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Abstract
Transglutaminase (TGase) of microbial origin catalyzes the transamide reaction with a glutamine residue in proteins, which 
correlates with the surimi setting (suwari) process and plays a vital role in manufacturing fish surimi products. This study 
investigates the effect of TGase-assisted agglutination at different incubation temperatures (20, 30, 40, and 50 °C) in set-
ting the stage to characterize its microstructural influence on agglutination strength and tilapia surimi. Results showed that 
the preparation of combined heat and TGase treatments significantly increased the hardness, elasticity, gel strength, and 
water-holding capacity of tilapia surimi gels (P < 0.05). G′ and G″ values were increased, whereas Tan δ was decreased, 
with significant differences among conditions (P < 0.05). In addition, SDS–polyacrylamide gel electrophoresis showed that 
myosin heavy chain (MHC) was cross-linked into aggregated macromolecules by TGase. In general, the good performance 
of tilapia surimi was obtained by heating with minimum addition TGase (0.147 U/g surimi) at 40–50 °C for 1 h. Hence, this 
study could provide a theoretical basis for developing surimi products with good structure, quality, and high nutritional value.
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Introduction

Tilapia Oreochromis mossambicus is native to Africa 
with over 100 species of tropical fish, including subspe-
cies (Magbanua and Ragaza 2022). It is the third largest 
freshwater cultured species worldwide. In addition, tilapia 
is produced in more than 170 countries (Debnath et al. 
2022); it has delicious meat, few spines, no small inter-
muscular spines, and high protein content, making it suit-
able for fillets. It is a species recommended by the Food 
and Agriculture Organization of the United Nations for 
sustainability (Zhang et al. 2023). Recently, it has emerged 
as a hot spot for breeding, processing, and export. Thus, 
the traditional processing of tilapia products is monoto-
nous. In addition, the depletion of marine resources by 
overfishing and the fluctuating effects of climate change 
have become pronounced, which results in the increas-
ing scarcity of fish species suitable for surimi production. 
However, these risks and challenges indicate unmanage-
able revenue for enterprises involved. To our knowledge, 
high-quality surimi is typically produced only from lean 
white meat fish such as Alaska cod; however, considerable 
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effort has been exerted on making good surrey from the 
flesh of other fish species (Kristinsson et al. 2007; Xiong 
2018).

Surimi products are important in the marine processed-
food industry. Therefore, research on the mechanism of 
surimi gelation (including process improvement and quality 
enhancement) has been conducted, and consumers increas-
ingly prefer its beneficial properties (Fang et al. 2021). 
Consequently, the superior texture (e.g., softness and chewi-
ness) and water holding capacity (WHC) of surimi products 
are considered fundamental characteristics (Picard et al. 
2017). The muscle proteins in fish form a compact three-
dimensional gel network structure that contributes to the 
above-mentioned characteristics. The thermal gelation of 
fish protein is the most crucial phenomenon in processing 
surimi products. In general, the heat treatment of surimi is 
divided into one-step heating and two-step heating. One-
step heating naturally heats directly at a high-temperature 
(90 °C) or boiling water, whereas two-step heating heats 
at a low-temperature (40–50 °C) for some time and then 
imposes high-temperature treatment such as one-step heat-
ing. By contrast, two-step heating has an enhanced effect on 
gelatin formation, known as setting or suwari (Kristinsson 
et al. 2007; Benjakul and Visessanguan 2003). Watabe et al. 
(2020) have been reporting the production of surimi by Japa-
nese codling in 0.5 M NaCl with a two-step process of heat-
ing which produced thermal gels with a breaking strength of 
more than 10N. The occurrence of setting may be associated 
with endogenous transglutaminase (TGase) in fish, which 
induces the formation of ε-(γ-glutamyl)-lysine covalent 
bond (GL bond) in fish proteins to strengthen the structure 
of surimi gel (Wang et al. 2022c; Cao et al. 2019; Kumazawa 
et al. 1993; Ebitani et al. 2015). It is widely agreed that the 
freshness and species of the fish affect the quality of the 
surimi (Wang et al. 2022a; Nozawa and Ezou 2009), which 
has been reported that endogenous TGase remains signifi-
cantly unstable in vivo (10.7–2.6) and in vitro (27.3–4.1 U) 
(Ebitani et al. 2015). However, TGase has been widely used 
in the surimi industry because the cross-linking of GL bonds 
in food facilitates protein polymerization and changes in pro-
tein conformation and three-dimensional structure, thereby 
affecting the functional and nutritional properties (Fang 
et al. 2021; Wang et al. 2022a). In addition, the conditions 
of the additives cost and the tilapia surimi setting (suwari) 
have yet to be thoroughly investigated and optimized. Thus, 
this study aimed to investigate the effect with a minimum 
quantity of TGase-assisted agglutination at different incuba-
tion temperatures (20, 30, 40, and 50 °C) in setting the stage 
to characterize its microstructural influence on agglutina-
tion strength and tilapia surimi. It also aimed to understand 
the implication of a minimum quantity of TGase-induced 
gelation to improve low-temperature gelling of freshwater 
surimi.

Materials and methods

Materials

Freshwater cultured tilapia Oreochromis mossambicus 
was purchased from a local market (Taichung, Taiwan). 
The specifications for each fish were as follows: weight of 
approximately 500–600 g, length of 25–32 cm, and width 
of 11–15 cm. The sample was packed in PVC boxes with an 
ice-to-water ratio of 1:2 (w/w) and transported to the labo-
ratory within 1 h. TGase (44.25 U/g) was purchased from 
Ajinomoto Co., Inc. (Chūō, Japan). The chemicals and rea-
gents used in this study were purchased from Merck (Merck 
KGaA, Burlington, MA, USA) and of analytical grades 
unless otherwise specified. Furthermore, they were used as 
received without further purification.

Preparation of surimi gel

The surimi was prepared according to Long et al. (2022) and 
Lou et al. (2005) descriptions with slight modifications. The 
fish were washed with tap water; the ordinary muscle was 
cut using a blade and ground using a 4-mm meat grinder. 
Next, minced fish (moisture content up to 80%) was mixed 
for 1 min using a mixing and kneading machine, followed 
by 2.5% NaCl salt for 3 min. Finally, TGase (0–0.295 U/g 
of surimi) was mixed for 5 min to obtain surimi. During 
operation, the room temperature was below 18 °C, whereas 
the temperature of surimi mixing was kept below 10 °C. The 
following physicochemical properties were determined and 
compared by incubation at different temperatures (20–50 °C) 
for 1 h to allow the TGase-catalyzed reaction.

Measurement of TGase activity

The TGase activity was determined using the colorimetric 
hydroxamate method described by Zhong et al. (2019) with 
some modifications. In this study, 700 μl of 0.1 M Tris–ace-
tate buffer (pH 6.0), 50 μl of 2 M hydroxylamine, 150 μl of 
0.1 M N-α-carbobenzoxy-glutaminyl-glycine, and 100 μl of 
enzyme solution were collected and mixed. The reaction was 
incubated in a 37 °C water bath for 10 min. Finally, 1 ml 
of 15% trichloroacetic acid- 5% FeCl3 solution was added 
to abort the reaction. The above-mentioned solutions were 
centrifuged at 4 °C for 5 min at 3000 × g using a centrifuge 
(SCR 20B, Hitachi, Ltd., Tokyo, Japan), and absorbance 
at a wavelength of 525 nm was determined by spectropho-
tometry (U-2000, Hitachi). The amount of hydroxamate 
formed (μmole) was calculated using the standard curve 
of the equation obtained for l-glutamine acid- and γ-mono 
hydroxamic acid (0.5–5 μmole/ml). The formation of 1 
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μmole hydroxamate per min indicated 1 unit of enzymatic 
activity.

Color analysis

Color analysis was performed by the method of Huang et al. 
(2022a) with modifications. L, a, and b values of surimi 
colors were measured using a colorimeter (Σ80, Nippon 
Denshoku Co., Ltd., Osaka, Japan). The correction was per-
formed using a standard whiteboard (Y = 94.01, X = 92.02, 
Z = 110.59), and the measurement was performed by reflec-
tion, with six points randomly measured for each sample. 
The white index (WI) was calculated as follows:

where L indicates brightness, a indicates redness/greenness, 
b indicates yellowness/blueness.

Determining the surimi gel properties

The gel strength of surimi was determined by the protocols 
of Hou et al. (2022) and Watabe et al. (2020) with slight 
modifications. In brief, the surimi samples were cut into 
cubes of 15 mm3 size and then measured by using a Sun 
Rheo meter (Model CR-200D, Sun Scientific Co., Ltd., 
Tokyo, Japan) at room temperature (approximately 25 °C) 
concerning breaking force (N), breaking strain (mm), and 
gelatin strength (breaking force × breaking strain; g × mm) 
as indices of textural properties were calculated by Rheo 
data analyzer pro program. The measurement condition 
was MODEL1; the adapter used a 5-mm diameter spherical 
plunger; the elevated speed of the carrier was 150 mm/min, 
whereas the compression rate was 75% of the sample.

Rheological analysis

The measurements were performed by Haake Rotavisco 
(Haake Mess Technik GmbHu Co., Karlsruhe, Germany) 
using the method of Huang et al. (2022b). G′, G″, and Tan 
δ values of the samples were measured at room tempera-
ture (approximately 25 °C) at the forced oscillation mode. 
The measured conditions were as follows: using a flat plate 
(PP35 Ti), gap of 2 mm, shear stress of 80 Pa, and a scan-
ning frequency range of 0.1–100 Hz.

Determination of protein solubility

The solubility of enzyme-treated surimi was determined 
using the method described in Zhou et  al. (2019) with 
minor modifications. 0.8 g of sample in a 15-ml solution of 
a sample containing 20 mM of Tris–HCl, pH 8.0, 1% (w/v) 
SDS, 8 M of urea, and 2% β-ME was collected and heated 

WI = 100 −
[

(100 − L)2 + a
2 + b

2
]1∕2

,

at 100 °C for 5 min while stirring at room temperature for 
24 h. Next, the supernatant was centrifuged at 5000 × g for 
30 min, and the TCA concentration was modified to 10% by 
adding 50% TCA to the supernatant and then centrifuged 
again under the same conditions. The precipitate was col-
lected, washed once with 10% TCA, and centrifuged. The 
final precipitate was dissolved in 10 ml of 0.5 M NaOH. The 
BIO-RAD protein assay (Bio-Rad Laboratories, Inc., Her-
cules, CA, USA) measured the protein concentration using 
bovine serum albumin as a standard (Wu et al. 2007).

WHC

WHC was determined using the method of Liu et al. (2021). 
The sample was weighed, wrapped with three Whatman 
No. 2 filter papers (Membrane Solutions, LLC. Auburn, 
WA, USA), placed in a centrifuge tube, and centrifuged at 
3000 × g for 20 min. Then, the following equation absorbed 
extra water by weighing and calculating the WHC.

Sodium dodecyl sulfate–polyacrylamide gel 
electrophoresis (SDS‑PAGE)

The method was performed as described by Bradford (1976). 
The sample was dissolved in 15 ml of 20 mM Tris–HCl 
under the following conditions: pH 8.0, 1% (w/v) SDS, 
8 M of urea, and 2% β-ME. In addition, four folds sample 
buffer (0.25 M Tris–HCl, pH 6.8, 10% glycerol, 2% SDS, 
5% β-ME, and 0.125% bromophenol blue tracking dye) was 
used for SDS-PAGE protein electrophoresis analysis. The 
analysis was performed with the preparation of 10% separat-
ing gel (0.375 M Tris, pH 8.8) and 3% stacking gel (0.125 M 
Tris- pH 6.8), while loading a 20-µl sample per lane. Elec-
trophoretic conditions were as follows 30 M (~ 100 V) for 
2–3 h at room temperature (approximately 25 °C). Next, the 
gels were stained with protein (0.1% Coomassie blue, 40% 
methanol, 10% acetic acid, 50% deionized water) for 30 min 
and decolorized (40% methanol, 10% acetic acid, 50% water 
deionized water) for 1–3 h. Finally, the gels were dehydrated 
and preserved with a sandwich method.

Observation by scanning electron microscopy (SEM)

SEM was performed as described by Li et al. (2022a). The 
samples were freeze-dried and coated with gold under a 
vacuum (ion sputter coater, JBS-ES 150 model, Topon Co., 
Ltd., Tokyo, Japan) for 90 s. The cross-sectional crosslink-
ing network of tilapia surimi was observed at 100× with an 
SEM (SU 8010 Hitachi, Tokyo, Japan) and photographed 
and recorded.

WHC (%) =
Water content of enzyme treated and centrifuged

Water content without any treatment
× 100
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Statistical analysis

In this study, all measurements were performed in triplicate, 
and the results were expressed as mean ± standard devia-
tion. The data were analyzed by Statistical Analysis System 
(9.0 SAS, Cary, NC, USA), ANOVA, and Duncan’s multiple 
range test with a significance level of α = 0.05 to compare 
the differences.

Results and discussion

White index

The color of the surimi is a significant factor influencing the 
quality of surimi products, which have unique colors and 
flavors. However, the color of the surimi formed by heat 
treatment differs with regard to fish species, rinsing condi-
tions, additives, freshness, temperature, and heat treatment 
time (Reppond et al. 1995; Chen et al. 1997; Shie and Park 
1999; Suvanich et al. 2000). In general, a whiter color of 
surimi products not only enhances consumers’ preference 
for the appearance of the products but also promotes the 
widespread use of surimi in the processing of different prod-
ucts, such as coloration. The changes in WI of tilapia surimi 
treated with TGase (0–0.295 U/g of surimi) at 20–50 °C 
are shown in Fig. 1, which showed that surimi treated with 
different concentrations of TGase had no significant effect 
on the WI. In addition, the WI tends to increase with the 
increase of temperature, as the values from high to low range 
from 50 °C (40.0–41.5), 40 °C (36.0–36.5), 30 °C (30–31.8), 
and 20 °C (29.3–31.5). In this case, it is attributed to the 
increased turbidity of chyme by thermal denaturation of 
TGase (Techaratanakrai et al. 2012). At the same time, it 

catalyzes the cross-linking reaction of myosin to form intra- 
and intermolecular covalent bonds (Matsuoka et al. 2013). 
In addition, significant differences were observed (P < 0.05). 
Notably, no significant differences were found among dif-
ferent doses of TGase at the same temperature. TGase had 
no significant effect on the chromatic properties (L, a, and b 
values) of the chicken doner kebab (Kilic 2003). Tseng et al. 
(2000) observed the effect of TGase on low-salt chicken 
meatballs and showed that TGase had no significant effect 
on color. All of the above findings are consistent with the 
results of this study.

Effects of TGase‑treated surimi on the breaking 
force, breaking strain, and gel strength

In general, the breaking force, breaking strain, and surimi 
gel strength have been used as indicators to determine 
surimi properties. The breaking force serves as a factor 
determining the gel strength, which provides the maxi-
mum strength for the breakdown of the tissue (expressed 
as “force”), also known as the breaking point of the tissue 
(Hamann and Webb 1979). Figure 2A shows the TGase 
treatment's effect on tilapia surimi's breaking force in this 
study. The breaking force tended to increase with TGase 
concentration, which showed that TGase promoted the 
increase of surimi hardness. In particular, the breaking 
force increases significantly when treated at 40–50 °C. 
However, at 50 °C, the TGase addition was approximately 
0.074 U/g of surimi. In addition, the breaking force had 
reached the maximum value, and increased TGase con-
centration could not significantly increase the breaking 
strength of surimi. Moreover, the effect of temperature on 
breaking force at various temperatures without TGase is 
shown as follows: 20 °C = 30 °C < 40 °C < 50 °C. Thus, a 
temperature treatment over 40 °C has caused changes in 
surimi. Treatment at 50 °C was significantly higher than 
the others, which was primarily due to structural changes 
in proteins, as a positive correlation was found between the 
degree of exposure to the hydrophobicity of proteins and 
the hardness of gel formation (Wicker et al. 1986), where 
the most critical protein in fish was myosin. Furthermore, 
tilapia myosin denaturation was found to occur at approxi-
mately 48 °C by DSC analysis (Ko et al. 2004). There-
fore, the denaturation of myosin occurs slowly at 50 °C, 
which exposes the hydrophobic and hydrogen sulfide 
groups, followed by inter- and intra-molecular formation 
of hydrophobic, hydrogen, and disulfide bonds (Lee and 
Lanier 1995). Hence, the breaking force of the surimi 
was increased, and the breakdown strength of the surimi 
treated at 50 °C was significantly higher than that treated 
at 20, 30, and 40 °C. In addition, the breaking force of 
surimi was increased with TGase treatment. The increased 
breaking strength of surimi with TGase concentration 

Fig. 1   Effect of TGase (0–0.295 U/g surimi) on the white index (WI) 
of tilapia surimi gels treated at 20–50 °C for 1 h
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indicated that enzymatic treatment induced the covalent 
bonding of ε-(γ-Glu)-Lys cross-links among surimi mol-
ecules (Lee et al. 1997; Kumazawa et al. 1993; Wang et al. 
2022a); whereas the bond was formed by catalyzing an 
acyl-transfer reaction between the ε-amino group of the 
lysine residue and the γ-amino group of the glutamine resi-
due (Wang et al. 2022c; Fang et al. 2019; Cao et al. 2019).

In addition, the breaking strain indicates the maximum 
strength required for tissue breakdown (expressed in mm). 
Figure  2B shows the effect of TGase treatment on the 
breaking strain of tilapia surimi, where a higher breaking 
strain value indicates higher elasticity. As the TGase con-
centrations increased, the breaking strain value of surimi 
rose. However, at 40 and 50 °C, TGase addition caused a 
decrease in breaking strain value because of the inhibition 
of the homogeneous development of the protein network 
structure by excessive GL bonding.

Moreover, gel strength was an index of the quality of 
surimi products, which was the product of breaking force 
and strain values. The stronger the gel strength, the better the 
quality of the surimi product. Figure 2C shows the change 
in gel strength of tilapia surimi treated with TGase. The gel 
strength of tilapia surimi tended to increase when treated 
at 20–40 °C. In addition, the gel strength was significantly 
lower at 20 and 30 °C than at 40 and 50 °C, whereas no 
increase in gel strength was observed at 40 °C with enzy-
matic concentrations higher than 0.044 unit/g of surimi. The 
gel strength of surimi treated at 50 °C showed a decreasing 
trend with enzyme addition higher than 0.074 U/g of surimi, 
which was also attributed to the decrease in the overall qual-
ity of surimi caused by the decrease in breaking stress and 
the inhibition of the homogeneous development of the pro-
tein network structure by excessive GL bonding. Yang et al. 
(2020) reported that preheating frozen longtail cod (Patago-
notothen ramsayi) at 30 °C for up to 6 h did not improve the 
gelation efficiency of the surimi. By contrast, the addition 
of TGase (300 U/kg surimi) at 35 °C for 2 h increased the 
gelation strength from 1000 g × mm to 1800–2200 g × mm, 
which was similar to the trend shown in this study. How-
ever, compared with the conditions of this study, the above-
mentioned incubation time was longer; the added amount 
of TGase was greater, and different fish species were used.

Rheological properties

The rheological property is a dynamic and non-destructive 
test (Wang et al. 2022c), commonly used in forced oscilla-
tory mode to measure the sample, in which the principle 
involves the application of sinusoidal stress or strain to the 
sample and measurement of response stress or strain for 
obtained storage modulus (G′), loss modulus (G″), and the 
calculation of the phase angle difference between them to 
accept the loss tangent (Tan δ) as viscoelastic indicators. 
In addition, the change in G′ was equivalent to the evolu-
tion of hardness and elasticity, which showed the change 
in G′ of TGase-treated tilapia surimi (Fig. 3A). G′ showed 
a tendency to increase with TGase concentrations, which 
indicates that TGase treatment will promote the rising pref-
erence for hardening and elasticity in surimi. However, the 
enzymatic concentration reaches high levels, similar to the 

Fig. 2   Effect of TGase (0–0.295 U/g surimi) treatment for 1  h at 
20–50 °C on the breaking force, breaking strain, and gel strength of 
tilapia surimi gels
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above-mentioned gel strength results, indicating deteriora-
tion. Significant differences were observed among different 
TGase treatments (P < 0.05). Further heating led to a sus-
tained increase in G′, whereas gelation at 35–45 °C resulted 
in the aggregation of HMM (Wang et al. 2017). Moreover, 
as the temperature rises, the peak occurs at 35–55 °C; mol-
ecules are unfolded; reactive groups are exposed, and pro-
teins begin to aggregate, precipitate, and cross-link (Shan 
et al. 2020); finally, a highly elastic gel network structure is 
formed (Wang et al. 2022b).

With regard to loss modulus (G″), which represents the 
change in viscosity, the results of this study showed that the 
effect of TGase on G″ of tilapia surimi also revealed the 
same trend, which initially increased and then decreased, 
indicating that TGase treatment would increase the viscosity 
of surimi. On the contrary, the TGase effect was remarkable, 
which caused a decrease in G″ (Fig. 3B). The changes in 
G′ and G′′ of tilapia surimi gel during heating indicated the 
opening and unfolding of the protein structure. However, 
G′′ of the sample reaches a maximum value, indicating that 
a sufficient number of bonds have been broken. The sample 
transitions from a viscoelastic solid to a viscoelastic fluid. 
Therefore, the liquidity of the sample has increased (Wang 
et al. 2019). In addition, it indirectly reflected protein dena-
turation, polymerization, and spatial network formation 
(Wang et al. 2022b). However, Wang et al. (2022c) con-
firmed that protein particles within the surimi gel were ini-
tially free of dispersion in continuous phases until a network 
structure was formed, leading to a successive movement 
restriction. Subsequently, the rheological value decreased, 
which indicated an increase in elasticity. Eventually, the par-
ticles escaped from the network with a characteristic mac-
roscopic viscosity.

Furthermore, the loss tangent (Tan δ) was the ratio of 
G″ divided by G′, which was commonly used to determine 
the physical properties of the food system, either toward 
a perfectly elastomeric (tan δ = ∞) or a viscous fluid (tan 
δ = 0). In this study, the variation of the tan δ value of TGase 
in tilapia surimi (Fig. 3C) was observed; that is, increasing 
the concentration of TGase, may initially decrease and then 
increase the tan δ value. In this study, the difference between 
G′ and G′′ values with high concentrations of TGase showed 
that the gel strength was gradually increased, which was con-
sistent with the findings of Wang et al. (2022b). However, 
the TGase concentration at 0.111 U/g of surimi showed the 
weakest performance. This concentration was closest to the 
elastomer, which might be related to the optimum amount 
of TGase bonding. Siu et al. (2002) reported the effect of 
TGase on the rheological properties of oat globulins, which 
increased the G′ and G″ values with decreasing tan δ of oat 
globulins. This result was consistent with the findings of 
this study.

WHC

The WHC of surimi products has also been identified as 
an essential quality indicator because poor WHC not only 
causes moisture loss but also leads to changes in the taste 
and tissue properties of the products (Yang et al. 2020; 
Wang et al. 2022c). In general, surimi products could retain 
moisture with high WHC. However, the increased water 
loss might be due to extensive protein aggregation caused 
by oxidation (Wang et al. 2022c). The effect of different 

Fig. 3   Effect of TGase (0–0.295 U/g surimi) on the rheological prop-
erties of tilapia surimi gels treated at 40 °C for 1 h during setting
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concentrations of TGase on the WHC of surimi is shown in 
Fig. 4A. The WHC was affected by heat in the non-TGase-
treated sections, where the values increased significantly at 
higher temperatures, from 50 °C > 40 °C > 60 °C > 30 °C, 
respectively, which showed a significant difference among 
the groups (P < 0.05). This result was attributed to the dena-
turation of the protein, thereby forming hydrogen, hydro-
phobic, and disulfide bonds and stabilizing the water encap-
sulated in the surimi. Nevertheless, tilapia is a species that 
readily degum at high temperatures. By contrast, it was less 
susceptible to gelation. Hence, the enzymatic delamination 
of surimi at 60 °C decreased WHC.

Meanwhile, TGase treatments could significantly improve 
the WHC of the surimi; thus, the WHC trend increased with 
the content of enzymes, and all the treatments showed sig-
nificant differences (P < 0.05). In addition, no significant dif-
ferences concerning WHC values with TGase concentrations 
of 0.147–0.295 U/g of surimi were observed at 30 °C and 
40 °C, which were close to each other, and both showed an 
increasing trend. By contrast, 50 and 60 °C showed opposite 

results in the same conditions. In this case, this phenomenon 
correlates to the action of TGase, which leads to the forma-
tion of valence GL bonds in surimi. The intra-molecular and 
inter-molecular bridging of the structural proteins forms a 
network structure of surimi, effectively encapsulating water 
in tissues while improving the WHC of surimi. Moreover, 
Wang et al. (2022c) reported that treatment with TGase 
showed a strengthened WHC, which was attributed to the 
formation of a compact gel network with more intercon-
nections induced by TGase preventing water from being 
extruded. Simultaneously, it has been reported that micro-
wave treatment results in a larger area of pore space within 
the tissue, allowing more water molecules to be absorbed 
(Li et al. 2022b).

Protein solubility

The effect of tilapia surimi treated with different concentra-
tions of TGase on the solubility of surimi protein (Fig. 4B) 
showed that protein solubility decreased continuously 
with TGase concentrations. However, Wang et al. (2022a) 
reported that the salt-soluble protein content of marine fish 
golden pompano and skipjack tuna was higher than that of 
freshwater tilapia. In particular, the protein solubility of 
40–60 °C treatments showed a significant decrease, from 3.2 
to 0.6 mg/ml, with a significant difference (P < 0.05). How-
ever, the decrease in protein solubility in the 30 °C treatment 
group was smaller, from 3.3 to 2.3, probably because the GL 
covalence bonding that formed at 30 °C was less than that 
formed at 40–60 °C, which led to higher protein solubility. 
The results were similar to the observation by Benjakul and 
Visessanguan (2003), which showed that protein solubiliza-
tion decreased with time during setting. In general, TGase 
processing promotes the formation of GL covalent bonds 
among proteins, which tend not to be solubilized by chemi-
cal solvents, thereby decreasing protein solubility.

SDS–polyacrylamide gel electrophoresis

The changes in the protein composition of surimi were 
due to different concentrations of TGase (Fig. 5). All the 
protein components consisted of a myosin heavy chain 
(MHC; 205 kDa), actin (44 kDa), and myosin light chain 
(MLC; 20  kDa). The contents of MHC protein bands 
decreased with the increase of TGase (0.037–0.221 U/g of 
surimi), which was due to the effect of TGase on the MHC 
in surimi, thereby aggregating the MHC into large mole-
cules and decreasing the MHC contents (Yang et al. 2020; 
Li and Xiong 2015). However, the bands above 205 kDa 
remained consistent, indicating that the aggregated proteins 
were resistant to TGase, similar to the results reported by 
Fang et al. (2019). Meanwhile, the polymerization of MHC 
occurred during cross-link formation (Wang et al. 2022a). 

Fig. 4   Effect of TGase (0–0.295 U/g surimi) on the water holding 
capacity (WHC) and protein solubility of tilapia surimi gels treated at 
30–60 °C for 1 h
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Nevertheless, TGase actions on the MHC reduce protein 
concentration while promoting elevated myosin cross-link-
ing (Yang et al. 2020), which is consistent with the results of 
this study. In addition, no evident decrease in MHC without 
TGase addition was observed, which indicates that tilapia 
has weak active endogenous TGase. TGase catalyzes the 
γ-carboxy amide group of glutamines within the protein 
structure with monoamine (e.g., lysine) in a 1:1 equiva-
lent ratio for acyl-transfer reaction. Compared with other 
myofibrils, TGase serves preferentially on MHC to form GL 
covalent bonds, thereby promoting the strength of surimi 
gel (Fang et al. 2021; Yang et al. 2020). Many studies have 
pointed out that TGase acts preferentially on the rod site 
of MHC compared with the subfragment-1 site (Yang et al. 
2020; Wang et al. 2022c; Fang et al. 2021). In addition, 

Wang et al. (2022c) reported that treatment with TGase 
revealed a significantly extensive loss of myosin rather than 
actin, confirming that myosin was the preferred target for 
TGase and actin oxidation.

Scanning electron microscopic photographs

Microstructural observation by 100× SEM significantly 
revealed that surimi treated with TGase (0.147, 0.295 U/g 
of surimi) at 40 °C for 60 min had larger pores than that 
without TGase treatment (Fig. 6A–C). The pores between 
the cross-links of the TGase-treated surimi were larger and 
slightly loosened, which were consistent with those reported 
by Fang et al. (2019). In particular, the pores formed by 
added TGase concentration of 0.295 (U/g of surimi) were 

Fig. 5   SDS–polyacrylamide 
gel electrophoretic patterns of 
tilapia surimi gels were treated 
with various TGase concentra-
tions (0, 0.037, 0.075, 0.147, 
and 0.295 U/g of surimi) at 
40 °C for 1 h. The main protein 
bands contain a myosin heavy 
chain (MHC; 205 kDa), actin 
(44 kDa), and a myosin light 
chain (MLC; 20 kDa)

Fig. 6   SEM photographs of tilapia surimi gels supplemented treated with various TGase concentrations (0, 0.147, and 0.295 U/g of surimi) at 
40 °C for 1 h
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the largest. In addition, compared with heat-treated surimi 
gels, TGase treatment promotes the formation of more regu-
lar gel structures with more strands and clusters, which leads 
to larger particles in the gel (Siu et al. 2002). TGase had 
no evident effect on actin, an important protein in muscle, 
because of the absence of the TGase action substrate, which 
has also been found in the study of Fang et al. (2019). Com-
pared with other meat myofibrillar protein gels, fish could 
observe a large porosity, a rough surface, and a loose protein 
network structure (Wang et al. 2022b), which was consistent 
with the rheological results.

Conclusions

In this study, TGase has been shown to catalyze the forma-
tion of GL covalent bonds in protein molecules, enhancing 
the tilapia surimi's properties, such as hardness, elasticity, 
gel strength, WHC, G′ and G″ values. In addition, it has 
no significant effect on the color of the surimi gel. There-
fore, supplementing exogenous TGase in tilapia surimi may 
improve surimi gelation efficacy, whereas the progression 
of the cross-linking reaction catalyzed by exogenous TGase 
depends on the temperature. The best performance was 
achieved at 40–50 °C for 1 h when heated with TGase (0.147 
U/g of surimi). The involved TGase-assisted in determin-
ing the optimum conditions for gelling during the setting 
period, whereas the effect of myosin molecules on gelling 
efficacy and microstructure was a valuable future direction 
for freshwater fish surimi research.
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