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Abstract
The objectives of this study were to investigate the changes and the relationship between structure and physiochemical properties
of low sodium salt substitutes (NaCl partially replaced by KCl, CaCl2, and MgCl2) on grass carp myofibrillar protein gels
mediated by microbial transglutaminase during cold-set gels and to provide more information about the gel characteristics.
The gel strength, water holding capacity, whiteness, rheological characteristics, differential scanning calorimeter (DSC), and
Raman spectra of cold-set gels were determined. The Raman spectra data were fitted to four secondary structures (α-helix, β-
sheet, β-turn, and random coil). The gel properties of cold-set gels varied both with the low sodium salt types and incubation
time. Myofibrillar protein (MP) gels added with NaCl and KCl had significantly higher water holding capacity than the MgCl2,
CaCl2, and control groups. Additionally, the results showed that the gel strength andG’ value increased with the incubating time.
No significant difference was detected in whiteness between the NaCl group and partial substituted groups. Cold-set gels added
with the same molar amount of NaCl and KCl had fairly similar gel properties. There is a strong correlation between structural
properties and gel properties of MP gels determined by DSC during the cold-set gelation process.
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Introduction

In the meat processing industry, cold-set gelation is a
useful and special technique for producing meat prod-
ucts that can be sold in a raw state (Hong et al. 2012).

A range of producing technologies for raw chilled meats
were developed to solve some problems associated with
conventional heat-induced cooking technology and pre-
cooked meats that had loss of heat-sensitive nutrients,
unacceptable discoloration, and warmed-over flavors. It
makes lots of sense to modify fresh fish meat or myo-
fibrillar proteins in a consumer acceptable way to enable
performing of good texture and functional properties at
low temperatures.

One of the most extensively used effective protein-gelling
food additives to improve the covalent bonding between pro-
te in molecules in meat sys tem is the microbia l
transglutaminase (MTGase) (Sun and Holley 2011).
MTGase can catalyze inter- or intra-molecule cross-linkages
in proteins via ε-(γ-Glu)-Lys bond formation (Dejong and
Koppelman 2002). This function is crucial for modifying the
physicochemical and functional properties of foods, especially
for gelatin properties (Yi et al. 2017). Some studies have been
reported that cold-set pretreated casein or soy proteins induced
by MTGase were more susceptible to gelation than their na-
ture forms (Alting et al. 2003; Peipei et al. 2016). Thus, it is
expected that the use of MTGase as a protein-based binder
might eliminate the drawback of cold-set meat gelation.
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Cold-set gelation of myofibrillar protein (MP) gel or low-
temperature surimi could be obtained by MTGase induction in
a slow gelation process (Yi et al. 2017; Koob et al. 2009). Surimi
gel formation is important for the texture properties of semi-
solid food products, such as fish ball and sausages. Among
proteins, MPs are likely to be more labile in response to envi-
ronmental changes than plant proteins, owing to the differences
in structure and thermal stability (Zhao et al. 2014; Tornberg
2005). The texture, flavor, and taste of meat products are signif-
icantly related to the gel-forming ability of MPs.

Salt concentrations and kinds can influence the type of gels
formed; low sodium dosage induces a weak gel, whereas high
dosage produces an opaque more aggregated gel. Nowadays,
meat consumption has been criticized because it contains high
levels of sodium. Consumers’ demands require dietary guide-
lines for developing low salt functional foods to reduce the
intake of sodium salt. The reduction of sodium to develop
healthier products is particularly challenging because it nec-
essarily implies removing or partially replacing sodium chlo-
ride by other neutral salts. So the addition of MTGase to a MP
gel system could mimic the conditions of low NaCl to induce
gel formation as was achieved good gel structure properties
and nutrition at low temperatures. However, there is no avail-
able information about the use of other chloride salts for par-
tial substitution of NaCl on the cold-set gelation of fish MPs
mediated by MTGase during the gelation process. The aim of
this study was to investigate the cold-set gel properties of
grass carp MPs added with low sodium additives, induced
by MTGase and formed at 4 °C. The effects of salt (NaCl)
and/or salt substitutes (KCl, MgCl2, and CaCl2) were mea-
sured at levels commonly used in meat systems.

Materials and Methods

Materials and Chemicals

Live adult grass carps (Ctenopharyngodon idellus) with an
average weight of 1500 ± 50 g and an average mantle length
of 35 ± 1 cm were harvested from a local aquaculture farm in
Jinzhou, Liaoning, China. The fish were transported in ice
with a fish/ice ratio of 1:2 (w/w) to the Seafood Processing
Laboratory of Bohai University within 0.5 h. On arrival, grass
carps were stunned by percussive stunning method (Sun et al.
2017) and washed in iced deionized water. All the experi-
ments were carried out at the seafood processing lab. All op-
eration processes were approved by the Animal Care
Committee of Bohai University and commanded according
to the guiding principle of the Liaoning Province Committee
on Animal Care. The dorsal white muscle (without the skin,
head, tail, bones, and blood) was collected and washed with
cold distilled water and kept at 4 °C during the operation until
the next step to avoid overheating. Sodium salt or sodium salt

substitutes (NaCl, KCl, MgCl2, and CaCl2) were purchased
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China), and MTGase was obtained from Solarbio Bioscience
and Technology Co. (Shanghai, China). All chemicals are at
least of analytical grade.

Extraction of MPs

Myofibrillar proteins were isolated from the dorsal whitemuscle.
All operations were performed in ice and kept at lower temper-
ature. The fish muscle was chopped and the chopped flesh
(200 g) was homogenized in 800 mL of cold extraction buffer
(10 mM Tris-HCl, pH 7.2) using a digital high-speed dispersion
homogenizer (FJ200-SH, Shanghai Specimen Model Factory,
Shanghai, China). The final pH of mixture was adjusted to 7.2.
The homogenate was subsequently centrifuged three times using
a refrigerated high-speed centrifugal machine (Sorvall Stratos,
Sigma Co., Ltd., Hesse, Germany) at 5000 rpm at 4 °C for
15 min and the sediment was collected for the next circle. The
sediment was dissolved in three volumes of cold 10 mM Tris-
HCl buffer (0.6 M NaCl, pH 7.2). All the supernatant was ob-
tained and MPs were stored at 4 °C during all analyses.

Gel Sample Preparation

MP solution was adjusted to 40 mg/mL with 10 mM Tris-HCl
buffer. The protein concentration was determined by Bradford
(1976) and the protein marker was bovine serum albumin. The
control sample with 0.6 mol/L NaCl was elaborated simulta-
neously to different concentrations of NaCl replacers. The
amounts of NaCl replacer were determined in MP solutions
based on the equivalent ionic strength in the experiment. The
details are as follows: control group (without NaCl), NaCl group
(normal sodium level) (0.6 mol/L NaCl), KCl group (0.4 mol/L
NaCl + 0.2 mol/L KCl), MgCl2 group (0.4 mol/L NaCl +
0.1 mol/L MgCl2), and CaCl2 group (0.4 mol/L NaCl +
0.1 mol/L CaCl2). Fifteen milliliters of 40 mg/mLMP solutions
with different chloride salts was placed in 20-mL tubes with a
cork. All samples were added with 0.1% (w/v) MTGase. Each
mixture was completely dissolved using a magnetic stirrer at
300 rpm for 20 min at 4 °C and then stored in glass cubes
(21 mm diameter × 36 mm height) until analyzed. The cold-set
gelation was carried out at 4 °C during a total of 10 days and
then analyzed for thermal stability, cooking loss, water holding
capacity, whitening, rheological properties, and gel strength as
described subsequently. The experiment was done in triplicate,
and each independent trial used a newly prepared MP sample.

Gel Strength

The gel strength of the cold-set gels in the glass tube was
tested according to the method of Cai et al. (2017) using a
TA-XT plus texture analyzer (Stable Micro Systems Ltd.,
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Godalming, UK) with a standard cylindrical (P/0.5) stainless
steel probe at a speed of 1.0 mm/s, using a 5-g trigger force,
stopping at 40% of the thickness, and data acquisition at a rate
of 250 points/s. The gels were stored at 4 °C in a refrigerator
for a maximum of 10 days and changes of cold-set gels were
analyzed at 2-day intervals. The control which had not been
kept in cold storage was tested directly after keeping it at 4 °C
for 1 h in casing tubes. Each cold-set gelation sample was
repeated for three times. The peak force required to disrupt
the gels was expressed as gel strength (N).

pH Measurement

The pH of the samples was measured using a combined and
calibrated glass electrode pH meter (Leici PHS-3C, Shanghai
Yidian Scientific Instruments Inc., Shanghai, China). The
samples were equilibrated at room temperature for 2 h prior
to analysis. All measurements were made on at least three
random positions and each sample was measured in duplicate.
The pH value was recorded every 2 days.

Water Holding Capacity

The water holding capacity (WHC) of cold-set gel samples was
measured using the centrifugation method with some modifi-
cations (Han et al. 2017). The sample (10 g) was cut into small
cubes (2 cm × 2 cm × 2 cm) and inserted into centrifuge tubes
(50 mL) attached with absorbent cotton at the bottom and cen-
trifuged at 3000 rpm at 4 °C for 10 min. WHC values were
obtained from three measurements. All results were recorded
every 2 days. WHC was expressed as the following equation:

WHC %ð Þ ¼ the weight of centrifuged cold‐set gel

the weight of initial cold‐set gel
� 100% ð1Þ

Measurement of Whiteness

Surface color of low salt cold-set gels was performed using a
chroma meter (CR-400, Konica Minolta, Tokyo, Japan).
Before measuring, the chroma meter was calibrated on a stan-
dard white plate (Standard No. 18133042, Y = 86.8, X =
0.3175, and y = 0.3340). Color measurements were made on
the surface of each sample in triplicate at three random loca-
tions. Whiteness was calculated using the following equation:

Whiteness ¼ 100− 100−Lð Þ2 þ a2 þ b2
h i0:5

ð2Þ

where L (lightness), a (redness/greenness), and b (yellow ness/
blueness) are the difference between the corresponding color
parameters of the cold-set gelation samples. A numerical
whiteness of samples was measured at intervals of 2 days for
4 °C storage.

Measurement of Dynamic Rheological Properties

Dynamic rheological properties were tested using a Discovery
rheometer (HR-1, TA Instruments Co. Ltd., Manchester, UK).
A 40-mm parallel steel plate geometry with a 100,000 μm gap
size was used, and the cold-set gels were surrounded by liquid
paraffin to prevent drying. Changes in the storage modulus
(G’) and loss modulus (G^) were recorded during the gelling
process as a function of temperature. Gel samples were mea-
sured at temperatures ranging from 20 to 90 °C, at the heating
rate of 5 °C/min, under controlled strain (0.5%) and a fixed
frequency of 0.1 Hz in an oscillatory mode.

Differential Scanning Calorimeter

The endothermal transitions of cold-set gel samples were mea-
sured using a differential scanning calorimeter (DSCQ2000, TA
Instruments, New Castle, DE, USA) according to the methods
of Ali et al. with some modifications (Ali et al. 2015).
Temperature and heat flow calibration was performed using
the indium thermogram. Gel sample (5–10 mg) was accurately
weighed and placed in a stainless steel pan, hermetically sealed
with a pressing machine (TZERO™, New Castle, DE, USA). A
hermetically sealed empty aluminum pan was used as a refer-
ence. The program temperature was scanned over 20–90 °C
using a heating rate of 5 °C/min. The peak transition tempera-
ture (Tmax) was estimated from the thermogram by the software
(Universal Analysis 2000, Version 4.5A, TA Instruments).

Raman Spectra Measurement

Raman measurements were made on the cold-set gels using a
Raman spectrometer instrument (LabRAM HR Evolution,
Bruker, Germany) equipped with an argon ion laser providing
radiation at 514.5 nm (Bruker, Germany) and a microscope
with a × 50 lens. Raman spectra were recorded at room tem-
perature (~ 25 °C). The samples were placed on microscope
slides under the following conditions: laser power: 100 mW, a
sweep range of 3300–400 cm−1, spectral resolution: 2.0 cm−1,
number of sample scans: 3, exposure times: 60, data collected:
1 cm−1, speed: 120 cm−1/min. The spectral data from the scans
of samples in the Raman spectrophotometer of phenylalanine
band located near 1003 cm−1 was used as internal standard to
normalize the spectra, as it has been reported to be insensitive
to the microenvironment (Kang et al. 2014). The results of
Raman spectra were smoothed, baselines corrected and nor-
malized. The secondary structures of the MP gels were deter-
mined as percentages of α-helix, β-sheet, β-turn, and random
coil or unordered conformations (Kang et al. 2014). With this
aim, the water spectrum was subtracted from the spectra by
following the same criteria as that described previously (Alix
et al. 1988). All analyses were performed in triplicate and
averaged for the reported results.
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Statistical Analysis

SPSS 19 for Windows (SPSS Inc., Chicago, IL, USA) was
used. Statistical significance of data was subjected to one-way
analysis of variance and difference of mean values was eval-
uated using Duncan’s multiple range tests with a confidence
level of P < 0.05.

Results and Discussion

Gel Strength

Table 1 presents the effects of partial substitutes of NaCl on
gel strength of MP gels with different incubation times. In this
study, the control group showed the highest cold-set gel
strength among all treatments, indicating that 0.6 mol/L salt
addition to MP gelatin system, which was chemically unfold-
ed, could have induced salting-out effect at the relatively low
salt concentration during cold-set gelation. The addition of
neutral salts decreased the gel strength of the MP gels. But
acceptable cold-set gel strength was proposed to be as high as
possible to make the low sodium dosage of cold-set MP gels
considered as a raw state, such as the control and NaCl groups.
As the incubation time increased, the gel strength of cold-set
gels added with different substitutes of NaCl increased signif-
icantly (P < 0.05). Meanwhile, a longer incubation time was
also important for the gel network structure formation of MP
gels set at 4 °C, except for the control group, which reached a
maximum at the incubation time of day 4. These results were
in agreement with Mahawanich et al. (2010), who reported
that the storage time of cold-set gelation had significant effects
on the gel strength with different storage times (Mahawanich
et al. 2010). Therefore, the use of low sodium salt system to
form a cold-set gel could be extended to utilize the incubation
time and not required a further cooking procedure.

These results indicated that MP gels of NaCl substitutes
resulted in a significant interactive effect with increasing

incubation time. In addition, NaCl could not be partially re-
placed by CaCl2 and MgCl2 due to the decreased gel strength.
However, partial replacement of NaCl with KCl may be ca-
pable of producing a gel with strength similar to that produced
using NaCl alone. NaCl replaced by KCl could be acceptable
with less than 50% substitution. Above this level, unaccept-
able saltiness and bitterness attributes between the control and
the treated groups appeared. Lorenzo et al. (2015) reported
similar results in dry fermented sausages when more than
50% partial replacement happened. The increase in gel
strength of NaCl and KCl groups can be attributed to the
increase in protein solubility over incubation time. The former
research also indicated that MP gel strength increased with the
amount of proteins solubilized in the brine gel system (Xiong
and Brekke 1989). The exposure of hydrophobic groups and
individual active groups through chemical interactions might
be contributing another factor to this change in gel strength.
During cold-set gel incubation, the MP molecules unfolded
and interacted via disulfide and covalent bonds between pro-
tein molecules and saline ions (Liu et al. 2011). The observed
general gel-enhancing pattern byMTGase was consistent with
that reported by Koob et al. (2009). In the presence of
MTGase, neutral salts had the potential to interact with MPs
through the carbonyl-amine cross-linking. The greater acces-
sibility of glutamine and lysine residues by MTGase is due to
structure unfolding, and pH-treated proteins were able to pro-
mote MP gelation.

pH Value

Changes of pH profiles of cold-set MP gels along with incu-
bation time and different partial substitutes of NaCl are shown
in Fig. 1a. The pH values of all treatments changed slowly
after day 0. No significant differences (P > 0.05) in pH values
were observed between NaCl and KCl groups during the
whole incubation time. The pH values ranged for each treat-
ment were 6.73 to 6.30 (control), 6.93 to 6.45 (NaCl), 6.94 to
6.44 (KCl), 6.56 to 6.36 (MgCl2), and 6.83 to 6.30 (CaCl2),

Table 1 Gel strength of myofibrillar protein cold-set gel as affected by NaCl and partial substitutes of NaCl

Sample Cold-set gel incubation time (day)

0 2 4 6 8 10

Control 77.45 ± 3.66Ca 102.72 ± 0.87Aa 108.30 ± 6.13Aa 105.58 ± 4.71Aa 92.39 ± 3.25Ba 71.46 ± 3.64Ca

NaCl 36.26 ± 1.11Db 37.40 ± 0.78CDb 38.86 ± 0.73BCb 38.91 ± 1.35BCb 40.22 ± 0.54Bc 44.15 ± 1.55Ac

KCl 33.42 ± 0.36Eb 38.39 ± 0.76Db 40.66 ± 0.25Fc 41.13 ± 0.25Cb 43.80 ± 0.87Bb 49.31 ± 0.80Ab

MgCl2 22.55 ± 0.23DCc 21.65 ± 0.12DEc 21.84 ± 0.94Ab 21.39 ± 0.27Ec 23.40 ± 0.26Cd 28.71 ± 1.31Be

CaCl2 20.50 ± 0.16Cc 19.72 ± 0.21Dd 20.65 ± 0.14Cc 21.19 ± 0.15Bc 21.25 ± 0.21Bd 32.57 ± 0.45Ad

Values were presented for three replications as means with standard error. Different small letters in the same column indicated significant differences
among different partial substitutes of NaCl at the same storage time (P < 0.05); different capital letters in the same row indicated significant differences in
the same partial substitutes of NaCl with different storage times (P < 0.05)
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respectively. During the cold-set gelation process, the change
of pH was related to the electrostatic interaction between pro-
tein molecules. On day 6, NaCl and KCl groups had slightly
higher pH values (6.93 and 6.94, respectively) than other
groups. Except that day, no significant differences in pH

values of cold-set gelation samples with different NaCl sub-
stitutes at the same incubation time were observed (P > 0.05).

Water Holding Capacity

The gel properties of proteins in food systems depend in part on
the WHC which refers to the ability of proteins to imbibe and
retain water against a gravitational force within protein matrix
(Koli et al. 2012). The effects of cold-set gelation incubation
time and partial substitutes of NaCl (KCl, MgCl2 and CaCl2)
on WHC of MP gel system are shown in Table 2. WHC was
affected by the kinds of NaCl substitutes. The results showed
that WHC tended to significantly increase with the addition of
the neutral salts, showing water might exist inside the gel net-
work structure by capillary action and/or H-bonding (Lee et al.
2003). The NaCl group had the highest WHC, but no signifi-
cant difference was observed between NaCl and other neutral
salt groups. The similar results of WHC and pH values in KCl
and NaCl groups showed that KCl can partly replace NaCl
without affecting the quality of gel products (Greiff et al.
2015), and the difference between NaCl and KCl groups was
not significant. The presence of magnesium and calcium ions
tended to stop the penetration of chloride ions into the protein
molecules, thus negatively affecting WHC of proteins com-
pared wi th NaCl and KCl (Bara t l i e t a l . 2013;
Martinezalvarez and Gomezguillen 2005). Thus, there are dif-
ferent effects of Na+, K+, Ca2+, and Mg2+ ions on MP gel
formation, because different ions possess different electrical
fields, which could result in different solubilities of MPs. It is
found that conformational changes in protein that occurred at
low temperatures were analogous to those under high-
temperature treatments (Koob et al. 2009). Protein denaturation
induced by chemical forces usually irreversibly unfolds the
complete protein structure because of covalent bonds’ breakage
and molecules’ aggregation. In contrast, low temperature can
leave parts of the molecules unchanged, indicating that the
protein denaturation mechanisms are substantially different.
There were no significant differences (P > 0.05) in WHC of

5.0

5.5

6.0

6.5

7.0
pH

 Control

 NaCl

 KCl

 MgCl
2

 CaCl
2

Cold-set gelation incubation time (day)

0 2 4 6 8 10

a

0 2 4 6 8 10
0

20

40

T
o
ta

l 
co

lo
r 

d
if

fe
re

n
ce

Cold-set gelation incubation time (day)

 Control 

 NaCl

 KCl

 MgCl
2

 CaCl
2

b

Fig. 1 pH (a) and whiteness (b) of cold-set MP gels as affected by NaCl
and partial substitutes of NaCl at different incubation times

Table 2 WHC of myofibrillar protein cold-set gel as affected by NaCl and partial substitutes of NaCl

Sample Cold-set gel incubation time (day)

0 2 4 6 8 10

Control 72.49 ± 0.31Be 91.00 ± 0.04Ac 94.49 ± 0.75Ad 94.73 ± 0.50Ac 95.47 ± 0.00Ae 96.71 ± 0.26Ad

NaCl 97.60 ± 0.07Aa 98.43 ± 0.01Aa 99.27 ± 0.07Aa 99.30 ± 0.04Aa 99.45 ± 0.04Aa 99.60 ± 0.07Aa

KCl 95.45 ± 0.03Ab 97.82 ± 0.04Aa 98.43 ± 0.16Ab 98.93 ± 0.00Aa 98.96 ± 0.04Ab 99.03 ± 0.07Ab

MgCl2 92.4 ± 0.11Ac 93.00 ± 0.12Ab 95.49 ± 0.83Ac 97.78 ± 0.04Ab 97.87 ± 0.01Ac 98.25 ± 0.07Ac

CaCl2 89.62 ± 0.16Ad 92.67 ± 0.66Ab 95.66 ± 0.07Acd 95.74 ± 0.06Ac 96.84 ± 0.01Ad 98.65 ± 0.02Ac

Values were presented for three replications as means with standard errors. Different little letters in the same column indicated significant differences
among different partial substitutes of NaCl at the same storage time (P < 0.05); different capital letters in the same row indicated significant differences
among different storage time of the same partial substitutes of NaCl (P < 0.05)
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all samples during the whole incubation time, which indicated
that cold-set gelation is a slow process.

Gel Whiteness

The consumers use appearance factors to provide an indication
of freshness and flavor quality (Beaulieu 2010). The evaluated
whiteness also is a good indicator of color change during stor-
age which was related to the degree of protein denaturation
(Xia et al. 2010). The effects of NaCl and partial substitutes
(KCl, MgCl2, and CaCl2) on gel whiteness characteristics of
MPs during the cold-set gelation are shown in Fig. 1. The
whiteness of gels from the control and the treated groups
showed different change trends during 4 °C storage. The white-
ness of the control group was the highest (P < 0.05) on day 4
stored at 4 °C. According to the control group gel-setting strat-
egy, it was observed that as storage time increased, whiteness
first increased and then reached a maximum on day 4 and then
decreased. The increase and decrease in whiteness of protein
gels depend on the structure of the protein gel matrix and the
size of scattering particles (Estevez et al. 2010). No significant
differences were detected in whiteness between the NaCl group
and partial substituted groups with KCl, MgCl2, and CaCl2.
This was expected, given that salt substitution was performed
based on the same molar concentration and these treatments
would have no obvious difference in appearances, so they
could be used as good substitutes for sodium replacers. A sim-
ilar result was found in the study by Horita et al. (2011), in
which consumers could not identify a color difference in gel
products of surimi by visual inspection, even though measured
color characteristics determined using an instrument were
shown to be significantly different.

Dynamic Rheological Analysis

Temperature sweeps state the temperature dependence of dy-
namic rheological parameters. Elastic (storage) modulus (G’)
was determined as a function of temperature from 20 to 90 °C
at 0.1 Hz frequency. The effects of NaCl, KCl, MgCl2, and
CaCl2 addition on the rheological properties of the MP gels
are shown in Fig. 3. The G’ values were found to be signifi-
cantly affected by the kinds of partial substitutes of NaCl on
the cold-set gelation. The highest G’ was observed in control
group, which demonstrated that neutral salt addition resulted
in less elastic gels in cold-set gelation process and the result
was consistent with that of gel strength. Different neutral salts
have a crucial effect on the gel ability of proteins as a result of
their effects on the solubility of MPs. NaCl and KCl groups
had better gel network structures formed with more rigid and
fine-stranded gels than those partially substituted by CaCl2
and MgCl2. Moreover, gel was considered as a three-
dimensional network in which MPs are linked through weak
or strong interactions by different chemical forces. G’ values,

which are helpful to explain the texture of semi-solid gels,
showed an increase with the increase of incubation time in
cold-set gelation process, which reflected the interactions be-
tween protein molecular aggregates. The results were consis-
tent with the previous study, and neutral salts had a significant
effect on porcine MP gels in the presence of MTGase (Hong
and Koobok 2010).

As shown in Fig. 2, the curves overall showed a gradual
increase tendency until the end temperature, at which the in-
crease ofG’ values indicating transition was from a liquid-like
state to a solid-like state. And the transition temperature is
usually taken as gelling temperature corresponding to that
G’ values significantly increased. The detailed G’ profiles
are as follows: the control MPs displayed a characteristic rhe-
ological peak at 45 °C, a G’ trough at 49 °C, and a rapidly
increase of G’ thereafter. As the temperature increased to
75 °C, a gradual increase in G’ was observed in the control
gel samples. The G’ of low sodium gel samples started to
increase to reach the first peak when the temperature increased
from 20 to 45 °C. Above 45 °C, G’ increased rapidly to reach
the peak up to 66 °C then slightly increased. This indicated
MPs-MPs interacted and networks were developed in the
range of 45–66 °C when the neutral salts existed, which was
probably due to the fact that a longer incubation time created a
network with a higher density of protein matrix structure,
which then resulted in a higher elasticity.

In conclusion, the incubation time significantly influenced
the rheological properties of cold-set gels. This can be attrib-
uted to cross-linking reactions occurring among the MPs
resulting in the formation of a network structure. As suggested
in the research that strong disulfide bindings formed at 40–
70 °C, which protein-protein interactions through disulfide
interchange reactions and electrostatic interaction would begin
to provide an increasingly highly cross-linked structure,
resulting in high G’ values (Mahawanich et al. 2010).
Therefore, the rapid increase in G’ was probably due to stron-
ger interactions between denatured myosin molecules and im-
plied the formation of irreversible gel network.

DSC

Figure 3 shows the differential scanning calorimeter (DSC)
thermograms ofMPs alone or in combination with chlorinated
salts during cold-set gelation process. Two endothermic peaks
can be observed at transition temperatures corresponding to
the denature points of the myosin (between 54 and 66 °C) and
actin (between 66 and 86 °C) as described by other studies
(Barbut and Findlay 2010). In addition, Table 3 shows the
detailed peak maximum temperatures (Tmax) and denaturation
enthalpy (△HD) for the main proteins of MP with chlorinated
salts induced by MTGase during cold-set gelation.

The neutral salt treatment led to some shifts in transition
temperatures and the decrease in peak area (Fig. 3). The control
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exhibited two endothermic peaks at 43.48 and 70.48 °C, which
represented myosin and actin, respectively. The transition
peaks of other samples became broader and more separable
compared to the control. The addition of NaCl, KCl, MgCl2,
or CaCl2 decreased the denatured temperature of the myosin

and actin (Table 3). The reason was that actin might be in-
volved in the cross-links of protein-protein by covalent bond-
ing (Nam et al. 2017). These results suggested that the interac-
tions between chlorinated salts andMPs influenced the patterns
of protein denaturation during the cold-set gelation process.
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Fig. 2 Dynamic rheological properties of MP cold-set gels as affected by NaCl and partial substitutes of NaCl at different incubation times (0–10 days)
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The addition of the salts resulted in lower peak temperatures of
myosin and actin, caused a severe denaturation of MPs, and
created aggregated MP particulates (Thorarinsdottir et al.
2002), indicating protein unfolding, which is the initial process
in protein gelation. The results were consisted with the former
research that protein unfolding is an essential process in protein
gel formation. The decrease in △HD of actin suggested protein
denaturation, and a partially unfolded polypeptide would re-
quire less heat energy (lower △HD) to denature completely.

Raman Spectra

MPs play important roles in the development of a three-
dimensional gel matrix in the meat gelling process. Raman
spectra of the MPs in cold-set gelation systems under different
neutral salt treatments in the 400–2000 cm−1 region are shown
in Fig. 4a. The Raman spectra were averaged prior to baseline
correction of the spectra. The assignments of the correspond-
ing bands of Raman modes, which are useful for interpretation
of protein structure and modification, are included in Table 4,
which involves mainly COO stretching, to lesser degree, C–N

stretching, C–C–N bending, and N–H in-plane bending of
peptide groups (Sun et al. 2011; Fan et al. 2017). The frequen-
cy and intensity changes in the Raman bands were mainly
indicative of changes in the secondary structure and variations
in local environments ofMPs. Protein gel properties are close-
ly related to the changes in its conformation, which is related
to the intensity changes of Raman bands.

Comparison of the Raman spectra region of treated and
control gels reveals slight shifting of the amide I band toward
higher frequencies when added with different neutral salts dur-
ing cold-set gelation process, with more marked changes after
treatment of CaCl2. In the control group, the amide I band of
MP gels exhibited maximum scattering at 1656 cm−1. After
added with NaCl, KCl, MgCl2, and CaCl2, the maximum scat-
terings were shown at 1659, 1658, 1659, and 1660 cm−1, re-
spectively, indicating that the most obvious changes occurred
during cold-set gel formation. The bands became sharp through
different treatments. This indicated that the structure of MP gel
changed after adsorption to the neutral salt, resulting in a more
ordered structure than the control. It can be observed that cold-
set gelation gels have been formed by the types of conforma-
tional changes. The intensity of amide I was significantly in-
creased and became sharper in the gel state.

Different neutral salts affected the secondary structure of
MPs with the incubation time, by increasing conformational
changes, aggregation and thermal denaturation of proteins,
and exposure of buried hydrophobic amino acids. The strong
intensities of bands generated by disulfide and S–H bond as-
signment in the 460–670 cm−1 region were observed in NaCl
and KCl groups, but showing weak bands in other groups. The
results showed that the presence of low sodium salts could
alter the molecular structure of proteins and result in changes
in conformation of disulfide groups.

The secondary structures of protein, such as amides, are
presented by several bands using Raman Spectroscopy,
among which those of amide I (1650–1680 cm−1) and amide
III (1200–1350 cm−1) are the most useful (Yang et al. 2016).
The quantitative estimation of the secondary structure frac-
tions of MPs by the amide I band as affected with chlorinated
salts during cold-set gelation using Alix’s method are shown
in Fig. 4a. The amide I includesα-helix (1650–1660 cm−1),β-
sheet (1665–1680 cm−1), β-turns (near 1680 cm−1), and ran-
dom coil (1660–1665 cm−1) structures.

Both the unfolding of α-helices and the formation of β-
sheets play an important role in MP gel formation. During the
cold-set gelation process, a significant decrease or increase in
α-helix,β-sheet, andβ-turn could be observed, corresponding-
ly. The α-helix content of control sample was 48.31%, and
NaCl, KCl, and MgCl2 groups increased to 59.03, 62.60, and
51.88% respectively, while the CaCl2 group decreased to
41.16%. In cold-set gelation process, a high α-helix content
indicated that the α-helix structure was the dominant pattern
of secondary structure of MPs. The β-sheet content decreased
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Fig. 3 DSC scanning curve ofMP as affected with or without chlorinated
salts during cold-set gelation process

Table 3 Peak maximum temperatures (Tmax) and denaturation enthalpy
(△HD) for the main proteins of MP with chlorinated salts induced by
MTGase analyzed with DSC during cold-set gelatin process

Sample Myosin Actin

Tmax (°C) △HD (J/g) Tmax (°C) △HD (J/g)

Control 43.48 ± 0.02a 21.34 ± 0.12a 70.48 ± 0.02a 0.091 ± 0.02a

NaCl 39.97 ± 0.02d 14.60 ± 0.13c 61.51 ± 0.01b 0.080 ± 0.01b

KCl 41.45 ± 0.03b 18.97 ± 0.15b 61.68 ± 0.03b 0.075 ± 0.01b

MgCl2 40.02 ± 0.01c 14.82 ± 0.04c 61.98 ± 0.02b 0.071 ± 0.03b

CaCl2 40.70 ± 0.02c 18.28 ± 0.03b 61.68 ± 0.01b 0.076 ± 0.01b

Values were presented for three replications as means with standard er-
rors. Different little letters in the same column indicated significant dif-
ferences among different partial substitutes of NaCl groups (P < 0.05)
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Table 4 Tentative assignment of some Raman bands of MPs induced by partial substitutes of NaCl on the cold-set gelation system

Band number Band position Assignment and comments

1 1600–1700 Amide I 1650–1660; α-helix
1660–1665; random coil
1665–1680; β-sheet
Near 1680; β-turn

2 1607–1615 Mainly Phe and Tyr
3 1587–1600 Mainly Phe and Arg
4 1450–1453 CH3, CH2, CH bending CH2 scissor
5 1400 COO stretching, Asp, Glu and CH deformation stretching
6 1200–1350 Amide III, sensitive to secondary and tertiary structures and CHx contributions from the residues
7 1210–1215 Tyr, Phe, and Hyp
8 1126 CN stretching
9 1003 Phenylalanine (Phe) stretching ring, insensitive to environment
10 880–965 C–C stretching modes
11 820–860 Tyr–Fermi resonance between ring breathing and overtone of out of plane ring bend
12 600–800 Mainly Cys and Met modes with Phe, Val, Ile, and Tyr
13 500–570 Cys–Cys and skeletal modes
14 410–480 Pro and Hyp modes
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from 24.75 to 22.02, 16.54, and 13.80% for MgCl2, NaCl, and
KCl groups, respectively. In contrast, the β-sheet content in-
creased to 30.23% for CaCl2 groups. The β-turn content
changed from 16.28 to 14.60, 14.04, 15.72, and 17.40% for
NaCl, KCl, MgCl2, and CaCl2 groups, respectively. The con-
tents of random coil had no significant changes between five
groups. The results of Raman spectra indicated specific confor-
mational changes in the secondary structure and micro-
environment ofMPmolecules during cold-set gelation process.

Conclusions

In summary, the sodium partial substitution and incubation
time affected the gel properties of MPs through the cold-set
gelation process mediated by MTGase. Gel strength and G’
analyses showed that longer incubation time could induce
complete denaturation of MPs and form dense three-
dimensional mesh gel structure. No significant differences in
whiteness were observed between NaCl group and partial
substituted groups with KCl, MgCl2, and CaCl2. MP gels
added with NaCl and KCl had significantly higher WHC than
the MgCl2, CaCl2, and control groups. Generally, NaCl re-
placed by KCl could be chosen as the best substitutes to re-
duce the sodium content without affecting cold-set gel prop-
erties of the product. The results of DSC thermograms and
Raman spectra indicated specific conformational changes in
the secondary structure and micro-environment of MP mole-
cules during cold-set gelation process which affected the gel
properties including gel strength and rheological behavior.
Thus, these treatments might be a useful means of producing
low sodium cold-set gel products with different edible quali-
ties to help satisfy the diverse requirements of the consumers.

These results indicated that the research of an adequate
partial NaCl replacement by other chloride salts is very im-
portant for an effective control of the sodium amount during
cold-set gel process and consequently to control the gel prop-
erties of the cold-set gel product. So, more studies will be
necessary for a better knowledge of the blend compositions
and to improve texture properties and to obtain a safer and
healthier cold-set gel product with optimum texture proper-
ties. In addition, we should further research the difference of
sensory properties between NaCl replacement and NaCl for
reduction of the additive amount in the formulation. It was the
necessary formality to reduce the NaCl content without affect-
ing the product acceptability.
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