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Abstract: In this paper, the effects of different modification orders of microbial transglutaminase
(MTGase) and contents of pectin (0.1-0.5%, w/v) on the gelling and structural properties of fish gelatin
(FG) and the modification mechanism were studied. The results showed that the addition of pectin
could overcome the phenomenon of high-MTGase-induced lower gelling strength of gelatin gels. Ata
low pectin content, the modification sequences had non-significant influence on the gelling properties
of modified FG, but at a higher pectin content (0.5%, w/v), Py 59,-FG-TG had higher gel strength
(751.99 £ 10.9 g) and hardness (14.91 & 0.33 N) values than those of TG-FG-Pg 5¢, (687.67 £ 20.98 g,
12.18 £ 0.45 N). Rheology analysis showed that the addition of pectin normally improved the gelation
points and melting points of FG. The structural results showed that the fluorescence intensity of FG
was decreased with the increase in pectin concentration. Fourier transform infrared spectroscopy
analysis indicated that the MTGase and pectin complex modifications could influence the secondary
structure of FG, but the influenced mechanisms were different. FG was firstly modified by MTGase,
and then pectin (P-FG-TG) had the higher gelling and stability properties.

Keywords: gelatin gels; modification orders; gelling properties; modification mechanism

1. Introduction

Gelatin is a class of biopolymers which is widely used in modern manufacturing indus-
tries, especially in food processing, pharmaceutics, and cosmetics, due to its unique func-
tional properties (e.g., foaming, film forming, emulsification, biocompatibility, biodegrad-
ability) [1]. Gelatin is extracted from various sources, the primary sources of which are
mammals (cows and pigs). But the demand for extracting it from alternative sources is
increasing for religious—cultural-health reasons. Promising sources are aquatic (mostly
fish) and poultry [2,3].

Compared with mammalian gelatin, fish gelatin (FG) has lower proline and hydrox-
yproline contents, and these amino acids are responsible for the stability of collagen like the
triple helix structure of gelatin. Thus, FG has lower gel strength and gelling and melting
temperatures, which limit its application [2]. In order to overcome these shortcomings,
many modification methods have been proposed to modify FG, such as enzyme modifica-
tion, chemical modification, mechanical treatment, and electrostatic interaction methods [4].
Among them, enzymatic modification and electrostatic interaction are effective methods
to alter the molecular structure and functional properties of FG [5]. For enzyme modi-
fication, microbial transglutaminase (MTGase) can catalyze the covalent crosslinking of
protein peptides within protein molecules, effectively changing the structure and function
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of proteins [6,7]. However, excessive MTGase may hinder inter-molecular aggregation,
thereby reducing the formation of protein gel networks and finally producing thermally
irreversible gel with low strength and hardness [8,9]. Our previous report showed that the
addition of pectin can overcome this weakening phenomenon [10]. Our previous work
has shown that pectin-MTGase-complex-modified FG had better rheological properties
and higher gel strength and melting temperature than those of the original one, because
this complex modification largely introduced lots of hydrogen bonds that decreased the
excessive formation of covalent bonds. However, the effect of complex modifications order
on the gelling and structure properties of FG has not been clarified [10-12].

Therefore, this study mainly investigates the orders of MTGase and pectin complex
modifications on the gelling and rheological properties of FG through gel strength, texture
profile analysis (TPA), and rheological analysis. Moreover, the modification mechanisms
were also discussed through the analysis of endogenous fluorescence, FTIR, and gels
structure. We hoped this paper would mainly provide an important theoretical basis for
the application of complex modifications for the improvement of the functional properties
of gelatin.

2. Materials and Methods
2.1. Material

Tilapia skin gelatin (type A, crude protein 88.14 £ 1.57%, ash 4.78 £ 0.03%, moisture
7.93 £ 0.63%, dry basis) was purchased from the Yuanye Company (Shanghai, China).
Microbial transglutaminase (MTGase, 100 U/g) was obtained from Yiming Company
(Taixing, China). High-methoxyl citrus pectin (galacturonic acid content, 79%; degree
of methyl esterification, 71%) was obtained from Aladdin (Shanghai, China). All other
chemical reagents are analytical grade.

2.2. Preparation of Gelatin Gels

Fish gelatin (FG) solution (6.67% w/v, pH 6.5) was prepared through dissolving FG in
non-ionic water at 40 °C. Then, the orders of modification FG by MTGase (0.005%), various
contents of pectin (0.1%, 0.3%, 0.5%) were divided into two groups: TG-FG-P and P-FG-TG.
TG-FG-P: Firstly, different concentrations of pectin were added to FG solution and stirred
at 40 °C until the pectin was completely dissolved. Then, MTGase was added into the
mixture solution and cross-linked at 40 °C for 40 min. The enzyme was inactivated at
100 °C for 5 min. P-FG-TG: MTGase was firstly used to modify FG, and the mixture was
incubated at 40 °C for 40 min for the cross-linking. And then, the enzyme was inactivated
at 100 °C for 5 min. Subsequently, different concentrations of pectin were added into the
mixture and stirred at 40 °C until completely dissolved to form stable composite colloid.
After reaction, all the gelatin solution was finally cooled down to form a stable composite
colloid and stored at 4 °C for further use.

2.3. Gelling Properties
2.3.1. Gel Strength

According to the method of Sha et al. [13] with minor modification, 15 mL gelatin
solution (6.67%, w/v) was transferred into a 25 mL glass beaker, and then put into a
refrigerator at 4 °C for 16-18 h to form the gels. The gel strength was measured using a
texture analyzer (Stable Micro System, Surrey, UK) with a probe of P 0.5R (12.7 mm diameter
flat-faced cylindrical plunger). The gel strength was recorded at a speed of 1.00 mm/s
when the probe penetrated the gel for 4 mm. Each sample was performed in triplicates.

2.3.2. Texture Profile Analysis (TPA)

TPA of gelatin gels was performed using a TA. XT plus texture analyzer (Stable Micro
System, Surrey, UK) equipped with the Peltier temperature control system (4 °C). Gelatin
solution (6.67%, w/v) was put into a cylindrical container and matured in a refrigerator
at 4 °C for 16-18 h. The gels were subjected to two cycle compressions to 40% of their
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original height at a speed of 1 mm/s with a P 36R probe (47 mm diameter flat cylindrical
probe). The deformation of gel was 40%, and each sample was tested three times. Finally,
the hardness, elasticity, cohesion, gelation, and chewiness of the colloid were obtained [14].

2.4. Gelation Point and Melting Point Analysis

The storage modulus (G’) and loss modulus (G”) of all gelatin solution (6.67%, w/v)
were measured using a controlled rheometer (Discovery Hybrid Rheome-ter, TA Instrument,
Surrey, UK) with a stainless-steel parallel plate (60 mm diameter). Silicone oil was smeared
evenly around the parallel plate before experiment. The gap between the fixture and base
was 1000 pm. The FG solution was first cooled from 40 °C to 4 °C, kept at 4 °C for 5 min,
and then heated from 4 °C to 40 °C, with a rate of 0.5 °C/min, a strain force of 0.5%, and
at a frequency of 1 Hz. The gelation point (Gp) and melting point (Mp) could be obtained
during the cooling and heating procedure, respectively [10,15].

2.5. Transparency

The transparency of all gelatin solutions was determined with an ultraviolet visible
spectrophotometer at a wavelength of 600 nm [8,16]. Distilled water was used as the blank
control, each sample was measured three times, and the calculated result was expressed as

log Abs600
X

transparency: y = — , where Absg is the absorbance at 600 nm, and x is the

cup thickness (mm).

2.6. Structure Properties
2.6.1. Fluorescence Intensity

A fluorescence spectrophotometer (F-47000, Hitachi, Ibaraki, Japan) was used to
measure the fluorescence intensity for all gelatin solution [17]. The 2 mg/mL gelatin
solution was transferred to the cuvette, and the excitation wavelength was set at 280 nm. In
the range of 280 nm to 460 nm, the scanning speed was 100 nm/min at room temperature.
The excitation and emission slit widths were both set at 2.5 nm.

2.6.2. Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR analysis of samples was performed using an FTIR spectrometer (Perkin
Elmer, Waltham, MA) [18]. The lyophilized sample was mixed with KBr powder evenly and
then pressed into a tablet. The spectra were collected in the infrared range of 4000-500 cm !
at 25 °C. The obtained automatic signals were collected in 32 scans with a resolution of
4 cm™~!, and each sample was subjected to three parallel tests.

2.6.3. Scanning Electron Microscope

According to the method of Maria S et al. [19], the micro-structure of the composite
gels was observed using an environmental scanning electron microscope (Fei Deutschland
GmbH, Dreieich, Germany). The lyophilized sample was cut into small pieces (about
2 x 2 x 2 mm), and then placed on the conductive adhesive and coated with gold. The
micro-structure of all gelatin gels was tested with 10 kV accelerating voltage. All microscope
pieces were 1000 x.

3. Results and Discussion
3.1. Gel Strength and TPA

Gel strength is one of the main physical properties of gelatin, and it is a stiffness factor
that can predict the quality of gelatin. TPA can better simulate the effect of the tongue and
teeth on gel [8]. As shown in Table 1, FG-TG has lower gel strength and hardness values
than those of control. This might be because the high contents of MTGase can catalyze
FG to form excessive inter—intra covalent bonds, weakening the uniform structure [9],
while in the TG-FG-P group, with the increase in pectin concentration, the gel strength
and hardness of FG first increased (0.1%) and then decreased (0.3-0.5%); TG-FG-Py 19, gel
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displays the highest gel strength and hardness values. The addition of a certain amount
of pectin can form a stable FG-P polymer mixture through electrostatic interaction [7].
Following this, MTGase catalyzed the FG-P polymer mixture to form a stronger network
structure via covalent cross-linking among complexes or FG. However, for the high pectin
contents, phase separation might occur that disturbs the stability of the FG-P polymer
mixture. MTGase cannot catalyze the FG-P polymer mixture to form a stable mixed system,
resulting in a downward trend of gel strength and hardness [10]. For the P-FG-TG group,
the gel strength and hardness of gelatin gels are increased with the increase in pectin
content, and P 5¢,-FG-TG has the highest values. MTGase firstly catalyzes lysine and
glutamine in FG to form super polymers, and the addition of pectin still could interact with
super-FG molecules through electrostatic interactions to form macro-molecular polymers,
enhancing the hydrogen bonds of the gelatin gels and increasing the gel strength and
hardness values of FG-TG composite colloids with the increase in pectin concentration.
The gumminess and chewiness of all composite colloids almost show a similar trend of gel
strength and hardness. Interestingly, the three modification methods have non-significant
differences on the springiness, cohesiveness, and resilience of all the gelatin gels. Similarity,
Huang et al. [8,10] also reported that MTGase and pectin complex modification, MTGase
modification, and pectin modification could not change the springiness, cohesiveness, and
resilience of gelatin gels. In conclusion, the tendency of the gel strength and hardness
values of TG-FG-P and P-FG-TG are different, and the P-FG-TG group could alleviate the
gelling weakening behavior of high-MTGase-catalyzed FG.

Table 1. Effect of different modification orders of MTGase and pectin on the gelling and stability

properties of FG.
Content TG-FG-P P-FG-TG
Parameters FG TG-FG-Py 10, TG-FG-Py 3, TG-FG-Py 50 FG-TG Po1%-FG-TG Po3%-FG-TG Pys%-FG-TG

Gel strength(g)
Hardness(N)
Springiness
Cohesiveness
Gumminess(N)
Chewiness(N)
Resilience
Transparency

701.78 + 11.81 be
13.51 4 0.28 <d
0.95 = 0.032
0.92 £ 0.022
12.65 4 0.58 ®
12.27 £ 0.27 %
0.78 £0.01°
2.90 £ 0.002

74402 45452  730.18 & 11.433> 687.67 +£20.98°¢ 685.84 +£11.69¢ 72835+ 10.933> 737.67 &+ 12.052> 751.99 + 10.97 2
1436 £ 0273 1398 + 024> 1218 £0459 1329 +028°< 14464+ 0.12% 14.83 +0.282 14.91 + 0.33 2
0.96 & 0.022 0.95 4 0.022 0.97 £0.012 0.97 £ 0.012 0.95+0.012 0.97 4 0.002 0.96 £ 0.06 2
0.93+0.012 0.9240.012 0.92 +£0.012 0.93+0.012 0.92 4+ 0.022 0.93 4+ 0.012 0.91 £ 0.012
1336 £ 0233 129240312 11.25+0.29°¢ 12.31 £ 0.17 13.37 £ 0.24 3 13.75 +0.20 2 13.84 + 0.30
12.81 £ 0473 1234 +£0542 10.96 + 0.24 ¢ 11.99 £ 091" 1275+ 0302 1334 +£0.19% 13.65 & 0.332
0.79 4 0.01 2P 0.79 +0.01 % 0.79 £ 0.04 2 0.79 4 0.01 20 0.79 4 0.03 2b 0.80 + 0.00 % 0.79 4+ 0.00 2
1.43 +0.00° 1.09 £ 0.00 € 1.04 £0.00°¢ 2.96 = 0.002 1.44 +0.00° 110 £0.00¢ 1.01 £0.00°¢

TG-FG-P: FG was firstly modified by pectin, and then MTGase modified the FG-P complex. P-FG-TG: FG was
firstly modified by MTGase, and then pectin modified the FG-TG complex. The mean values in the same column
with different lowercase letters (a—e) differ significantly (p < 0.05).

3.2. Gelation Point and Melting Point Analysis

The dynamic viscoelastic behavior (DVB) of gelatin samples in the temperature range
of 40~4 °C and 4~40 °C was monitored to obtain the gelling point (Gp) and melting point
(Mp) [20]. As shown in Figure 1a,b, the loss modulus (G”) is always greater than the storage
modulus (G') at the initial stage. With the decrease in temperature, the G’ and G” of all
gelatin samples increased significantly, and G’ exceeds G”, suggesting that triple-helix
structures in gelatin samples are forming [10,21]. At 4 °C, the G’ of the two groups is
equivalent, which indicates that the elasticity of the two groups of gelatin is basically
the same at this time. The G’ of the TG-FG-P group is lower than that of the P-FG-TG
group, which indicates that the viscoelasticity of the P-FG-TG group gelatin solution is
better when the gelatin sample is semi-solid. At the same time, the G” of P¢,-FG-TG is
also higher than that of P 5¢,-FG-TG. This shows that the molecular arrangement of FG
modified by MTGase and then added with low-concentration pectin is denser with better
viscoelasticity and higher molecular stability than other samples. Figure 1c,d shows that
during the heating process (440 °C), the G’ and G” of gelatin began to decline from the
initial low temperature with high modulus state to solution, which also shows that the
composite FG samples are still thermally reversible, and the gelatin can recover to the
original molecular state [22].
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Figure 1. Effect of different modification sequences of MTGase and pectin on the G’ and G” of gelatin
during the cooling procedure (a,b) and the heating procedure (c,d).

The crossover points of G’ and G” on the cooling and heating curves are defined as the
Gp and Mp [15,23]. It can be seen from Table 2 that with the increase in pectin concentration,
the Gp and Mp of the gelatin samples slightly increased, and all the complex modified
gelatin gels had higher Gp and Mp values than those of pure FG. However, the modification
orders of MTGase and pectin have non-significant influence on the Gp and Mp. For the
TG-FG-P group, FG interacts with pectin to form a super-polymer; MTGase catalyzes
this super-polymer or cross-links with gelatin to form an interconnected molecular ring
structure, thus improving the Gp and Mp. For the P-FG-TG group, MTGase catalyzed FG
molecules to form double bonds; after the deactivation of MTGase, pectin and FG were
polymerized through hydrogen bonding to form super-polymers, thus improving the Gp
and Mp of gelatin. Nevertheless, the TG-FG-P group and P-FG-TG group had higher Gp and
Mp values than those of FG-TG, especially the complexes with high pectin contents. This
suggested that the MTGase and pectin complex modification had a higher improvement
efficiency than that of pure MTGase modification.

Table 2. Effect of different modification orders of TMTGase and pectin on the Mp and Gp of
gelatin gels.

Content Mp (°Q) Gp (°Q)
FG 2741 +£0.00¢ 20.56 + 0.00 ¢
TG-FG-Pg 19, 27.99 +0.01° 20.89 + 0.01P
TG-FG-Py 59, 28.85+0.002 21.61 +0.002
FG-TG 27.79 + 0.02 be 20.65 & 0.01 €
Py 10,-FG-TG 27.84 + 0.00 b¢ 20.71 £ 0.00 be
P .50,-FG-TG 28.85+0.012 2135+ 0.002

Different letters (a—c) in the same line indicate the significant differences (p < 0.05).
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3.3. Turbidity Analysis

Turbidity represents the formation of insoluble compounds. The size of turbidity is
not only related to the content of colloidal substances in water, but also to the size and
shape of these substances, usually closely related to the stability of protein polysaccharide
systems [24]. The higher the turbidity, the lower the transparency. As shown in Table 1,
the turbidity values of the mixed colloidal solution in the two groups are greater than FG,
and it is increased with the increase in pectin concentration, which indicates that there
is strong electrostatic attraction between FG and pectin in the system. The FG-P system
self-assembles to form large insoluble polymer molecules at the same time, and the related
phases of the molecules are separated, while the accumulation of a large number of insoluble
compounds (aggregates) leads to the highest turbidity of the system [25]. With the increase
in pectin concentration, the pH value of the colloid also decreases, which makes it easier to
form polymers. The turbidity in the two groups of gelatin samples increased significantly
and the difference was also very small. Thus, the modification decreased the transparency
of gelatin, but modification orders had non-significant influence on transparency.

3.4. Structure Properties
3.4.1. Fluorescence Analysis

Tyrosine and phenylalanine in gelatin are the main fluorescent substances, and fluo-
rescence analysis can reflect the minor changes in the tertiary structure of protein [26,27].
According to Figure 2, the peak of FG-TG at 303 nm is higher than that of the original
FG, and the fluorescence intensity significantly increases. This may be because MTGase
catalyzes gelatin cross-linking, thereby changing the protein structure and promoting
the exposure of fluorescent groups (tyrosine, phenylalanine). The fluorescence inten-
sity of the TG-FG-P group (Figure 2a) decreased except for TG-FG-P 39,. Studies have
shown that pectin has a quenching effect on the fluorescence groups of gelatin [28].
When FG is decorated with a small amount of pectin, pectin combines with the carboxyl
groups in phenylalanine and tyrosine to form a small amount of complex, quenching
the fluorescence groups of gelatin. Excessive pectin will quench most of the fluorescent
substances in FG, leading to a significant decrease in the fluorescence intensity of the
gelatin solution. For the P-FG-TG group (Figure 2b), the fluorescence intensity of the
gelatin solution is decreased with the increase in pectin concentration. Though MTGase
firstly cross-links with FG to expose the fluorescence sites of FG, pectin still can interact
with gelatin; that quenches the fluorescence groups in FG, and more fluorescence groups
will be quenched with the increase in pectin. Interestingly, the overall fluorescence
intensity of the P-FG-TG group was higher than that of the TG-FG-P group. This may
be because pectin firstly quenched many of the fluorescent amino acids in FG. MTGase
cannot induce the formed FG-P complex exposure of fluorescent groups. In conclusion,
the fluorescence intensity of gelatin will be reduced to varying degrees depending on
the modification orders of pectin and MTGase.

3.4.2. FTIR Analysis

FTIR can be used to analyze the changes in functional group information attached to
protein skeletons, reflecting changes in the secondary structure of proteins [29]. Amide A
represents the stretching vibration of—NH; residues, which is related to the formation of
intra-molecular hydrogen bonds. As shown in Figure 3, amide A of FG-TG is located at
3311.18, which is lower than that of FG (3316.00). This is because MTGase catalyzes FG to
form covalent bonds, reducing the hydrogen bonds of—NH), leading to the reduction of
amide A. Normally, the amide A of P-FG-TG is lower than that of TG-FG-P. This because in
P-FG-TG, MTGase firstly catalyzes the cross-linking of FG to form covalent bonds, reducing
the amino acids that can form hydrogen bonds, resulting in fewer hydrogen bonds formed
when pectin interacts with FG. In the TG-FG-P group, pectin interacts with FG to form a
stable complex via the formation of hydrogen bonds. At this time, fewer catalysis sites
could be used to form covalent bonds among FG molecules with the influence of MTGase.
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Thus, the TG-FG-P group had less covalent bonding. This might explain why P-FG-TG
had higher gel strength and hardness than those of the TG-FG-P group. Amide I mainly
exhibits C=0 stretching, while amide II mainly exhibits N-H deformation [30]. The amide
I of both FG and FG-TG is 1647.88, while the addition of pectin generally increased the
amide I values, indicating that the catalytic effect of MTGase on FG does not affect the
C=0 groups in gelatin. But, the addition of pectin was attributed to the formation of N-C
bonds between the NH; of gelatin and C=0 of pectin, which was due to the increase in
inter-molecular hydrogen bonds. Thus, both complex modification orders could improve
the gelling properties of TG-modified FG.

(@ 5000 - /_\ (®) 5000 -
4000 - @ 4000
\/ B —FG
1 —FG-TG
3000 3000 4 — Py 19 FG-TG
> | Z — Py 3,-FG-TG
E FG z Py 5, FG-TG
= 2000 —FG-TG 2 2000 o
- ——TG-FG-P s, -
—— TG-FG-P 5,
1000 TG-FG-P, 4, 1000 -
0 0
T T T T T T T 1 T T T T T T T 1
300 320 340 360 380 400 420 440 460 300 320 340 360 380 400 420 440 460
Wavenumbers(nm) Wavenumbers(nm)

Figure 2. Fluorescence spectra of TG-FG-P (a) and P-FG-TG (b).

3.4.3. Electron Microscope Scanning

In order to better observe the modification orders on the microstructure of modified
gelatin gels, SEM was used to analyze the sub-micron gel network structure [10]. As
shown in Figure 4, the pure FG gels have larger holes, but modified gelatin gels have
a much denser gel network with fewer and smaller-size holes. For the TG-FG-P group,
the sizes of the pores are decreased with the increase in pectin concentration (0.1-0.3%),
and then increased. TG-FG-P 39, has the densest network with smaller numbers of pores.
Low-concentration pectin can be trapped in the original pores through the formation of
inter-molecular hydrogen bonds, reducing the catalytic sites of MTGase, forming FG-P
and FG-FG network structures [7,10]. However, as a typical weak gel, excessive pectin
(0.5%) will lead to instability of the FG—pectin complex, thus breaking the stable structure
of gels. This shows that that pectin and FG molecules are connected to form a network
structure through hydrogen bonds and inter-molecular forces, and MTGase can make the
molecules in the composite colloid form inter-molecular double bonds for cross-linking,
so as to achieve a more dense network structure [31], improving the gelling properties
(Table 1), Gp, and Mp (Table 2) of FG. For the P-FG-TG group, with the increase in pectin
concentration, the gelatin gels gradually formed a special state of a large ring wrapping a
small ring. MTGase firstly catalyzed FG to form super-polymers with fewer pores; with the
increase in pectin concentration, super-FG molecules are wrapped in the macro-molecular
ring of pectin condensation, and the molecules inside the ring are connected by the double
bonds, thus forming the stable and bigger ring with a small ring. Thus, the modified gelatin
gels also had higher gelling properties (Table 1), Gp, and Mp (Table 2) than those of pure
FG and FG-TG.
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Figure 3. FTIR spectra of different-modification-order modified gelatin.
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Figure 4. Effect of different modification orders of TG and pectin on the microstructure of gelatin gels.
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In conclusion, the gel network of complex modified gelatin is the most uniform
and fine, which indicates that the complex modification can overcome the phenomenon
“excessive MTGase weaken gelling properties of FGG”.

3.5. Graphical Representation of the Gelation Mode

In order to study the effects of different modification orders of MTGase and pectin on
the gelling properties and molecular structure of FG, the modification mechanisms were
established. As shown in Figure 5, for pure FG gelation, FG molecules are orderly arranged
and connected to form a colloidal network structure through inter- and intra-molecular
forces. MTGase catalyzes FG molecules to form covalent bonds. In the TG-FG-P group,
pectin and FG are firstly interconnected through inter-molecular hydrogen bonds to form a
macro-molecular polymer. MTGase catalyzed the free FG or exposed crosslink sites of FG-P
coacervates to form covalent bonds, thereby forming a relatively denser and more stable gel
structure. And the addition of pectin could overcome the results of “high MTGase weaken
gelling”. However, a higher concentration of pectin will mask the crosslink sites of the FG
site or cause phase separation, thus reducing the gelling properties. In the P-FG-TG group,
MTGase firstly catalyzed FG to form super gelatin molecules with inter- or intra-covalent
bonds, and then the addition of pectin still can interact with super or free FG molecules to
form stable super-FG-P coacervates via the formation of hydrogen bonds with the increase
in pectin content, and pectin surrounds the FG. Thus, compared with pectin-MTGase
modification (TG-FG-P), MTGase-pectin modification (P-FG-TG) might be much more
proper for producing gelatin with higher stability and gelling properties.

FG colloid

FG solution

¥

~FG
Covalent bond
hydrogen bond

® Pcetin

Figure 5. Structural diagram of the effect of different modification orders of TG and pectin on an
FG molecule.

4. Conclusions

Herein, the different complex modification orders of MTGase and pectin on the gelling
and structural properties of FG were comparatively investigated. The results showed that
two kinds of complex modification orders could overcome the drawback of high MTGase
causing gelling weakness, and almost all complex modified gelatin gels had higher gelling
properties (gel strength, hardness, Gp and Mp values) than those of pure FG and FG-TG.
At the same pectin content, compared with the TG-FG-P group, the P-FG-TG group had
slightly higher gelling properties and stability, and Py 50,-FG-TG had the highest gelling
properties. Structural results showed that complex modified gelatin gels had the densest
gel network compared to both FG and TG-FG, but the TG-FG-P group had fewer covalent
bonds than the P-FG-TG group. Through the viewpoints of gelling properties, MTGase-
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pectin modification (P-FG-TG) could be used to produce gelatin with high quality. However,
further studies still should be performed to evaluate its true application value in the food,
e.g., yoghurt, and release delivery systems.

Author Contributions: Conceptualization, K.S. and W.S.; methodology, K.S.; software, W.S.; valida-
tion, K.S. and W.S,; formal analysis, Z.L.; investigation, K.S. and W.S.; resources, TH. and S.Z.; data
curation, K.S.; writing—original draft preparation, K.S. and W.S.; writing—review and editing, T.H.,
Q.L. and S.Z.; supervision, S.Z. and T.H.; project administration, T.H.; funding acquisition, Q.L. and
T.H. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Young Science and Technology Innovation Leading
Talents of Ningbo (2023QL037), Young PHD Innovation Research Plan of Ningbo (2023]380), Scientific
Research Institutes Plan Projects of Zhejiang Province, China (HYS-CZ-202206), and the Zhejiang
Province Public Welfare Technology Application Research Project (LGN21C200008).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this article are available on reasonable request
from the corresponding author.

Conflicts of Interest: The authors declare that they have no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Azam, A.; Hamid, B.; Simindokht, J.; Faezeh, A.; Farangis, T.; Abdorreza, M.N.; Nurul, N.S.; Nurul, H.; Ahmadreza, A.
Application of poultry gelatin to enhance the physicochemical, mechanical, and rheological properties of fish gelatin as alternative
mammalian gelatin films for food packaging. Foods 2023, 12, 670.

Zhao, H.; Kang, X.; Zhou, X,; Tong, L.; Yu, W.; Zhang, J.; Yang, W.; Lou, Q.; Huang, T. Glycosylation fish gelatin with gum Arabic:
Functional and structural properties. LWT 2021, 139, 110634. [CrossRef]

Ahmadreza, A.; Faezeh, A.; Farangis, T.; Najibeh, R.; Mohammad, R.S.A; Fazilah, A.; Abdorreza, M.N.; Nurul, H.; Jumardi, R.
Characterization and cell viability of probiotic/prebiotics film based on duck feet gelatin: A novel poultry gelatin as a suitable
matrix for probiotics. Foods 2021, 10, 1761.

Huang, T;; Tu, Z.C.; Shangguan, X.; Sha, X.; Wang, H.; Zhang, L.; Bansal, N. Fish gelatin modifications: A comprehensive review.
Trends Food Sci. Technol. 2019, 86, 260-269. [CrossRef]

Saber, M.M. Strategies for surface modification of gelatin-based nanoparticles. Colloids Surf. B 2019, 183, 110407.

Lv, L.C.; Huang, Q.Y.; Ding, W.; Xiao, X.H.; Zhang, H.Y.; Xiong, L.X. Fish gelatin: The novel potential applications. J. Funct. Foods
2019, 63, 103581. [CrossRef]

Huang, T.; Tu, Z.C.; Wang, H.; Liu, W.; Zhang, L.; Zhang, Y.; Shangguan, X.C. Comparison of rheological behaviors and
nanostructure of bighead carp scales gelatin modified by different modification methods. J. Food Sci. Technol. 2017, 54, 1256-1265.
[CrossRef] [PubMed]

Huang, T.; Zhao, H.; Fang, Y.; Lu, J.; Yang, W.; Qiao, Z.; Lou, Q.; Xu, D.; Zhang, ]. Comparison of gelling properties and flow
behaviors of microbial transglutaminase (MTGase) and pectin modified fish gelatin. J. Texture Stud. 2019, 50, 400-409. [CrossRef]
Wang, C.C.; Su, K.Y,; Sun, W.Y,; Huang, T.; Lou, Q.M.; Zhan, S.N. Comparative investigations of various modification methods on
the gelling, rheological properties and mechanism of fish gelatin. Food Chem. 2023, 426, 136632. [CrossRef]

Huang, T,; Tu, Z.C.; Wang, H.; Shangguan, X.; Zhang, L.; Zhang, N.H.; Bansal, N. Pectin and enzyme complex modified fish
scales gelatin: Rheological behavior, gel properties and nanostructure. Carbohyd. Polym. 2017, 156, 294-302. [CrossRef]

Anvari, M.; Chung, D. Dynamic rheological and structural characterization of fish gelatin—Gum arabic coacervate gels cross-
linked by tannic acid. Food Hydrocoll. 2016, 60, 516-524. [CrossRef]

Wu, B.C.; McClements, D.J. Functional hydrogel microspheres: Parameters affecting electrostatic assembly of biopolymer particles
fabricated from gelatin and pectin. Food Res. Int. 2015, 72, 231-240. [CrossRef]

Sha, XM.; Hu, Z.Z.; Ye, YH.; Xu, H.; Tu, Z.C. Effect of extraction temperature on the gelling properties and identification of
porcine gelatin. Food Hydrocoll. 2019, 92, 163-172. [CrossRef]

Huang, T.; Tu, Z.C.; Shangguan, X.C.; Wang, H.; Sha, X.M.; Bansal, N. Rheological behavior, emulsifying properties and structural
characterization of phosphorylated fish gelatin. Food Chem. 2018, 246, 428-436. [CrossRef] [PubMed]

Lu, J.P; Fang, Q.; Ma, N.; Yang, W.G.; Zhang, L.Y.; Huang, T. Gelation behaviour of fish skin gelatin in the presence of
methanol-water and ethanol-water solvent system. Int. J. Food Sci. Technol. 2022, 57, 1598-1608. [CrossRef]

Fang, Q.; Ma, N.; Ding, K.Y.; Zhan, S.N.; Lou, Q.M.; Huang, T. Interaction between negatively charged fish gelatin and cyclodextrin
in aqueous solution: Characteristics and formation mechanism. Gels 2021, 7, 260. [CrossRef]

Sarbon, N.M.; Badii, F.; Howell, N.K. The effect of chicken skin gelatin and whey protein interactions on rheological and thermal
properties. Food Hydrocoll. 2015, 45, 83-92. [CrossRef]


https://doi.org/10.1016/j.lwt.2020.110634
https://doi.org/10.1016/j.tifs.2019.02.048
https://doi.org/10.1016/j.jff.2019.103581
https://doi.org/10.1007/s13197-017-2511-1
https://www.ncbi.nlm.nih.gov/pubmed/28416876
https://doi.org/10.1111/jtxs.12405
https://doi.org/10.1016/j.foodchem.2023.136632
https://doi.org/10.1016/j.carbpol.2016.09.040
https://doi.org/10.1016/j.foodhyd.2016.04.028
https://doi.org/10.1016/j.foodres.2015.02.028
https://doi.org/10.1016/j.foodhyd.2019.01.059
https://doi.org/10.1016/j.foodchem.2017.12.023
https://www.ncbi.nlm.nih.gov/pubmed/29291869
https://doi.org/10.1111/ijfs.15522
https://doi.org/10.3390/gels7040260
https://doi.org/10.1016/j.foodhyd.2014.10.008

Foods 2023, 12, 3027 11 of 11

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Sow, L.C.; Yang, H.S. Effects of salt and sugar addition on the physicochemical properties and nanostructure of fish gelatin. Food
Hydrocoll. 2015, 45, 72-82. [CrossRef]

Varela, M.S,; Palacio, M.A; Navarro, A.S.; Yamul, D.K. Structural and functional properties and digital image texture analysis of
gelatin, pectin, and carrageenan gels with honey addition. J. Texture Stud. 2023, 1-13. [CrossRef]

Kumar, D.P; Chandra, M.V,; Elavarasan, K.; Shamasundar, B.A. Structural properties of gelatin extracted from croaker fish
(Johnius sp.) skin waste. Int. ]. Food Prop. 2018, 20, S2612-52625. [CrossRef]

Da Silva, M.A.; Bode, F; Grillo, I.; Dreiss, C.A. Exploring the kinetics of gelation and final architecture of enzymatically
cross-linked chitosan/gelatin gels. Biomacromolecules 2015, 16, 1401-1409. [CrossRef]

Sezer, P.; Okur, I.; Oztop, M.H.; Alpas, H. Improving the physical properties of fish gelatin by high hydrostatic pressure (HHP)
and ultrasonication (US). Int. ]. Food Sci. Technol. 2020, 55, 1468-1476. [CrossRef]

Hu, Z.Z.; Sha, X.M.; Huang, T.; Zhang, L.; Wang, G.Y.; Tu, Z. CMicrobial transglutaminase (MTGase) modified fish gelatin-y-
polyglutamic acid (y-PGA): Rheological behavior, gelling properties, and structure. Food Chem. 2021, 348, 129093. [CrossRef]
Cheng, C.; Tu, Z.; Wang, H. pH-induced complex coacervation of fish gelatin and carboxylated chitosan: Phase behavior and
structural properties. Food Res. Int. 2023, 167, 112652. [CrossRef]

Sow, L.C.; Toh NZ, Y.; Wong, C.W.; Yang, H. Combination of sodium alginate with tilapia fish gelatin for improved texture
properties and nanostructure modification. Food Hydrocoll. 2019, 94, 459—467. [CrossRef]

Guo, Y.N,; Liu, CH.; Ma, Y.T.; Shen, L.L.; Gong, Q.; Hu, Z.D.; Wang, Z.J.; Liu, X.; Guo, Z.W.; Zhou, L.Y. Study on the structure,
function, and interface characteristics of soybean protein isolate by industrial phosphorylation. Foods 2023, 12, 1108. [CrossRef]
[PubMed]

Guo, W,; Ding, K,; Su, K,; Sun, W.; Zhan, S.; Lou, Q.; Huang, T. Ultrasonic-assisted glycosylation with glucose on the functional
and structural properties of fish gelatin. Gels 2023, 9, 119. [CrossRef] [PubMed]

Huang, S.; Tu, Z.C.; Sha, XM.; Hu, YM.; Chen, N.; Wang, H. Fabrication and performance evaluation of pectin—fish gelatin—
resveratrol preservative films. Food Chem. 2021, 361, 129832. [CrossRef] [PubMed]

Ding, K.; Geng, H.; Guo, W.; Sun, W,; Zhan, S.; Lou, Q.; Huang, T. Ultrasonic-assisted glycosylation with kappa-carrageenan on
the functional and structural properties of fish gelatin. J. Sci. Food Agric. 2023, 103, 5322-5331. [CrossRef] [PubMed]

Tong, L.; Kang, X.; Fang, Q.; Yang, W.; Cen, S.; Lou, Q.; Huang, T. Rheological properties and interactions of fish gelatin-kappa-
carrageenan polyelectrolyte hydrogels: The effects of salt. J. Texture Stud. 2022, 53, 122-132. [CrossRef] [PubMed]

Cen, S.; Zhang, L.; Liu, L.; Lou, Q.; Wang, C.; Huang, T. Phosphorylation modification on functional and structural properties of
fish gelatin: The effects of phosphate contents. Food Chem. 2023, 380, 132209. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.foodhyd.2014.10.021
https://doi.org/10.1111/jtxs.12774
https://doi.org/10.1080/10942912.2017.1381702
https://doi.org/10.1021/acs.biomac.5b00205
https://doi.org/10.1111/ijfs.14487
https://doi.org/10.1016/j.foodchem.2021.129093
https://doi.org/10.1016/j.foodres.2023.112652
https://doi.org/10.1016/j.foodhyd.2019.03.041
https://doi.org/10.3390/foods12051108
https://www.ncbi.nlm.nih.gov/pubmed/36900624
https://doi.org/10.3390/gels9020119
https://www.ncbi.nlm.nih.gov/pubmed/36826288
https://doi.org/10.1016/j.foodchem.2021.129832
https://www.ncbi.nlm.nih.gov/pubmed/34023688
https://doi.org/10.1002/jsfa.12600
https://www.ncbi.nlm.nih.gov/pubmed/37016806
https://doi.org/10.1111/jtxs.12624
https://www.ncbi.nlm.nih.gov/pubmed/34427935
https://doi.org/10.1016/j.foodchem.2022.132209
https://www.ncbi.nlm.nih.gov/pubmed/35093657

	Introduction 
	Materials and Methods 
	Material 
	Preparation of Gelatin Gels 
	Gelling Properties 
	Gel Strength 
	Texture Profile Analysis (TPA) 

	Gelation Point and Melting Point Analysis 
	Transparency 
	Structure Properties 
	Fluorescence Intensity 
	Fourier Transform Infrared Spectroscopy (FTIR) 
	Scanning Electron Microscope 


	Results and Discussion 
	Gel Strength and TPA 
	Gelation Point and Melting Point Analysis 
	Turbidity Analysis 
	Structure Properties 
	Fluorescence Analysis 
	FTIR Analysis 
	Electron Microscope Scanning 

	Graphical Representation of the Gelation Mode 

	Conclusions 
	References

