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Abstract

Surimi-based products with elasticity and specific shapes have received considerable notice in recent years. To ascertain the
effects of inulin, microbial transglutaminase (MTGase) and the combination of inulin/MTGase on gel formation of silver
carp surimi, the gel strength, textural properties, water-holding capacity (WHC), dynamic rheological measurements, Raman
spectroscopy, light microscopy of gel structure and sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
of gels from different groups were analyzed. The results showed that addition of inulin, MTGase and MTGase + inulin
improved gel strength (increased by 7.7%, 26.8% and 38.56% compared with control group), textural properties and WHC.
Raman spectroscopy proven that MTGase + inulin promoted the conversion of a-helixes to f-sheets and p-turns compared
with other experimental and control groups. Pure surimi gelation contained a loose and non-heterogeneous network via
light microscopy. With the addition of MTGase and inulin, the microstructure of surimi gelation became more compact
and homogeneous, particularly the MTGase + inulin groups. Moreover, The SDS-PAGE pattern further disclosed that the
MTGase +inulin had a weakened myosin heavy chain band, indicating that inulin could enhance the cross-linking effects of
MTGase on myosin heavy chains. These data demonstrated inulin incorporating with MTGase may be a new and effective
strategy to improve the gel properties of fish surimi.
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Introduction

Surimi gel products prepared with minced fish muscle are
generally defined as a series of flexible and protein-based
processed food. Over the past decade, due to distinct tex-
tural properties, nutritional benefits and better edible
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convenience, it fulfils a prominent role in consumers’ diets.
In order to make full use of aquatic resources and meet
the needs of people, using freshwater or low-value fish to
manufacture raw surimi has long been the focus of aquatic
products processing industry. Silver carp (Hypophthalmich-
thys molitrix) is a widely cultured freshwater fish due to low
price, fast growth as well as high nutritional value, and its
production in 2018 reached 3.858 million tons comprising
up to 15.17% of freshwater fish cultured in China [32, 34].
Along with deep processing of sliver carp and decreasing of
marine fish resources, silver carp become a potential alterna-
tive raw material for surimi production [19, 50]. Whereas,
like other freshwater fish, silver carp surimi has poor gel-
forming ability and unpleasant flavor, which compromis-
ing its commercial value [12]. Therefore, improving the gel
properties could contribute to the processing and utilization
of the freshwater fishes.

In recent years, numerous studies have been carried out
that adding appropriate dietary fiber additives including
insoluble sugarcane bagasse, nanosized okara dietary fiber,
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pea and chicory root fiber, is an effective way for improv-
ing the quality of freshwater fish surimi gel during process-
ing [9, 51, 57]. It is well known that due to the prevention
effect of diseases such as obesity, diabetes, cardiovascular
diseases, etc., and satiety property, dietary fiber has been an
issue of great interest in food field [6, 10, 40]. What is more,
Alakhrash et al. [2], Debusca et al. [13] and Zhang et al.
[52] have reported dietary fiber can act as filler, binders or
extender to improve water holding capacity, gel strength,
emulsion stability, texture value, sensory characters of pro-
cessed aquatic products. According to the differences in
solubility, dietary fiber is divided into two types, insoluble
and soluble fiber. As for gel improver, insoluble dietary fiber
has been widely investigated in fish muscle. However, there
has been little discussions about the role played by soluble
dietary fiber in freshwater fish surimi gel.

Inulin is a soluble dietary fiber composed of 22-60 glu-
cosyl moieties and one fructose unit bounded by p-(2-1)
linkage, which presents in a good number of plant resources
such as chicory, Jerusalem artichoke, wheat, garlic and so on
[28, 35, 53]. It is classified into short-chain, long-chain and
natural inulin basing on different degrees of polymerization
[36]. At present, inulin has been used as lipid replacer in
low-fat healthier food products because of fat-like charac-
teristics. In addition, Kuntz et al. [24] and Shoaib et al. [42]
also found that inulin plays an influential role in improving
the intestinal environment and balancing the flora. Of inter-
est is that inulin is also capable of forming particle gels with
stable network when blended with water or other aqueous
phase systems [4]. Xu et al. [48] found that inulin could be
as structural and property modifiers for sodium caseinate
stabilized oil-in-water emulsions. Kiumarsi et al. [22] also
reported when inulin was added into gluten-free bread, it
could effectively decrease starch crystallinity and produce a
softer crumb. Briefly, inulin and its derivatives added to food
formulation become more commonplace in food industry.

Previously, MTGase has been proven to promote the for-
mation of protein cross-linking via e-(y-glutamine)-lysine
bonds and employed in practical production of various gel
products including surimi gel, restructure meat product,
yoghurt, etc. [3, 16, 23, 41]. However, there are few refer-
ences about effects of inulin or the combination of inulin
and MTGase on the gel properties of freshwater fish surimi.

Therefore, the objective of the present study was to analyze
the synergetic effects of inulin/MTGase surimi batter com-
posites and to explore the regulatory mechanism of inulin
on MTGase-induced gel formation of surimi. Herein, we
analyzed the changes in gel texture, rheology, secondary
structure and protein pattern of silver carp surimi after treat-
ment with inulin, MTGase and inulin + MTGase, to provide
data support for the application of inulin/MTGase in surimi
products.

Materials and methods
Materials

Silver carp (H. molitrix) surimi (3A grade, containing
75% water, 16.62% protein, 4.07% fat and 3.81% ash) was
obtained from Honghu Jingli Aquatic Food Co., Ltd. (Hon-
ghu, China). Food-grade salt was purchased from a local
market (Jinzhou, China). Inulin (Orafti® GR, GR, average
DP > 10) was purchased from Beneo Co., Ltd. (Mannheim,
Germany). Microbial transglutaminase (MTGase, 1000 U/g,
food grade) was acquired from Nanning Dongheng Huadao
Biotechnology Co., Ltd. (Guangxi, China). SiO, was pur-
chased from Tianjin Longhua Chemical Co., Ltd. (Tianjin,
China).

Preparation of surimi gels

Silver carp surimi was used with other ingredients in the
preparation of gels (Table 1). Briefly, frozen surimi was
thawed with flowing water, then chopped at low speed in
a vacuum chopper (Model UMCS5, Stephan Machinery
Corp., Germany) for 1 min. Surimi paste was subsequently
obtained by adding 25 g/kg NaCl and chopping for 2 min at
low speed. The final moisture content was adjusted to 780 g/
kg by adding cold water (4 °C), 10 g/kg inulin and 2.5 g/kg
MTGase to the paste. To maintain the same protein concen-
tration and moisture content in all treatments, food-grade
inert filler silica (SiO,) was added into the surimi paste. All
ingredients were mixed with the surimi paste and chopped
under vacuum (— 0.6 kPa) for the last 4 min. The paste tem-
perature was controlled at less than 10 °C during chopping.

Table 1 Surimi batter

formulations Groups Surimi ~ Water (g/1000 g) Inulin MTGase SiO, (g/1000 g) Batch weight (g)
(g/1000 (g/1000  (g/1000
2 2 2
Control 730 232.5 0 0 12.5 1000
Inulin 730 232.5 10 0 2.5 1000
MTGase 730 232.5 0 2.5 10 1000
MTGase +inulin 730 232.5 10 2.5 0 1000
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Each surimi paste was stuffed into a 45 mm plastic casing
and allowed to set at 40 °C for 30 min and then 90 °C for
20 min. The gel was immediately placed in ice water to cool
for 15 min. All samples were stored overnight at 4 °C, after
which the prepared gel was placed at room temperature for
30 min before analysis.

Strength of surimi gels

The gel strength was measured using a TA. XT plus texture
analyzer (Stable Micro System Corp., UK), and the sample
was cut into a cylinder having a diameter of 2.5 cm and a
height of 2.5 cm, and were tested using a P/5S probe. The
physical property parameters were set to 50% for compres-
sion, 10 g for downforce, 1.0 mm/s for pre-test, and 1.0 mm/s
for test. The gel sample was placed at room temperature for
30 min before testing.

Textural properties of surimi gels

To evaluate the texture of the surimi gels, cylindrical gels
(length=2.5 cm, diameter =2.5 cm) were tested using a TA.
XT plus texture analyzer (Stable Micro System Corp., UK)
with a P/50 probe. The physical property parameters were
set to 50% for compression, 10 g for downforce, 1.0 mm/s for
pre-test, and 1.0 mm/s for test. The gel sample was placed at
room temperature for 30 min before testing.

Water holding capacity of surimi gels

The water holding capacity (WHC) was measured using
the method described by Sanchez-Gonzilez et al. [38], with
slight modification. Briefly, gel samples were cut into 5 mm
slices (about 1.5 g), accurately weighed as W1, and wrapped
in a 50 mL centrifuge tube with three layers of filter paper.
After centrifugation at 5000 rpm for 15 min at 4 °C, the
sample was quickly taken out and accurately weighed, after
which the weight was recorded as W2. Each set of samples
was run in parallel three times. The WHC was then calcu-
lated according to the following formula:

WHC (%) = W2/W1 x 100, 4)

where W1 is the weight of the sample before centrifugation
and W2 is the weight of the sample after centrifugation.

Oscillatory dynamic rheology of surimi gels

The surimi pastes were determined using a dynamic rheom-
eter (DHR-1, TA Instruments Ltd., UK) to simulate the heat-
induced gel formation process of the surimi based on the
method described by Debusca et al. [14], with slight modi-
fication. Briefly, the sample was placed between the lamina

(4° and 40 mm) and the plate at a pitch of 150 um. The
surimi mixture was then heated from 20 to 90 °C at a rate of
1 °C/min with a fixed scanning frequency of 0.1 Hz and a
scanning stress of 100 Pa. During the scanning process, the
scanning stress was in the linear viscoelastic region.

Raman spectroscopy of surimi gels

The sample was cut into 2 X2 X 1 mm and placed on a clean
slide. The secondary structure of the protein was determined
by a laser Raman spectrometer (LabRAM HR Evolution,
Horiba Trading Ltd., China). The laser source is an argon
ion laser with the following parameters: laser wavelength
532 nm, power 100%, exposure time 30 s, Raman shift range
400-4000 cm™".

Light microscopy of surimi gels

The microstructures of MP gels were determined according
to Wu et al. [45] with slight modification. Briefly, samples
were cut into 5 X 5 X5 mm pieces and refrigerated at — 80 °C
for 20 min. The pieces were then cut into 10 um slices with a
cryostat and placed on a glass slide. Next, slices were stained
with hematoxylin—eosin (HE), then observed and photo-
graphed using a light microscope (80i, Nikon Ltd., Japan).

Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis of surimi gels

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) of surimi gels was examined as described by
Zhu et al. [54], with slight modifications. Briefly, surimi gel
(3.0 g) amended with 27.0 mL of 5% SDS solution (85 °C)
was homogenized at 11,000 rpm for 4 min, after which the
homogenate was incubated at 85 °C for 1 h to solubilize total
proteins. The supernatant was then collected after centrifug-
ing at 10,000 rpm for 20 min to remove undissolved debris.
Next, the concentration of supernatant was adjusted to 6 mg/
mL and mixed with sample buffer at a ratio of 1:1 (v/v). The
mixture was subsequently boiled for 10 min, after which the
samples (10 uL) were loaded onto the polyacrylamide gel
made of 4% stacking gel and 12% separation gel and sub-
jected to electrophoresis at 80 V for 15 min, then 120 V for
80 min with a constant current. After running, proteins were
stained with 0.25% Coomassie Blue R-250, then destained
in 50% ethanol and 10% acetic acid. Protein profiles were
analyzed using the Quantity One software (BioRad Labora-
tories, Inc., Richmond, CA, USA).

Statistical analysis

All statistical analyses of data were performed using
the statistical product and service solutions (SPSS) 19.0
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software. Data were subjected to one-way analysis of vari-
ance (ANOVA). Results were reported as mean values + the
standard deviation (SD). A P <0.05 was considered to indi-
cate significance.

Results and discussion
Strength of silver carp surimi gels

Gel strength is defined as the product of breaking force and
deformation, providing the evidence of surimi products in
grading. The effects of different additives on the strength
of silver carp surimi gel are shown in Fig. 1. SiO, was
added into the surimi to ensure that the protein concentra-
tion remained the same. Therefore, the changes in experi-
mental results only reflect changes in inulin and MTGase,
not decreases in protein concentration [14]. The breaking
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Fig. 1 Effects of inulin on the breaking force, deformation and gel
strength of MTGase-induced silver carp surimi. [ZZZ7] breaking force,

deformation, gel strength. Control without inulin and
MTGase, Inulin inulin with 2.5 g/kg, MTGase MTGase with 10 g/
kg, MTGase + inulin inulin with 2.5 g/kg and MTGase with 10 g/
kg. Different lower-case letters (a—d) indicate significant differences
(P<0.05) between treatments with breaking force, deformation and
gel strength

force and gel strength of the experimental group with 0.25%
MTGase, 1% inulin and 0.25% MTGase + 1% inulin
were significantly higher than those of the control group
(P <0.05), but there were no significant differences in defor-
mation distance (P> 0.05). The addition of inulin increased
the breaking force and gel strength of silver carp surimi by
7.3% and 7.7%, respectively, when compared with the con-
trol group. This variation could be attributed to the chemical
composition that inulin possesses abundant hydroxyl groups
which significantly affect hydrogen bond [31]. As explored
by Sun and Holley [43], this bond is conducive to the for-
mation of three-dimensional network structures. In addi-
tion, inulin also likely filled the network gaps in the surimi
gel, making the protein structure denser. These results were
similar to those observed when 1% konjac glucomannan was
added into grass carp fish paste to enhance gel strength [47].
The breaking force and gel strength of the MTGase group
were 356.54 and 4135.74 g mm, which increased by 25.9%
and 26.8% compared with the control group. The observed
increase could be explained by the formation of more e-(y-
glutamyl) lysine bonds induced by MTGase [8]. The break-
ing force and gel strength of the 0.25% MTGase + 1% inu-
lin group reached 410.10 and 4518.42 g mm (increased by
44.8% and 38.56% compared with control group), which
were higher than those of other groups, indicating that inu-
lin enhanced the ability of MTGase to induce the forma-
tion of network structure from myofibrillar proteins. Thus,
the utilization of inulin as gel improver may promote the
development of surimi products with prebiotic effect in the
future [1, 18].

Textural properties of silver carp surimi gels

The gel texture was mainly compressed twice by simu-
lating the chewing action of the human mouth to obtain
parameters corresponding to human sensory evaluation.
As shown in Table 2, the hardness, gumminess, chewiness
and resilience of the surimi gel of the experimental group
were significantly higher than those of the groups without
added MTGase and inulin (P <0.05). The results showed

Table 2 Effects of inulin on the textural properties and WHC of MTGase-induced silver carp surimi

Groups Hardness (g) Gumminess Chewiness (g mm) Resilience (mm) Water-holding
capacity (%)
Control 3528.17 +41.059 2614.89 +18.56 2436.33 +40.61¢ 0.38 +0.00¢ 69.48+1.53°
Inulin 3680.27 +24.46° 2784.91+7.78¢ 2597.74+27.57° 0.41 +0.00° 69.71+3.49°
TGase 4310.16 +30.60° 3557.70 +30.48" 3414.85+51.37° 0.49+0.01° 75.60+ 1.80%
TGase + inulin 5155.44 +78.58" 4365.32 +87.83 4048.63 +64.73* 0.54+0.07* 76.31+2.47*

Values are given as mean+SD (standard deviation) from three replications. Different lower case letters indicate the significance of difference
amongst mean values in the same column at P <0.05

Control: without inulin and MTGase; Inulin: inulin with 2.5 g/kg; MTGase: TGase with 10 g/kg; MTGase + Inulin: inulin with 2.5 g/kg and

MTGase with 10 g/kg
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that inulin could improve the texture characteristics of sil-
ver carp surimi gel, probably because soluble dietary fiber
could produce the cross-linking with protein after being dis-
solved in water. This result was consistent with gel strength.
In addition, previous study showed that addition of inulin
could cause obvious increase in gumminess for oat protein
isolate gels prepared at pH 7 [33]. The highest values of
textural results appeared in the 0.25% MTGase + 1% inulin
group, which suggested that inulin enhanced the MTGase-
catalyzed myofibrillar protein gel formation. However, these
results were inconsistent with those of a study conducted
by Cardoso et al. [7]. This difference may be related to the
degree of polymerization, the amount of inulin and the gel
properties of different species of fish.

WHC of silver carp surimi gels

Water holding capacity refers to the ability of proteins to
bind water, and changes in WHC influence the color, flavor,
tenderness and taste of heat-induced gel [20]. As shown in
Table 2, there were no significant (P > 0.05) differences in
WHC between the 1% inulin group and the control group.
This could ascribe to the water-soluble polysaccharide inulin
filling in the pores between proteins, which hindered the
complete combination of water molecules and proteins and
decreased the proportion of free water flowing inside the
surimi gel. As a result, water loss and WHC are relatively
low during the centrifugal process.

There were significant differences (P <0.05) in WHC
between the control group and MTGase or MTGase + inu-
lin group, and the WHC of latter groups were higher than
that of the control group and the inulin group. The rea-
son behind this difference was that water could be better
trapped into the dense, uniform gel network of MTGase and
MTGase + inulin group, resulting in higher WHC [11]. The
gel strength and textural properties provided clear evidence
(Fig. 1; Table 2).

To further analyze the relationships among gel strength,
texture properties, and WHC, we performed the Pearson
correlation and the corresponding results are presented in
Table 3. Apart from deformation, the breaking force was
correlated significantly with gel strength, hardness, gum-
miness, chewiness, resilience and WHC, indicating the gel
strength, texture and WHC are interrelated. In this paper,
however, there existed no correlation between deformation
and other properties, which further proven the deformation
could not the critical factor affecting the gel properties of gel
from MTGase, inulin or MTGase + inulin groups.

Dynamic rheology of silver carp surimi gels

Changes in the rheological behavior of silver carp surimi gel
formed by heating were identified by dynamic rheology, the
change curve is shown in Fig. 2. In this study, we measured
the storage modulus (G'), the loss modulus (G") and the
damping factor (tan &), which stand for the elastic proper-
ties of the surimi gel, the viscous properties of the surimi
gel and the ratio of G"/G’, respectively [15]. The dynamic
rheology reflects the rheological properties and gel proper-
ties of surimi gel [46].

The rheological changes in surimi gel can be explained
by the structural changes and interactions of myosin.
G’ became larger as temperature increased from 20 to
30 °C. This was likely because the interaction between
protein molecules at low temperatures increases the
viscoelasticity of the sample [25, 46]. The decrease in
G’ with temperature increased from 30 to 52 °C may
occurred for the following reasons: (i) myosin was
degraded by the endogenous proteolytic enzymes of the
fish, (ii) myosin tail expansion led to destruction of the
protein network, and (iii) hydrogen bonding decreased
during heating [30]. At temperatures above 52 °C, the
protein re-aggregated and formed cross-links, resulting
in a flexible three-dimensional network structure [44].
The changes in G” were similar to those in G, but the G”

Table 3 Correlation analysis of various gel indexes among different groups

Indexes Breaking force  Deformation  Gel strength Hardness ~Gumminess Chewiness Resilience ~ Water-hold-
ing capacity
Breaking force 1.000 - 0.529 0.975%* 0.986%*  0.988%** 0.978** 0.991** 0.746%*
Deformation 1.000 -0.329 —0.486 —0.469 —0.386 —0.454 —0.249
Gel strength 1.000 0.971%** 0.978%** 0.989%* 0.986%** 0.767**
Hardness 1.000 0.998** 0.987** 0.984%* 0.781%**
Gumminess 1.000 0.993** 0.992%* 0.799%*
Chewiness 1.000 0.992%* 0.818**
Resilience 1.000 0.805%*
Water-holding capacity 1.000

**Significance of difference amongst various gel indexes at P<0.01
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Fig.2 Effects of inulin on dynamic rheology of MTGase-induced
silver carp surimi. a—c Storage modulus (G’), loss modulus (G"),
damping factor (tan 8), respectively. Control without inulin and
MTGase, Inulin inulin with 2.5 g/kg, MTGase MTGase with 10 g/kg,
MTGase + inulin inulin with 2.5 g/kg and TGase with 10 g/kg
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value was much lower than that of G’, indicating that the
elastic composition played a dominant role in the forma-
tion of surimi gel.

The trends in dynamic rheological curves of the four
groups were similar, but the final G, G” and tan 9 val-
ues were different. In general, the values of G' and G” of
the experimental groups, including inulin, MTGase and
MTGase +inulin groups, were significantly greater than
that of the control group, and the experimental group with
MTGase + inulin had the greatest values. The tan  values of
MTGase +inulin group is lowest, indicating elastic proper-
ties of MTGase + inulin group is most significant compared
with other groups. This might because of the interaction of
inulin with proteins, forming disulfide bonds and inducing
MTGase to form more e-(y-glutamyl) lysine bonds. The high
G’ values indicated the enhancement of the surimi gel prop-
erties and the low tan 6 values referred to a highly elastic
network structure, which is coincided with the gel strength
shown in Fig. 1.

Protein secondary structure of silver carp surimi
gels

Raman spectroscopy is a useful and reliable approach to
investigate protein conformation and the molecular interac-
tions between additives and proteins in a wide range of food
domains. This technique can reflect changes in the molecular
structure of substances according to the relative strength and
frequency of amino acid side chains, polypeptides and poly-
saccharide skeleton vibrations [39]. The Raman spectra of
protein is depicted in Fig. 3a, Amides I and III are the main
characteristics of the protein conformation peaks, where
phenylalanine is used as a standard peak of protein confor-
mation. Figure 3b shows the changes in protein secondary
structure, in which, the number of emergent a-helix gradu-
ally decreased, the content of B-sheet and p-turn gradually
increased, and there were no significant differences in the
content of random coil. These changes may have occurred
because the structure of a-helix unfolded and p-sheet and
B-turn formed through the interaction of hydrophobic resi-
dues exposed between molecules [27, 29]. Zhuang et al. [56]
once showed that the texture of the sample was negatively
correlated with the a-helix content and positively correlated
with the p-sheet, p-turn and random coil content. The gel
properties of the experimental groups treated with inulin,
MTGase and MTGase +inulin were better than that of the
control group. The main reason of this was the existence of
MTGase and inulin affected protein conformation. MTGase
changes the structure of myosin heavy chain by cross-linking
and reduces the a-helix content, thereby increasing the per-
centage of B-sheet and forming a high molecular weight pol-
ymer and therefore a better gel [26]. The experimental group
with MTGase + inulin showed the best results, indicating
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MTGase, [nulin inulin with 2.5 g/kg, MTGase MTGase with 10 g/kg,
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that the inulin and MTGase synergistically promoted the
formation of a uniform three-dimensional network structure
of the surimi gel.

Microstructure of silver carp surimi gels

Light microscopy combined with staining is a visual mean
of obtaining information about gel microstructure, which
has been widely applied in surimi gelation chemistry. As
shown in Fig. 4, cavities with different sizes and numbers
in the blended gels can be observed through the optical
microscope image, and the binary image obtained by Image
J software can clearly reveal the change of the pores in each
experimental group. The microstructure of the surimi gels
in the control was relatively loose and non-heterogeneous,
with many large pores. This could be attributed to damage
to the protein network caused by free water migration, illus-
trating the poor ability of the gel structure to bind water in
this group (Fig. 4). Meanwhile, this spongy structure dem-
onstrated the heating-induced gel forming ability of sliver
carp surimi was poor, in accordance with rheological and
textural results (Fig. 2; Table 2). However, the network of
gels containing inulin was comparable, consisting of com-
pact and homogeneous microstructures accompanied by
small pore dimensions, compared with the control. Gravelle
et al. [17] showed that hydrophilic fillers could improve the
surimi gel and reduce the formation of water channels in
the gel network. Above all, the most continuous and closed
network was exhibited by MTGase groups containing hydro-
colloid inulin. The results might be because of cross-linking
of proteins induced by MTGase and localized interactions
involving hydrogen and hydrophobic bonding from good
filler inulin and proteins during the processing of surimi
gels [16, 55]. Moreover, binding more water would decrease
the protein/water ratio after dissolution of inulin, which was
necessary for the formation of a stronger gel during thermal
treatment. Alternatively, under MTGase + inulin conditions,
the gels had a completer and more continuous microstructure
than in the other three groups, which supported the idea that
inulin had a synergistic effect on MTGase-induced cross-
linking of protein and further enhanced the gel properties
of sliver carp surimi.

Protein pattern of silver carp surimi gels

SDS-PAGE can directly analyze the cross-linking, aggrega-
tion and degradation of proteins at the molecular level [49].
It is well known that myosin heavy chain (MHC) plays a piv-
otal role in shaping the gel microstructure. Additionally, as
reported by Samejima et al. [37], although actin (AC) cannot
form gel, it is able to react with MHC to enhance gel elastic-
ity. Thus, it makes sense to analyze changes in MHC and AC
bands of all groups. As can be seen from Fig. 5a, ¢, the MHC
bands of the MTGase, inulin and MTGase + inulin groups
were shallower than those of the control group. Among
these, the MHC bands of the MTGase + inulin experimental
group had the smallest integrated density. Concomitantly,
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Fig.4 Effects of inulin on the
microstructure of MTGase-
induced silver carp surimi.
Control without inulin and
MTGase (400 x), Inulin inu-
lin with 2.5 g/kg (400 X),
MTGase MTGase with 10 g/kg
(400 X), MTGase + inulin inulin
with 2.5 g/kg and MTGase with
10 g/kg (400 x)

Control

Inulin

MTGase

Inulin + MTGase

Optical microscope image

Binary image

500 pm

MHC formed polymers (top of the gel) through cross link-
ing. It indicated that inulin could enhance the cross-linking
effects of MTGase on myosin heavy chains. An investigation
had shown that polysaccharides may promote the forma-
tion of more e-(y-glutamyl) lysine bonds by MTGase [20].
Benjakul et al. [5] also confirmed that chitosan and MTGase
can enhance the gel strength of surimi by protein—protein
and protein—chitosan conjugates. Based on the results shown
in Fig. 5b, c, plenty of aggregates on the top of the con-
centrated gum were reduced and integrated MHC density
were intensified after adding B-mercaptoethanol. This dis-
closed that disulfide bonds were primarily responsible for
the crosslinking of surimi gels containing inulin. However,
the lower MHC density of MTGase and MTGase + inulin
groups indicated that the e-(y-glutamyl) lysine bond played
a major role in the formation of surimi gel. Apart from MHC
bands, we found that the AC bands of inulin group under-
gone large changes from Fig. 5, implying which might par-
ticipate in the formation of gel in this study. In short, there

@ Springer

existed consistency among changes in MHC, AC bands and
gel properties.

Proposed mechanisms

From all results of this study, we found that inulin, MTGase
and incorporation of inulin and MTGase had the ability to
ameliorate the gel properties of sliver surimi during heat-
ing process. However, only inulin was added into sliver
surimi, the gel strength was lower than that of MTGase and
MTGase/inulin group (Fig. 1). This difference proven the
action of inulin was not consistent with MTGase, it might
be distributed in gel network structure acting as filler. In
addition, Kim et al. [21] also reported that when the con-
centration of inulin decreased to 5% (w/v), inulin could not
form gel network in the water system due to lacking particle
and molecular effect. However, of note is that MTGase can
induce the e-amino group located in the lysine residue and
the y-amide group situated in glutamine residue to generate
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Fig.5 Effects of inulin on SDS- A

PAGE of MTGase-induced s
200.0kun ——» |
116.0ku —— | ws
97.2ku — [ .

silver carp surimi. a Without
B-mercaptoethanol, b with
B-mercaptoethanol; M maker,
MHC heavy chain of myosin,

66.4ku — | S

443ku —— | o0 !
20.1kKu —— | w

and c integrated density,
A-MHC, A—Actin,%
B-MHC, -B-Actin. ands
1-4 means Control, Inulin,
MTGase and MTGase + Inulin.
Control without inulin and
MTGase, Inulin inulin with

2.5 glkg, MTGase MTGase with
10 g/kg, MTGase + inulin inulin
with 2.5 g/kg and MTGase with
10 g/kg

«—MHC

«—Actin

200 -

150 -

Integrated density (x1 03)

A-MHC
A-Actin
[ B-MHC
Il B-Actin

an e-(y-glutamyl) lysine bond, further leading to cross-link-
ing between proteins. As shown in Fig. 2, G, G" and tan &
curve are basically conformal in control and inulin group,
indicating also inulin barely changes the protein molecu-
lar orientation and protein-protein interactions during this
process. According to Fig. 3 and Table 2, it was clear that
the gel of inulin treatment had better water holding capabil-
ity than that of control group, which could be explained by
the stronger water-binding ability of inulin [11]. Besides,
the three-dimension network of MTGase and MTGase/inu-
lin groups was well-linked and connected and free water
could be trapped in gel structure. Likewise, we reached the
same conclusions from SDS-PAGE patterns and the sec-
ondary structure of MP. Therefore, proposed mechanisms
of effects of inulin or the synergistic combination of inulin
and MTGase on the gel properties were disclosed in Fig. 6.
In this model system, the present of inulin was beneficial to
gel network due to moisture absorption property and filling
effect. MTGase played a critical role in promoting gel forma-
tion, rather than the action of inulin. However, it was worth

125 -
100 -
75 F
50 -
25 -
0

Control

Inulin MTGase MTGase + Inulin

Groups

noting that the filling effect of inulin facilitated cross-linking
formation induced by MTGase of silver carp surimi gel via
affecting protein aggregation and conformation.

Conclusions

The results of this study indicated that the incorporation
of MTGase and inulin into sliver carp surimi gels signifi-
cantly increased water retention and improved textural
characteristics such as hardness, resilience, cohesiveness,
and springiness. Meanwhile, MTGase and inulin both pro-
duced gel matrices with homogeneous and continuous net-
works, especially when MTGase and inulin existed together.
Dynamic rheology diagrams showed that the experimental
group with inulin + MTGase had the highest G', indicating
that inulin could cooperate with MTGase to promote bet-
ter formation of the surimi gel network structure. The two
additives significantly influenced the secondary structural
arrangement of the protein, resulting in the conversion of

@ Springer
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@ [nulin

Intermolecular force

—— &-(y-glutamine)-lysine band

Fig.6 Proposed mechanisms for the formation of gel network
induced by inulin and MTGase. a Control group without inulin and
MTGase, b inulin group, ¢ MTGase group and d MTGase + Inulin

a-helices to B-sheets and p-turns, benefiting the formation of
gels. The acceleration was further supported by SDS-PAGE
analysis, which demonstrated the presence of MTGase and
inulin increased the cross-linking of MHC bands during the
process of gelation. Thus, the results lend credence to the
modifications of gel properties research in freshwater fish
and simultaneously suggest that the application of nutri-
tional, soluble dietary fibers may be a useful way to improve
the textural properties of surimi gels.
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