, FG molecules were attracted to OH- resulting in a decrease in
the potential value due to an increase in electrostatic attraction.

In the LO group, the absolute value of the potential increased and then
decreased with increasing pH. At pH 2, LBG was negatively charged. As the
pH increased, the H+ concentration decreased the electrostatic attraction
between both LBG molecules and H* decreased, resulting in an increase in
the absolute potential. The polysaccharide and gelatin molecules formed a
dense gel network structure through electrostatic interactions”. Therefore,
the formation of a complex between positively charged FG and negatively
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charged LBG through electrostatic interactions contributed to the
enhancement of its gelling properties. It was noticed that the potential
difference between FG and LBG reached a maximum at pH 3 and pH 4
(p>0.05). Consequently, under this condition, the stronger electrostatic
interaction between FG and LBG led to a significant increase in gel strength
and melting temperature.

Gel strength loss analysis

To determine the amount of hydrogen bonding in gelatin samples modified
by LBG, urea was added to the samples to evaluate the percentage of gelatin
strength loss. It is evident from Fig.3B, the gel strength of all samples
decreased significantly when mixed with urea, which illustrated the key role
of hydrogen bonding in stabilizing gelatin gels. Hydrogen bonds had a
significant effect on gel strength, and the change in hydrogen bonds reflected
the change in gel strength'. As shown in Fig. 3B, the hydrogen bonding
increased and then decreased with increasing pH, reaching a peak at pH 3.
The presence of more H' ions at pH 2 was more favorable for the formation
of hydrogen bonds. At pH 3, hydroxyl groups on the side chains of LBG
established hydrogen bonds with amino and carboxyl groups in gelatin,
resulting in increased hydrogen bond content and a more stable network
structure. Starting at pH 5, the degree of hydrolysis in gelatin decreased™,
resulting in a significant decrease in the content of free amino and carboxyl
hydrogen bonds. This resulted in less binding to LBG and lower hydrogen
bonding content. This change was consistent with the trend of gel strength
change in the previous period.

SEM analysis

The SEM results under different pH levels combined with LBG modification
on FG are shown in Fig. 3C. Generally speaking, the ordered arrangement
and association of protein gel molecules in the gel matrix directly con-
tributed to the improvement in the gel strength of gelatin™. All samples
showed a porous network structure. In a strongly acidic environment
(pH<3), group F exhibited a rough, loose and inhomogeneous network
structure. In group F, the network structure gradually became dense with
increasing pH and the pore size became smaller. This was due to the gradual
decrease in electrostatic repulsion, forming an ordered network structure.
Group L showed a better and dense network structure compared to group F.
This was attributed to the fact that LBG polysaccharide molecules enhanced
the network structure of FG through electrostatic and hydrogen bonding
interactions. Lu showed that LBG enhanced the hydrogen bonding inter-
actions between protein-carrageenan gel molecules to form a more
homogeneous and dense gel network structure*”. With the increase of pH,
the gel network structure became denser, as well as the voids became smaller
and aligned. When pH > 5, the electrostatic interactions between LBG and

FG gradually weakened leading to inhomogeneous gels with deformation
and protrusion of the surface structure. This was consistent with the pre-
vious results of gel strength.

Fourier transform infrared determination (FTIR)

FTIR spectroscopy serves as a critical analytical tool for elucidating the
secondary structure of proteins®. In this study, the secondary structure of
LBG-modified FG samples at various pH values was characterized by ana-
lyzing their FTIR spectra, with the results presented in Fig. 4A, B. Within the
wavenumber range of 500—4000 cm™, the absorption spectra of all samples
exhibited similar profiles, featuring four characteristic absorption bands: the
Amide A band (Amide-A, 3200-3600 cm, corresponding to the stretching
vibrations of N-H and O-H), the Amide I band (Amide-I, 1600-1700 cm™,
representing the stretching vibration of C = O and the bending vibration of
N-H), the Amide II band (Amide-II, 1500-1550 cm’, associated with the
bending vibration within the N-H plane and the stretching vibration of C-
N), and the Amide 111 band (Amide-III, 1200-1300 cm™, encompassing the
stretching vibration of C-N, the bending vibration of N-H, the stretching
vibration of C-C, and the bending vibration of C-H)*"*. The amide A
absorption peak shifts to lower wavenumbers, and the stronger the
hydrogen bond, the more pronounced this peak shift becomes*. As shown
in Fig. 4A, F2 - F7 sample amide A absorption peaks were 3409.00, 3377.68,
3342.18, 3335.91, 3325.47, 3317.12 cm - 1. Under acidic conditions, as pH
increases, the F-histamine A band shifts towards a lower wavenumbrate
direction, indicating an enhanced hydrogen bonding of the amino group. As
the pH value of the solution increases, the ability of free amino groups
(-NH,) to form hydrogen bonds with water molecules, carboxyl groups or
other amino groups significantly enhances, resulting in the amide A band
moving towards low frequencies and the gradual formation of inter-
molecular hydrogen bonds. Enhanced hydrogen bonding is beneficial to
improving the gel properties of FG*. This changing trend is consistent with
the previous changes in gel properties. As shown in Fig. 4B, the absorption
peaks of the amide A band in samples L2-L7 were 3350.53, 3333.83, 3348.44,
3371.42,3373.58, and 3409.00 cm™, respectively. In Group L, the absorption
peak of the amide A band first shifted towards a lower wavenumber and
then towards a higher wavenumber. This indicates that the hydrogen bonds
between LBG and FG strengthen and then weaken to each other. Under
strongly acidic conditions (pH<3), the hydrogen bond interaction between
FG and LBG was relatively strong. This was consistent with the result of the
proportion of gel strength loss. Among all samples, L3 demonstrated the
lowest wave number for the Amide A absorption peak, indicating the
strongest hydrogen bonding effect within the system at this condition. This
result further confirmed that LBG and FG form hydrogen bonds through
interaction, thereby improving the gelling properties of FG.
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Fig. 5 | Analysis of Locust bean gum modified fish gelatin models under different
pH conditions. A Structure of fish gelatin, (B) structure of locust bean gum, (C)
interaction of fish gelatin-locust bean gum condensation, (D) progressive

modification of fish gelatin-locust bean gum structure and rheological properties
with the increase of pH value.

Schematic model

Based on the results of Sections 3.1-3.7, a schematic model was proposed to
illustrate the progressive modification of FG by LBG under different pH
conditions (Fig. 5). The structure of FG was severely damaged in a strongly
acidic environment (pH < 3), and the hydrolysis of the peptide chain pair
led to a significant decrease in gelling properties™. It showed a loose gel
network structure and a significant decrease in gel strength and melting
temperature. The degree of hydrolysis of FG decreased as the solution pH
increased. LBG modification could effectively improve the gelling properties
of FG under strong acidity. Positively charged FG (Fig. 5A) and negatively
charged LBG (Fig. 5B) formed a complex coacervates through electrostatic
interactions (Fig. 5C). Hydrogen bonding was formed between the -OH
group in the side chain of LBG and the free amino and carboxyl groups in
FG, which was favorable for the formation of gel network structure. LBG
could significantly improve the viscosity of FG and provide the product with
better processing characteristics. The FG modified by LBG had higher gel
strength and melting temperature, and the SEM results shown that the L
group exhibited a better and denser network structure. When LBG and FG
were mixed (Fig. 5D), there was a small enhancement of their gelling
properties at pH 2 owing to the severe disruption of the structure of FG. At
pH = 3, FG and LBG formed a dense cohesive layer through electrostatic
interactions. The electrostatic interaction between FG and LBG was the
strongest at pH 3, and the gel strength and melting temperature were
enhanced by the largest proportion. As a result, the gel strength and melting
temperature were maximized proportionally. With the increase of pH, the
interaction between the two weakened the proportion of enhancement
gradually decreased. Similar results were reported by Hu et al.”.

Textural properties of FG gel gummies

Gummies are the popular type of confection and an emerging form of
pharmaceutical vehicle. Gummies are made from gelatin, sweetener solids
(sucrose and glucose syrup) and dietary acids. The addition of acids to
gummies could lead to the hydrolysis of gelatin, thereby reducing the gelling

properties of gelatin and weakening the texture®. Texture testing could
simulate the change in the quality of colloids during chewing in the human
mouth and teeth”. The effects of different pH values combined with LBG
modification on the texture properties of FG acid gel gummies are shown in
Table 2. Regardless of whether LBG was added, the hardness of FG gel
gummies increased with the increase in pH value of the system. However,
FG acid gel gummies unmodified by LBG had a lower hardness. It was
noteworthy that the addition of LBG could greatly increase its hardness.
When the pH of the gummies was 3-4, the negative electricity of the LBG
interacted with the positively charged FG, which enhanced the gel network
structure of the FG and increased the hardness of the FG gel. Springiness
could be used to characterize the rubber-like elasticity of colloids in the
mouth and the influence of initial shape variables on colloidal structure. As
shown in Table 2, LBG maintained its springiness well while enhancing its
hardness. Chewiness could describe the taste of colloids when they are
chewed by the human mouth™. The gumminess of colloid was consistent
with the change trend of its chewability and hardness. This was consistent
with what Kaewruang reported®.

Gel strength of FG gel gummies

Acids are important ingredients commonly used in food that can improve
its flavor and extend its shelf life. The addition of these substances has a
significant effect on the gelling properties of FG. As shown in Fig. 6A, the gel
strength of FG acid gel adhesive exhibited a consistent increase with rising
PpH values, irrespective of the addition of LBG. The gel strength of acidic gel
gummies modified by LBG was significantly improved, reaching 798.1 g at
pH 4. Compared with the unmodified acid gel gummies at pH 4, the gel
strength after modification was increased by 35.35%. Under acidic condi-
tions, the pH value of gelatin deviated from the isoelectric point, and the
charge of the peptide chain was the same, resulting in electrostatic repulsion.
However, breaking the balance of the gel system and hindering the for-
mation of the mesh structure led to the decrease of gel strength'’. The
addition of LBG could improve this situation and significantly improve the
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Table. 2 | Texture profile of FG and FG modified by LBG at different pH levels

Hardness (g) Springiness Gumminess(g) Chewiness(g)
0%-pH3 810.56 + 68.198° 0.98 £0.01° 765.12 £72.33° 754.81 £57.35°
0%-pH3.5 950.55 + 57.58° 0.96 + 0% 906.56 + 49.35° 1072.91 + 176.98°
0%-pH4 1138.06 + 44.10° 0.98 +0.012 1098.93 + 45.63° 1074.88 + 51.40°
0.3%-pH3 1077.74 + 61.45° 0.97 +0.012 989.36 + 72.80° 961.69 + 64.04°
0.3%-pH3.5 1368.92 + 61.46 ¢ 0.97 +0.012 1285.64 +78.48 ¢ 1250.73 +80.91°
0.3%-pH4 1442.47 + 81.84 ¢ 0.98 +0.01* 1358.12 +73.35¢ 1328.71 +67.03°

Different letters in the same column denote a significant difference (o < 0.05). All the values are the means values standard deviation of three replicates.
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gummies under different pH conditions. A The influence of pH on the gel strength
of acidic gel gummies. Different lowercase letters indicate significant differences
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gel strength of FG acid gel gummies. The charged LBG was introduced into
the gelatin molecules by electrostatic interaction between FG and LBG,
which enhanced the gel network structure of the system. Bulent et al.* also
found that adding LBG could significantly improve the strength of soy
protein hydrogels. Interestingly, the gel strength of acid gel gummies at the
same pH was higher than that measured in previous experiments because
xylitol added to acid gel gummies could enhance the gel strength of FG™.

Melting temperature of FG gel gummies

As shown in Fig. 6B, the melting temperature increased with the pH of the
system, regardless of whether FG was modified or not. The melting tem-
perature increased dramatically with the addition of LBG. This was con-
sistent with the results of the previous experiments. This was owing to the
enhancement of the gel network structure of the system through electro-
static interactions between FG and LBG”. The melting temperature of the
FG acid gel gummies modified by LBG were all higher than the maximum of

the original system. Especially at pH 3.5, the melting temperature of the FG
acid gel gummies modified by LBG increased from 29.29 °Cto 37.10 °C. The
melting temperature of FG modified by LBG was already higher than that of
mammalian gelatin (28—31 °C)". The addition of LBG improved the ther-
mal stability of acid gel gummies facilitating its production and storage.
Interestingly, under the same pH condition, the melting temperature of the
acid gel gummies was higher than that measured in previous experiments in
this work. Because the xylitol added to the acid gel gummies could enhance
the network structure of the FG and increase the melting temperature™.

Apparent viscosity of FG gel gummies

Rheological parameters are of great significance in industrial applications.
Additionally, the viscosity of food also influences people’s sensory evalua-
tion and acceptance of it”' . As shown in Fig. 6C, D, the viscosity of FG acid
gelatin was low and did not change significantly with increasing pH. The
addition of LBG greatly improved the apparent viscosity of the acid gel
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gummies™. Viscosity was strongly positively correlated with hardness, i.e.,
harder products were the more tacker at the same time™. This was one of the
reasons why LBG could enhance the hardness. FG has a small apparent
viscosity and is not suitable for room temperature gel molding. The addition
of LBG made the acid gel gummies liquid cure quickly in the low tem-
perature zone. The cured acid gel gummies was solid, elastic and had good
chewing resistance.

Discussion

In this work, the effect of LBG on improving the gelling properties and
structure of FG under acidic conditions was investigated and applied to
acidic gel gummies. The results showed that the weak gelation of FG was
caused by pH deviation from the isoelectric point of gelatin under acid
condition. 0.3% LBG changed the conformation of FG through electrostatic
and hydrogen bond interactions to form a denser polymer. The modifica-
tion of LBG increased the gel strength and melting temperature of FG, and
improved the gelling performance of FG under acidic conditions. Inter-
estingly, the gel strength and melting temperature of FG modified with LBG
at pH 3—7 were both higher than the maximum values (pH 7) of unmo-
dified FG. Especially at pH 3, the maximum increase ratio of gel strength and
melting temperature of FG was 62.65% and 29.44%, respectively. At this
moment, the electrostatic and hydrogen bond interactions were the stron-
gest. In addition, LBG had promoting effects on the gelation of acid gel
gummies. The acidic gel gummies modified by LBG had higher gel strength,
higher melting temperature and better structural properties. In a word, LBG
could effectively improve the gelling properties of FG under acidic condi-
tions, which provided a theoretical basis for the further development of acid
gel gummies and broadened its potential application in the food industry.

Methods

Reagents

Tilapia FG (240 Bloom) was supplied by Jiliding Marine Biotechnology Co.,
Ltd (Suzhou, China). LBG was provided by Shanghai Aladdin Biochemical
Technology Co., Ltd (Shanghai, China). Sodium hydroxide and hydro-
chloric acid were analytically pure. Sweet orange compound fruit drink
concentrate, xylitol and isomaltitol were food reagents.

Preparation and modification of FG solution

The final concentration of LBG was selected as 0.3% according to the pre-
liminary experimental results. A 6.67% (w/v) FG solution was prepared at
60 °C. The LBG was added to the FG solution at a final concentration of
0.3% (w/v), and the mixture was stored in a water bath at 60 °C for 1 h. Then,
adjusted the pH of the FG-LBG complex solution to 2, 3,4, 5, 6, and 7 using
1 M HCl and NaOH solutions. Finally, all the samples were adjusted to the
same volume. The FG without the addition of LBG modification was named
F2-F7, collectively referred to as group F. The FG modified by LBG was
named L2-L7 respectively, collectively referred to as group L. Individually
dissolved LBG named L02- L07 collectively referred to as the group LO.

Determination of gel strength

The gel strength of each sample was measured according to the method of
Hu et al."* with some modifications. Approximately 15 g of solution was
added to 25 mL glass beakers (36 mm x 50 mm) and incubated at 4 °C for
17 h. The gel strength of each sample was determined by the TA.XT plus
texture analyzer of Stable Micro System Company in the UK. The gel
strength of the colloid was evaluated by pressing 4 mm with a P 0.5 R probe
with a diameter of 1.27 cm at a test speed of 1 mm/s.

Determination of melting temperature

The melting temperature of each sample was measured according to the
method of Tu et al.” with some modifications. The melting temperature was
determined using the CXDC-0510 constant temperature water bath of
Nanjing Shunma Instrument & Equipment Co., LTD. The each sample
solution was poured into a 100x10 mm (length x diameter) glass tube with a
spiral cap, leaving 1 cm headspace at the top. The tubes were placed at 4 °C

for 17 h. The tubes were placed in a thermostatic water bath at 10 °C for
15 min, and the temperature of the water bath was gradually increased at a
rate of 0.5 °C/min until the movement of bubbles at the bottom of the tubes
indicated melting, which was recorded as the melting temperature.

Differential scanning calorimetry (DSC)

The DSC test referred to the method of Ma et al.”’, and made appropriate
modifications. The thermal properties of the samples were analyzed by DSC
test using the DSC2500 instrument from TA Company in the United States.
Place approximately 2 mg of the sample in an aluminum crucible, record the
weight of the sample (accurate to 0.01 mg), and calculate the peak tem-
perature (T},) of the sample through the DSC curve (20—180 °C, 10 °C/min).

Rheological behavior analysis
The rheological test of modified FG was measured according to the method
of Hu et al."* Each sample was measured with the Anton Paar MCR 302
rheometer to apparent viscosity and frequency scanning. The prepared
sample (about 19 mL) was poured into PP50 cylinder. The apparent visc-
osity test sample was held at 25 °C for 30 min. The following apparent tests
were performed: FG solution shear the rate was 0.1—100 1/s.

Frequency scanning: each sample at 5 °C for 25 min and at a 0.5 strain.
The frequency of FG solution was 0.1—100 Hz.

Zeta potential measurement

The zeta potential of each samples were measured according to the method
of Wu etal.” Dilute the solution 10 times and adjust the pH from 2 to 7. The
zeta potential was determined using the Zetasizer nano-zsp nanoparticle
size potential analyzer from Malvern Panalytical. All tests were performed
at 25°C.

Gel strength loss measurement

The hydrogen bonds of each sample were determined according to the
method of Xu et al.”” 1 M of urea was mixed with the sample solution as the
dissociation reagent, and then the mixed sample solution was placed in a
25 mL small beaker and incubated at 10°C for 17 h. The change of gel
strength was determined by P 0.5 R probe to determine the hydrogen bond
of each sample.

Microstructure

The microstructure was measured according to the method of Wang et al.**
The microstructure was measured using the S-3400N scanning electron
microscope of Hitachi Company in Japan. Each sample was cut into small
colloidal chunks, 2-3 mm thick, and placed in a phosphate buffer containing
2.5% glutaraldehyde (0.2 M, pH 7.0). It was then fixed at 4 °C for 14 h. The
sample was rinsed three times with distilled water. The microstructure of the
sample was observed after freeze-drying.

FTIR

The FTIR test was appropriately modified according to the method of
Zhang et al.” The experiment was carried out using the Nicolet 6700 Fourier
Transform Infrared Spectrometer manufactured by Thermo Fisher Scien-
tific in the United States. Freeze-dried samples were accurately weighed and
mixed with KBr at a ratio of 1:100 in an agate mortar. After thorough
mixing, the mixture was ground into a fine powder, followed by tablet
pressing under specified conditions. Subsequently, full-band scanning was
performed within the wavenumber range of 500—4000 cm ™, with a spectral
resolution of 4.0 cm " and 32 scans per sample. The absorbance values of the
samples were subsequently determined.

Preparation of acid gel gummies

Modifications were made according to the reported method of Yan®. In the
control group, 6.67 g of FG, 7 g of xylitol, 3 g of isomaltitol, 16 g of juice
(concentrated orange juice), and water were added to 100 g. In addition to
the above substances, 0.3 g LBG was added to the experimental group. The
two groups were heated and stirred at 60 °C for 60 min, respectively. After
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cooling to room temperature, the pH was adjusted to 3, 3.5, and 4 with
0.1 mol/L citric acid.

Analysis of gelling properties of acid gummies

According to the reported method of Sow et al.”, texture profile analysis of
FG gel gummies was measured. The measurement was carried out using the
TAXT plus texture analyzer from Stable Micro System in the UK. Pour the
prepared solution into the mold and incubate at 25 °C for 17 h. The colloid
was removed and cut into 2.2cmx 1.5cm (diameter x height) small
cylindrical colloid. The texture detection was carried out by a texture ana-
lyzer. The probe was P 36 R and the row variable was 40%.

Determination of gel strength of acid gummies

The gel strength of each sample was measured according to the method of
Hu et al."* with some modifications. Approximately 15 g of solution was
added to 25 mL glass beakers (36 mm x 50 mm) and incubated at 4 °C for
17 h. The gel strength of each sample was determined by the TA.XT plus
texture analyzer of Stable Micro System Company in the UK. The gel
strength of the colloid was evaluated by pressing 4 mm with a P 0.5 R probe
with a diameter of 1.27 cm at a test speed of 1 mm/s.

Determination of melting temperature of acid gel gummies

The melting temperature of each sample was measured according to the
method of Tu et al.” with some modifications. The melting temperature was
determined using the CXDC-0510 constant temperature water bath of
Nanjing Shunma Instrument & Equipment Co., LTD. Each sample solution
was poured into a 100 x 10 mm (length x diameter) glass tube with a spiral
cap, leaving 1 cm headspace at the top. The tubes were placed at 4 °C for
17 h. The tubes were placed in a thermostatic water bath at 10 °C for 15 min,
and the temperature of the water bath was gradually increased at a rate of
0.5°C/min until the movement of bubbles at the bottom of the tubes
indicated melting, which was recorded as the melting temperature.

Apparent viscosity analysis of acid gel gummies

The rheological test of modified FG was measured according to the method
of Hu et al."* Each sample was measured with the Anton Paar MCR 302
rheometer to apparent viscosity and frequency scanning. The prepared
sample (about 19 mL) was poured into PP50 cylinder. The apparent visc-
osity test sample was held at 25 °C for 30 min. The shear rate of FG acid gel
gummies was 0.01—100 1/s.

Data analysis

All the experiments were repeated three times, and the results were reported
as the mean =+ standard deviations. SPSS 27.0 (SPSS Inc., Chicago, IL, USA)
software was used for a one-way analysis of variance. P-values less than 0.05
were considered statistically significant.

Data Availability

Data available upon request
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