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Abstract: In order to develop low-salt and healthy surimi products, we limited the amount of NaCl
to 0.5 g/100 g in this work and studied the effect of CaCl, (0, 0.5, 1.0, 1.5, and 2.0 g/100 g) on the
3D printing quality of low-salt surimi gel. The results of rheology and the 3D printing showed that
the surimi gel with 1.5 g/100 g of CaCl, added could squeeze smoothly from the nozzle and had
good self-support and stability. The results of the chemical structure, chemical interaction, water
distribution, and microstructure showed that adding 1.5 g/100 g of CaCl, could enhance the water-
holding capacity and mechanical strength (the gel strength, hardness, springiness, etc.) by forming
an orderly and uniform three-dimensional network structure, which limited the mobility of the water
and promoted the formation of hydrogen bonds. In this study, we successfully replaced part of the
salt in surimi with CaCl, and obtained a low-salt 3D product with good printing performance and
sensory properties, which could provide theoretical support for the development of healthy and
nutritious surimi products.
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1. Introduction

3D printing, defined as a technology based on digital model files to construct objects
by the successive addition of material layers, is an emerging technology combining digital
technology and computer technology [1-3]. It was first reported in 1986 and was gradually
applied in the food sector in the early 2000s, which is considered a sign of the beginning
of the third industrial revolution [4,5]. The application of 3D printing technology to the
food field can not only reduce costs and improve efficiency but also realize a scientific diet
structure, provide customized nutritional formulas, and give food a unique texture so as
to meet the personalized needs of consumers for food nutrition and appearance [6]. At
present, extrusion printing based on the principle of fused deposition modeling (FDM) is
the most widely used in the food field [7-9].

With the development and innovation of 3D food printing technology, it has been
found that fish surimi, as an intermediate product of fish processing, is an ideal raw mate-
rial suitable for extrusion-based 3D printing. It can be used to produce 3D surimi products
with customized nutrients and textures to meet the needs of different people. However,
its 3D-printed products must be cooked before being edible, and different post-processing
methods have a great impact on product quality. At the same time, to obtain a gel per-
formance suitable for extrusion printing, 1.0-3.0 g/100 g of NaCl is customarily added
to gels [10]. Sodium chloride (NaCl) can promote the dissolution of myofibrillar proteins
and the expansion of proteins’ structure, making the proteins combine with more water
molecules to form a three-dimensional network structure so as to enhance the strength of
the surimi gel and improve its rheological characteristics [11]. At the same time, NaCl also
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gives foods a unique flavor. Current studies have shown that we consume too much salt
(9-12 g/day), about twice as much as the daily salt intake (<5 g) per person recommended
by the WHO [12]. The evidence has indicated that excessive sodium intake is associated
with the occurrence of hypertension and cardiovascular disease (CVD) [13]. Therefore, it
is necessary to reduce the amount of NaCl added to existing gel formulations to develop
delicious, healthier foods. However, cutting down the amount of NaCl would weaken
the gel property, and improving the health benefits of surimi gels should not be at the
expense of quality [14]. Some studies have reported that the addition of some accessories,
such as k-carrageenan, CaCly, transglutaminase (TGase), and so on, can improve surimi
gel’s performance and make it suitable for extrusion printing [11,15,16]. Calcium ion (Ca?*)
can promote the unfolding of proteins by weakening the intra-molecular hydrophobic
interactions, exposing some functional groups, and enhancing the cross-linking of proteins
through hydrophobic interactions and disulfide bonds [17,18]. With the concentration of
Ca?* increasing, Ca?* can promote the formation of a calcium bridge and the further aggre-
gation of protein molecules, thus enhancing the gel strength of surimi [12]. Additionally,
the endogenous TGase activity of surimi can be activated by Ca®* to catalyze the intra-
and inter-molecular covalent cross-linking of the proteins [19,20]. TGase can effectively
improve the viscoelastic and mechanical properties of surimi by inducing the formation of
e-(y-Glu)Lys, promoting protein aggregation, and forming a gel [21]. Moreover, it can also
improve the stability of printed products after heating, making it easier to retain the shape
features of products.

In order to improve the quality of surimi gel and compensate for the poor characteris-
tics of low-salt surimi gel (0.5 g/100 g), TGase and different concentrations of CaCl, were
added to Esox lucius surimi in this study. The effects of CaCl, on the 3D printing quality
of low-salt surimi gel were studied by determining the rheological properties of surimi
gels and the printing accuracy, shrinkage, cooking loss, water-holding capacity, whiteness,
gel strength, texture, chemical interactions, chemical structures, water distribution, and
microstructure of 3D-printed products. The results of this study can provide a theoretical
basis for the development of low-salt surimi products.

2. Materials and Methods
2.1. Materials

Esox lucius (1.0-1.5 kg) was purchased from a local market in Urumgji, China.

2.2. Preparation of Surimi and Surimi Gel
2.2.1. Preparation of Surimi

After being anesthetized to death, the fish was manually descaled, gutted, decapitated,
and the bones were removed. Then, the fish skin was removed with a peeling machine
(5C-1000, Wanlong Machinery Co., Ltd., Foshan, China), and the fish meat was crushed
into minced meat by a meat separator (XZC-220, Xuzhong Food Machinery Co., Ltd.,
Guangzhou, China) with a 4-mm-diameter hole plate, whereafter, the minced meat was
washed 3 times with 4 °C ice water (1:3, w/w) and then squeezed to remove water by putting
it into a nylon bag (200-mesh). Next, the moisture content of surimi was concentrated to
below 80% by freeze-drying at —50 °C for 36 h. Finally, the surimi was mixed well, sealed
in the package, and stored at —24 °C.

2.2.2. Preparation of Surimi Gel

After weighing a certain amount of surimi, 0.5 g/100 g of NaCl, 0.2 g/100 g of TGase
(100 U/g), and different concentrations of CaCl, (0, 0.5, 1.0, 1.5, and 2.0 g/100 g, respectively)
were added, the moisture content was adjusted to 82 g/100 g with ice water, and this
was followed by chopping it in a blender (JYL-C012, Jiuyang Co., Ltd., Jinan, China) for
5 min in order to mix evenly. In the process of mixing, the blender was shut down for
40 s for every 20 s run in order to keep the temperature in the blender below 10 °C so as to
avoid the formation of a thermal gel and ensure the quality of the slurry [22]. Moreover, it
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was also convenient to scrape the surimi adhered to the inner wall of the blender to the
bottom to ensure uniform cutting. The formulated surimi gels were transferred into printer
syringes and then stored at 4 °C for 4 h before 3D printing. The bubbles in the syringes
were excluded by centrifugation.

2.3. Determination of Rheological Properties

The rheological properties of surimi gel were measured by a rheometer (MCR-302,
Anton Paar, Graz, Austria) at 25 °C. A parallel plate (20-mm-diameter) was used with a
gap of 1000 um. The surimi gel was placed on a platform and equilibrated for 1 min before
measurements [21]. For the determination of apparent viscosity, the flow sweep mode was
applied, and the shear rate ranged from 0.1 to 100 s—!. The dynamic viscoelastic property
was determined in the oscillation frequency scanning mode. The angular frequency was
oscillated from 0.1 to 100 rad/s, and all measurements were performed at a 1% strain
(identified within the linear viscoelastic region). The storage modulus (G’) and loss modulus
(G") were recorded.

2.4. 3D Printing Processing and Performance

The cartridge with the formulated surimi gel was loaded into the extrusion system
of a 3D printer (FoodBot-D1, Shiyin Technology Co., Ltd., Hangzhou, China). Then, the
3D digital model (cylinder, diameter = 25 mm, height = 20 mm), designed with 123D
Design (Autodesk, Inc., San Francisco, CA, USA), was sliced by Sli3r software, V1.2.9, and
then converted into a 3D physical sample. The printing progress was performed at room
temperature (25 °C), and the printing parameters were set as the following: 1.2-mm nozzle
diameter, 1.1 mm-layer height, 100% infill density, a concentric infill pattern, and 15 mm/s
speed (60% for the first layer speed).

Face-view and top-view digital photos of the 3D samples were collected immediately
after the 3D printing was completed. Then, the samples were cooked in a two-step heating
manner: first, the samples were heated in a 40 °C water bath for 60 min, and then they
were heated for 30 min in a 90 °C water bath [23]. Subsequently, the cooked samples were
cooled in ice water for 15 min, and the moisture on the surface of the samples was gently
dried with absorbent paper. The face-view and the top-view images of cooked samples
were collected.

2.5. Printing Precision and Shrinkage

The dimensions of samples before and after cooking were measured using a digital
vernier caliper (DL3944, Deli Tool Co., Ltd., Ningbo, China) in three replicates to estimate
the printing performance. The printing precision and shrinkage were calculated by the
following formulas:

Printing precision (%) = [1 — (D1 — Dg)/Dyg] x 100

Shrinkage (%) = [(D1 — D,)/D1] x 100

where Dj is the dimension of the 3D model, D; is the dimension of the 3D-printed sample,
and D, is the dimension of the heated 3D-printed sample.

2.6. Cooking Loss and Water-Holding Capacity (WHC)

The cooking loss of 3D samples was determined according to the method of Dick et al. [24],
which was calculated by weighing the mass of the samples before cooking (1)) and after
cooking (m1), expressed as follows:

Cooking loss (%) = [(mg — mq)/mg] x 100



Foods 2023, 12,2152

40f 15

The determination of the WHC followed the method described by Yu et al. [19], in
which approximately 2 g of cooked samples were centrifuged at 10,000 x g for 15 min at
4 °C. The WHC (%) was calculated by the following formula:

WHC (%) = (Y/X) x 100

where X is the mass of the sample before centrifuging, and Y is the mass of the sample
after centrifuging.

2.7. Color Evaluation

The color of the cooked 3D samples was measured by utilizing a colorimeter (SC-
10, 3nh Technology Co., Ltd., Shenzhen, China), and the CIE L* (lightness), a* (red-
ness/greenness), and b* (yellowness/blueness) values were recorded, respectively [25].
Whiteness was calculated by the following equation:

Whiteness = 100 — [(100 — L*)? + a*% + b*2]1/2

2.8. Determination of Gel Strength and Texture Profile Analysis (TPA)

According to the methods of Zhao et al. and Zhang et al., with slight modifications,
the gel strength and TPA of cooked 3D samples were both determined at room temperature
(25 °C) using a texture analyzer (TA-XT plus, Stable Micro Systems, Surrey, UK) [26,27]. For
the gel strength, a puncture test was performed using a spherical probe (P/0.25S) with a test
speed of 1 mm/s and a strain of 75%. The breaking force (N) and breaking distance (mm)
were obtained from the force—displacement curve. The gel strength (N-mm) is expressed
as the product of the breaking force and the breaking distance. For TPA, a double-cycle
compression test was performed utilizing a cylindrical probe (P/50) at a test speed of
1 mm/s, a strain of 50%, and a residence time of 3 s. Hardness, springiness, cohesiveness,
chewiness, and resilience were recorded.

2.9. Low-Field Nuclear Magnetic Resonance (LF-NMR)

The transverse relaxation time (T3) of the cooked sample was measured using a LF-
NMR food analyzer (PQ001-20-025V, Niumag Analytical Instrument Corporation, Suzhou,
China), according to the methods of Chen et al. and Dong et al., with modifications [21,28].
Briefly, 2 g of cooked samples were wrapped with plastic wrap and put into a 25-mm
NMR tube, followed by equilibration at room temperature for 30 min. The T relaxation
time was measured by the Carr-Purcell-Meiboom-Gill (CPMG) sequence with 8 scans,
5000 echoes, and 4000 ms between scans. The raw data were analyzed by a multi-
exponential fitting model with MultiExp Inv Analysis software, V4.0 (Niumag Analytical
Instrument Corporation, Suzhou, China), to obtain the transverse relaxation time (T,
Ty, and T53) and peak area proportion of the corresponding water populations (P31, P2,
and P23).

2.10. Determination of Chemical Interaction

Chemical interactions were determined by referring to the measurements adopted by
Zhao et al. and Khoder et al., with appropriate adjustments [26,29]. The cooked samples
were dispersed in different reagents: 0.05 M of NaCl (RA), 0.6 M of NaCl (RB), 0.6 M of
NaCl + 1.5 M of urea (RC), 0.6 M of NaCl + 8 M of urea (RD), and 0.6 M of NaCl + 8 M
of urea + 0.5 M of 3-mercaptoethanol (RE), and then the soluble protein concentrations
(g/L) were determined. All reagents were prepared with 0.05 M of a phosphate buffer
(with a pH of 7.0). Briefly, approximately 2 g of samples were homogenized in 10 mL of
the solution above for 2 min, followed by stirring at 4 °C for 1 h and centrifuging twice at
12,000x g and 4 °C for 15 min each. The differences in protein concentration in different
reagents represent the contents of various chemical forces, and differences between RB
and RA, between RC and RB, between RD and RC, and between RE and RD represent the
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content of ionic bonds, hydrogen bonds, hydrophobic interactions, and disulfide bonds in
the protein solution, respectively.

2.11. Fourier Transform Infrared Spectroscopy (FT-IR)

The secondary structures of cooked 3D samples were analyzed, referring to the method
described by Zhang et al., with slight modifications [27]. The cooked samples were freeze-
dried at —50 °C for 48 h. Afterward, the samples were mixed with KBr (1:100, w/w)
and ground uniformly, then compressed into a translucent sheet. The spectra data were
collected using an FT-IR spectrometer (Vertex 70V, Bruker Optics, Karlsruhe, Germany),
scanning 32 times in the wave-number range of 4000-400 cm . Finally, according to the
spectra data, the contents of the 3-sheet, random coil, x-helix, and (3-turn were estimated,
respectively, with OMNIC software, V8.2 (Thermo Fisher Scientific, Madison, WI, USA),
and PeakFit software, V4.4 (SeaSolve Software Inc., Framingham, MA, USA).

2.12. Scanning Electron Microscopy (SEM)

According to the method of Zhang et al., with appropriate adjustment, the microstruc-
ture of 3D-printed samples was observed using an SEM (SU8000, Hitachi Co., Tokyo,
Japan) [27]. Samples were sliced into about 2-mm sheets and freeze-dried at —50 °C. Af-
terward, the freeze-dried samples were fixed on the sample table, sprayed with gold, and
observed at an accelerating voltage of 5 kV. Finally, photographs at a magnification of 5.0 k
were collected.

2.13. Statistical Analysis

All experimental data were expressed as the mean =+ standard deviation (SD). Differ-
ences were tested for significance by one-way analysis of variance (ANOVA) and performed
by using IBM SPSS Statistics 26 for Windows (SPSS Inc., Chicago, IL, USA). Trends were
considered significant at p < 0.05. OriginPro 2021 (OriginLab, Northampton, MA, USA)
was used for further analysis and plotting of data subsequently.

3. Results and Discussion
3.1. Rheological Properties

The printability and shape retention ability of 3D printing inks are closely related
to their rheological properties [30]. The flow behavior and loss modulus of the material
affect its extrusion properties, while the storage modulus affects its ability to retain the
shape of the printed product [31]. As shown in Figure 1A, the apparent viscosity of
surimi gels with different concentrations of CaCl, added decreased with an increase in
the shear rate, suggesting that the surimi gels were a non-Newtonian fluid with shear-
thinning behavior [32]. The similar flow behaviors indicated that the surimi gels could be
smoothly squeezed out from the printer nozzle [33]. Moreover, the apparent viscosity of
the inks increased overall with the addition of CaCl,, while Wang et al., who found that
adding NaCl reduced the viscosity of surimi gels in their study, explained that NaCl could
dissolve the myofibrillar proteins and induce unfolding and re-arrangement of the protein
structures, thus reducing the viscosity of surimi gels [32]. The addition of CaCl, could
also promote the unfolding of the protein structures differently; the proteins will form an
inter-molecular cross-linking structure in the presence of TGase, thereby increasing the
viscosity of the surimi gel system [21]. On the other hand, the effect of ionic bonds in the
surimi gel system became more prominent (possibly forming calcium bridges) with the
increasing concentration of CaCly, prompting further aggregation of the protein molecules
and resulting in increasing the viscosity of the gel. The appropriate elevation of the apparent
viscosity is conducive to improving the consistency of the 3D printing product molding [15].
Interestingly, the viscosity of the gel decreased at 1.0 g/100 g of CaCl,-addition, which
was possibly attributed to the formation of a uniform network structure among the protein
molecules, making the water molecules more evenly distributed in the pores and thus
reducing the viscosity of the gel system [34].
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Figure 1. Rheological properties of surimi gels containing 0, 0.5, 1.0, 1.5, and 2.0 g/100 g of CaCl,.
(A) Apparent viscosity; (B) storage modulus (G’) and loss modulus (G”).

The printability and the self-support property of materials are closely related to
their rheological properties. The storage modulus (G') reflects the solid-like behavior
of the material, which is related to the self-support property of the material, while the
loss modulus (G”) reflects the liquid-like behavior of the material and is related to the
extrusion property of the material [34,35]. As shown in Figure 1B, the G’ and G” of the
gels gradually decreased with the concentration of CaCl, increasing, indicating that the
mechanical properties of the surimi gels had changed (the rigidity decreased) [36]. In
addition, within the range of linear viscoelasticity, the storage modulus of the surimi gels
with different treatments was greater than the loss modulus, indicating that the gels have
elastic gel properties [37]. In other words, the result of G’ > G” suggests that the inks could
be extruded smoothly from the printing nozzle and perform good self-support and stability
after the extrusion [38].

3.2. 3D Printing Performance

Digital photographs of the 3D-printed products are shown in Figure 2. When the
amount of CaCl, was less than 1.0 g/100 g, the extrusion lines of the surimi gels were dis-
continuous, and the surface of the printing products was rough, which might be attributed
to the formation of the rigidity and fragility structures caused by the addition of CaCl, [39].
When the content of the CaCl, increased to 1.0 g/100 g and 1.5 g/100 g, the extrusion lines
of the inks became smoother and more continuous, the texture of the printed products
became clearer, and the model reduction degree became higher gradually. However, when
the addition amount of CaCl, was increased to 2.0 g/100 g, the gel became difficult to
squeeze out from the nozzle, and the extrusion speed no longer matched the printing speed,
and then the dragging phenomenon happened, resulting in an imprecise layer deposition
and printing shape deformation. The viscosity and fluidity of the surimi gel affect its 3D
printing performance. When the viscosity of the materials is too low, the extrusion lines
will be discontinuous, and the ability of layer deposition and coherence will be insufficient,
resulting in a rough surface and poor printing accuracy. On the contrary, when the viscosity
is too high, the fluidity of the materials will deteriorate, the extrusion of the materials
becomes more difficult, and the extrusion rate cannot match the set parameters, resulting
in uneven extrusion and poor printing performance.
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Figure 2. 3D printing performance of surimi gels incorporated with CaCl, at different concentrations.

3.3. Printing Precision and Shrinkage Rate

Printing precision is a quantitative index of printing performance, which can effectively
reflect the degree of ink restoring the 3D model after 3D printing and is related to the
rheological characteristics of the materials [40]. As shown in Figure 3A, the printing
precision of surimi gel with 0.5 g/100 g of CaCl, added decreased from 94.34% to 90.66%
(p < 0.05) compared with the control group, which was possibly related to changes in the
mechanical properties and viscosity. With the content of the CaCl, increasing, the printing
precision was significantly enhanced (p < 0.05), and the printing precision of surimi gel
with 1.5 g/100 g of CaCl, added reached the highest value of 98.61%. After the cooking,
the geometry of the printed surimi gel samples shrank to varying degrees due to the
thermal denaturation and contraction of the protein [41]. As shown in Figure 3A, the size
of the samples shrank differently after the heating treatment, and the shrinkage rate was
negatively correlated with the concentration of the CaCl,. The shrinkage rate of surimi gel
with 2.0 g/100 g of CaCl, added reached the minimum value of 3.84%, suggesting that
the addition of CaCl, made the products have a stronger shape stability and effectively
reduced the adverse effects of the heat treatment. This might be attributed to the intra-
and inter-molecular interactions and covalent cross-linking formed after the dissolution of
the myofibrillins [37].
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Figure 3. Printing precision and shrinkage (A), cooking loss and water-holding capacity (B), distri-
bution of T, relaxation time (C), and gel strength (D) of 3D-printed surimi gels incorporated with
CaCl, at different concentrations. Different lowercase letters above the error bar in (A,B,D) indicate
significant differences (p < 0.05) among various printed surimi gels incorporated with CaCl, at
different concentrations.

3.4. Cooking Loss and WHC

The cooking loss and WHC of the 3D-printed samples are shown in Figure 3B. The
index of cooking loss is often used to evaluate the loss of water, protein, and other nutrients
during the ripening process of meat products [15]. Compared with the control group, the
cooking loss of the sample with the addition of 0.5 g/100 g of CaCl, significantly increased
from 28.36% to 39.05% (p < 0.05), which was probably attributed to the myofibrillins not
fully unfolding, leaving it weakly bound to the water molecules, or the structure of the
proteins contracting and accumulating to expel the water under the action of heating [37].
In addition, the rough surface and porous interior structure could have caused the loss
of more water, protein, and other substances. When the content of the CaCl, exceeded
0.5 g/100 g, the cooking loss of the gels was significantly reduced (p < 0.05), and the cooking
loss of the gels with 1.5 g/100 g and 2.0 g/100 g of CaCl, added declined to 15.70% and
8.41%, respectively, which might have benefited from the smoother surface and more dense
internal structure of the printed products.

WHC is often used to evaluate the quality and structural strength of meat products [15].
As shown in Figure 3B, there is no significant difference in the WHC of the samples (p > 0.05)
with 0, 0.5, and 1.0 g/100 g of CaCl, added. The WHC of the samples increased significantly
(p < 0.05) once the concentration of CaCl, increased to 1.5 g/100 g, and the WHC of the gels
with an added 1.5 and 2.0 g/100 g of CaCl; reached 68.07% and 71.09%, respectively, which
could be explained by the increase of hydrogen bond forces in the gels. In other words, the
structure of the proteins was expanded with the addition of the CaCl,, which promoted the
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interaction between the water molecules and protein molecules, while the formation of the
network structure also made the water molecules more firmly restricted.

3.5. Ty Relaxation Time of Surimi Gels

Migration and absorption information of the water molecules in the cooked samples
were analyzed with LE-NMR, and the results are shown in Figure 3C and Table 1. There
were three water populations in each sample centered at 0-10 ms (T71), 30-200 ms (T22),
and 200-1000 ms (T73), respectively [21]. Generally, T represents the water that combined
tightly within the protein molecule and participated in the structure of the protein, Ty
mainly corresponds to the water entrapped within the gel networks and the water in the
myofibrils, which is also known as immobilized water [42], and T»3 corresponds to the free
water mainly retained in large pores within the gel network structures, which is easy to
lose in the process of heating [27,41]. As shown in Figure 3C, the immobilized water was
the main component of the water in the surimi gel, and the T, relaxation time distribution
of the samples was increasingly concentrated, and the signal value gradually strengthened,
suggesting that water migration was hindered and resulting in the increased mechanical
strength of the surimi gel [39]. According to Table 1, the T5; relaxation time of the sample
did not change significantly (p > 0.05) with the concentration of the CaCl, increasing, while
the Ty, and T3 relaxation times were postponed significantly (p < 0.05). This variation
in the T, relaxation time was related to the aggregation of protein and formation of gels.
However, a different result was observed for the sample with 0.5 g/100 g of CaCl,, which
could have been the result of the loss of more water from its loose and porous internal
structure after the heating treatment.

Table 1. LF-NMR spin-spin relaxation time (T;) and peak area proportion of the three populations of
the 3D-printed surimi gels incorporated with CaCl, at different concentrations.

CaCl; (g/100 g) T21 (ms) T, (ms) T3 (ms) Pa1 (%) Pas (%) Pa3 (%)
0 2.05+0.042 38.45 + 1.05 4 361.12 + 0.00 6.58 +0.10P 89.76 +0.11 4 3.66 + 0.062
0.5 1.78 +0.19 2 31.81 +0.00 ¢ 307.88 + 14.39 d 7.45 +0.08 2 91.17 +£0.11¢ 1.38 £ 0.12¢
1.0 1.96 + 0.01 2 43.98 + 0.00 ¢ 500.54 + 23.39 © 6.13 +0.06 ¢ 91.85 +0.31P 2.02+£025b
15 2.00 +0.132 51.71 4+ 0.00 ® 527.54 + 14.05 2P 5.44 +0.254 92.81 +0.302 1.75 £ 0.08 be
2.0 1.80 +0.182 56.07 + 0.00 2 556.82 + 15.23 5.38 + 0.09 d 92.44 4 0.06 2P 2.18 +0.08°

All data are shown as means =+ SD (1 = 3). For the same column, different letters indicate significant differences (p < 0.05).

The peak proportions of the T, relaxation time of the samples are shown in Table 1.
Compared with the control group, the significant increase of Py; in the gel with 0.5 g/100 g
of CaCl, added might be attributed to the protein molecules binding more water molecules
during the rapid aggregation. With the concentration of CaCl, gradually increased to
2.0 g/100 g, the Py; and Py3 of the surimi gel decreased, while Py, increased significantly
(p < 0.05), which indicated that more bound water or free water transformed into immobi-
lized water with the addition of CaCl,, suggesting that more hydrogen bonds might have
been formed in the gel system. The phenomenon of water migration such as this would
have a positive effect on the WHC of surimi gels [15].

3.6. Gel Strength

Gel strength is an important indicator in assessing the quality of fish products. The
gel strength of the cooked samples is shown in Figure 3D. Compared to the control group,
the gel strength of the samples decreased first and then increased with the increasing
addition of CaCl,. The gel strength of the printed product with an added 2.0 g/100 g
of CaCl, reached the maximum value of 53.41 N-mm, which was 1.69 times that of the
control group (p < 0.05). NaCl promoted the protein structure unfolding and exposed the
functional groups hidden inside the protein, thus enhancing the inter-molecular interaction
force and enabling the control sample with a relatively high gel strength [43]. In the group
with an added 0.5 g/100 g of CaCly,, the protein might have aggregated rapidly, forming
a rough, porous structure and resulting in lower gel strength. As the concentration of
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Ca(l, increased unceasingly, the formation of the inter-molecular calcium bridge between
the Ca* and the COO™~ on the protein side-chain promoted the formation of a three-
dimensional network structure with a higher density and lower porosity, thus enhancing
its gel strength [44].

3.7. Color and TPA

Color is an important indicator of determining the sensory quality of products, and it
affects consumers’ desire to choose. For fish products, consumers prefer products with a
higher whiteness value [15]. As shown in Table 2, the a* values and b* values of the samples
with the addition of CaCl, decreased significantly (p < 0.05), while the brightness values
and whiteness values increased significantly (p < 0.05). After the concentration of CaCl,
increased to 1.0 g/100 g, the brightness and whiteness increased slowly, indicating that
the effect of CaCl, on the color of surimi gels had reached an equilibrium point, which
could be related to the change in the microstructure of surimi gels. Feng et al. found that
the whiteness of gel samples was also improved after adding CaCl, and indicated that the
products were more likely to be favored by consumers [13].

Table 2. The color of 3D-printed surimi gels incorporated with CaCl, at different concentrations.

CaCl; (g/100 g) L* a* b* Whiteness
0 76.86 & 0.10 —0.52+0.042 11.99 £+ 0.14 2 73.93 4+ 0.14 4
0.5 78.44 +0.32b —0.67 £0.05P 11.14 +£ 0.12° 75.72 £ 0.27 ¢
1.0 82.28 +0.202 —0.92 +0.02¢ 10.61 + 0.08 79.32 +£0.19b
1.5 82.18 £0.212 —1.35+0.024 9.82+0.134 79.61 +0.24°
2.0 82.56 + 0.23 2 —2274+0.04° 872 +0.27¢ 80.36 + 0.152

All data are shown as means =+ SD (n = 3). For the same column, different letters indicate significant differences (p < 0.05).

Similarly, textual characteristics also reflect the consumers’ acceptance of the prod-
ucts [16]. As shown in Table 3, the hardness, springiness, and chewiness values of the
samples first decreased and then increased with the addition of CaCl,. A relatively low
concentration of CaCl, increased the rigidity of the surimi gels, while the sample with
1.0 g/100 g of CaCl, added had minimum textual values, which could be attributed to the
formation of a more tender texture due to more water molecules trapped in the pores of the
gel network. As the content of CaCl, increased to 1.5 g/100 g, the hardness and chewiness
values of the sample reached 48.18 N and 31.00 N, respectively, which were 2.40 times
and 4.42 times that of the control group (p < 0.05), respectively. In addition, the texture
characteristics changed lightly with the continuous addition of CaCl, (p > 0.05). Moreover,
the springiness of the product with 1.5 g/100 g of CaCl, incorporated was significantly
increased to 0.89 (p < 0.05), indicating that the product had a stronger elastic texture, which
may be more interesting to consumers.

Table 3. Texture characteristics of 3D-printed surimi gels incorporated with CaCl, at different concentrations.

CaCl, (g/100 g) Hardness (N) Springiness Cohesiveness Chewiness (N) Resilience
0 20.05 + 0.15° 0.85 +0.02P 0.41 +0.01b 7.02 +£ 023" 0.15 4 0.00 €
0.5 16.59 + 0.76 © 0.84 £0.01P 0.41 +0.02b 5.75 + 0.41 ¢ 0.18 £0.01b
1.0 16.47 +0.78 0.74 +£0.02¢ 0.32+0.01°¢ 3.85+0.324 0.11 + 0.00 ¢
1.5 4818 +£0.262 0.89 + 0.01 2P 0.72 £0.002 31.00 + 0412 0.36 £0.002
2.0 46.89 + 0.602 0.90 +0.002 0.74 £0.002 31.04 + 0512 0.37 £0.002

All data are shown as means =+ SD (1 = 3). For the same column, different letters indicate significant differences (p < 0.05).

3.8. Chemical Interactions

The effects of the CaCl, content on the non-covalent bonds and disulfide bonds in the
surimi gel are presented in Table 4. As we expected, the ionic bonds’ content in the surimi
gels increased significantly (p < 0.05) with the increasing amount of CaCl,. The hydrogen
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bonds’ content also increased with the addition of CaCl,, which could be explained by
more water molecules being entrapped in the better-organized gel network. The increased
ionic bonds’ content contributed to improvement in the flow behavior of the gel, while the
increased hydrogen bonds’ content enhanced the gel strength [45]. In addition, as shown in
Table 4, hydrophobic interactions and disulfide bonds were the main non-covalent forces
in the surimi gels; the contents all showed a downward trend with the increasing of CaCl,
concentrations, except for a significant increase (p < 0.05) in the hydrophobic interactions
of the surimi gel with 0.5 g/100 g of CaCl, added. The increase in the hydrophobic
interactions’ content might be related to the rapid aggregation of the proteins, while the
decrease in the hydrophobic interactions” and disulfide bonds” contents might be related to
the formation of inter-molecular calcium bridges and non-disulfide covalent bonds.

Table 4. The changes of chemical interactions of 3D-printed surimi gels incorporated with CaCl, at
different concentrations.

CaCl,

(/100 g) Ionic Bonds (g/L) Hydrogen Bonds (g/L) Hydrophobic Interactions (g/L) Disulfide Bonds (g/L)
0 0.33 £0.01°¢ 0.45 +0.024 518+ 0.16° 5.76 £ 0.06 2
0.5 0.38 & 0.02 bc 0.38 +0.024 7.16 £0.07 2 5.46 4 0.08 2
1.0 0.45 4+ 0.03° 0.98 4+ 0.022 5214 0.04° 5.62+0.172
15 0.60 + 0.032 0.61 +0.04°¢ 411+0.10°¢ 422 +0.15°
2.0 0.40 + 0.03 be 0.85 + 0.04" 3.46 +0.084 322 +0.07°¢

All data are shown as means =+ SD (1 = 3). For the same column, different letters indicate significant differences (p < 0.05).

3.9. Chemical Structure of Surimi Gel Proteins

The infrared spectrum and protein secondary structure of the cooked surimi gels are
shown in Figure 4A,B, respectively. The bands at 1700-1600 cm 1, 1600-1500 cm ™!, and
1330-1220 cm ! are amide I, 11, and Il bands of proteins, respectively, while the bands at
3600~3200 cm ! and 3100-3000 cm ! are amide A and B, respectively [27,46]. As shown in
the spectrum, there was no significant difference in the infrared characteristic absorption
peaks of the different formulated gel samples, indicating that the surimi gel did not produce
new functional groups after the addition of calcium chloride. In the spectrum, the wide and
strong absorption band at 3600-3200 cm ™! corresponds to the stretching vibration of O-H
bonds, indicating the existence of hydrogen bonding in the surimi gel system [27,29]. The
control group had a characteristic absorption peak at 3289 cm~!, while the characteristic
absorption peak of the gel samples supplemented with 0.5, 1.0, 1.5, and 2.0 g/100 g of
CaCl, was at 3290, 3288, 3287, and 3286 cm ™!, respectively. Compared with the control
group, the characteristic absorption peaks shifted slightly to the shorter wave-number for
the gel samples with 1.0, 1.5, and 2.0 g/100 g of CaCl, added, indicating that stronger
hydrogen bonding formed in the gel system, which might be one reason for the increase in
the viscosity of the gel with the rising of the CaCl, concentration [39].

The area proportions of the protein secondary structure were estimated by Gaussian
deconvolution and the second derivative fitting of the amide I band (1700-1600 cm 1),
and the results are shown in Figure 4B. The corresponding relationship between each
subpeak and the protein secondary structure is as follows: 1695-1660 cm ! corresponds
to the B-turn, 1660-1650 cm~! corresponds to the o-helix, 1650-1640 cm~! corresponds
to the random coil, and 1640-1600 cm ! corresponds to the 3-sheet [47]. The B-turn con-
tent gradually decreased from 40.47% to 25.98% with the additive amount of CaCl, up to
1.5 g/100 g (p < 0.05), while the content of the x-helix (from 17.36% to 22.84%), 3-sheet
(from 25.16% to 28.28%), and random coil (from 17.01% to 22.90%) increased significantly
(p < 0.05). The inter-molecular ordering arrangement of proteins is maintained by the
a-helix through inter-molecular hydrogen bonds, while the intra-molecular ordering ar-
rangement of proteins is maintained by the 3-sheet through intra-molecular hydrogen
bonds [48]. The decrease in the B-turn content and the increase in the a-helix and -sheet
content suggested that the secondary structures of the proteins were re-arranged after un-
folding and formed a more ordered structure [13]. Notably, in the group with the addition
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of 0.5 g/100 g of CaCl,, the «-helix, 3-sheet, and random coil content (22.95%, 29.16%, and
24.10%, respectively) were significantly higher than in the control and other experimental
groups (p < 0.05), while the 3-turn content (23.79%) was significantly lower than in the
other groups (p < 0.05). These results indicated that the proteins accumulated rapidly before
totally unfolding and formed a disordered structure, which could explain the poor printing
performance, high cooking loss, and weak gel strength of surimi gel with 0.5 g/100 g of
CaCl, added.
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e
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Figure 4. Fourier transform infrared (FI-IR) spectra (A) and calculated protein secondary structures
(B) of 3D-printed surimi gels incorporated with CaCl, at different concentrations. Different letters in
(B) indicate significant differences (p < 0.05).

3.10. Microstructure of Surimi Gel

The microstructure of the cooked surimi gels is illustrated in Figure 5. As per the
results predicted by the 3D printing performance (Figure 2), the microstructures of surimi
gel with the added 0 and 0.5 g/100 g of CaCl, were loose, disordered, and had more
pores (Figure 5A,B), which might be the result of the rapid aggregation of the protein
molecules before fully unfolding. When 1.0 g/100 g of CaCl, was added, a relatively
ordered network structure with many small pores was formed inside the gel product
(Figure 5C), which was conducive to entrapping more water molecules into the pores
after the heating and cooling [15,44], thus resulting in a higher hydrogen bonds content.
However, this structure was more likely to allow water to be lost under the action of a
strong external force (the centrifugal force), resulting in water loss, which could be the
reason for its lower water-holding capacity. With the concentration of CaCl, continuing
to increase (>1.0 g/100 g), the protein molecules continued to unfold and re-arrange, and
then a more orderly cross-linking structure formed between the protein molecules, with
the effects of the calcium bridges and non-disulfide covalent bonds. Finally, a highly cross-
linked and more compact and uniform three-dimensional network structure with fewer
pores was formed (Figure 5D,E), which could explain the higher apparent viscosity, gel
strength, and hardness of the gels [39].
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Figure 5. Microstructure micrographs (5.0 k) of 3D-printed surimi gels incorporated with CaCl, at
different concentrations. (A-E): the concentrations of incorporated CaCl, were 0, 0.5, 1.0, 1.5, and
2.0 g/100 g, respectively.

4. Conclusions

This study found that adding an appropriate amount of CaCl, could not only effec-
tively compensate for the defective gel performance of low-salt surimi gel but also improve
the 3D printing quality of the gel and enhance the mechanical strength and stability of the
printed product after heating. Furthermore, the addition of CaCl, increased the whiteness
value of the surimi products, resulting in improving their sensory quality. The results of
the rheology and 3D printing showed that adding 1.5 g/100 g of CaCl, could improve
the apparent viscosity and reduce the storage modulus and loss modulus, which led to
the improvement of the 3D printing performance. The results of the chemical interactions,
chemical structure, water distribution, and microstructure of the 3D-printed products
showed that adding 1.5 g/100 g of CaCl, could enhance the WHC and mechanical strength
(the gel strength, hardness, springiness, etc.) and depress the cooking loss by unfolding
the protein structure and forming an orderly and uniform three-dimensional network
structure, resulting in better sensory properties. In conclusion, CaCl, can be used as a salt
substitute in the production of surimi products, which could provide a theoretical basis for
the development of healthy and nutritious 3D foods.

Author Contributions: C.W.: investigation, project administration, and writing—original draft.
M.M.: investigation, project administration, and writing—original draft. Y.W.: data curation and
formal analysis. Y.Z.: methodology and investigation. Y.L.: methodology and formal analysis. J.Z.:
funding acquisition, supervision and writing—review & editing. All authors have read and agreed to
the published version of the manuscript.

Funding: This study was supported by the Shihezi City of the Eighth Division [grant number
2022PT02], the innovative team-building plan for key field projects in Xinjiang Production and
Construction Corps [grant number 2019CB007], and the Key Laboratory for Agricultural Products
Processing Engineering of Shihezi University [grant number KYPT201904].

Data Availability Statement: Data is contained within the article.

Conflicts of Interest: We declare that we have no known competing financial interest or personal
relationships that could have appeared to influence the work reported in this paper.



Foods 2023, 12,2152 14 0of 15

References

1.  Dankar, I.; Haddarah, A.; Omar, EE.L.; Sepulcre, F.; Pujola, M. 3D printing technology: The new era for food customization and
elaboration. Trends Food Sci. Technol. 2018, 75, 231-242. [CrossRef]

2. He, C.; Zhang, M,; Fang, Z. 3D printing of food: Pretreatment and post-treatment of materials. Crit. Rev. Food Sci. Nutr. 2020,
60, 2379-2392. [CrossRef]

3. Baiano, A. 3D Printed Foods: A Comprehensive Review on Technologies, Nutritional Value, Safety, Consumer Attitude,
Regulatory Framework, and Economic and Sustainability Issues. Food Rev. Int. 2020, 38, 986-1016. [CrossRef]

4. Feng, C.; Zhang, M.; Bhandari, B. Materials Properties of Printable Edible Inks and Printing Parameters Optimization during 3D
Printing: A review. Crit. Rev. Food Sci. Nutr. 2019, 59, 3074-3081. [CrossRef]

5. Jiang, H.; Zheng, L.; Zou, Y,; Tong, Z.; Han, S.; Wang, S. 3D food printing: Main components selection by considering rheological
properties. Crit. Rev. Food Sci. Nutr. 2018, 59, 2335-2347. [CrossRef] [PubMed]

6.  Pulatsu, E.; Lin, M. A review on customizing edible food materials into 3D printable inks: Approaches and strategies. Trends Food
Sci. Technol. 2021, 107, 68-77. [CrossRef]

7. Liu, Z.; Bhandari, B.; Prakash, S.; Mantihal, S.; Zhang, M. Linking rheology and printability of a multicomponent gel system of
carrageenan-xanthan-starch in extrusion based additive manufacturing. Food Hydrocoll. 2019, 87, 413-424. [CrossRef]

8.  Gholamipour-Shirazi, A.; Norton, I.T.; Mills, T. Designing hydrocolloid based food-ink formulations for extrusion 3D printing.
Food Hydrocoll. 2019, 95, 161-167. [CrossRef]

9.  Guo, C,; Zhang, M.; Bhandari, B. Model Building and Slicing in Food 3D Printing Processes: A Review. Compr. Rev. Food Sci. Food
Saf. 2019, 18, 1052-1069. [CrossRef]

10.  Shi, T.; Arief Wijaya, G.Y.; Yuan, L.; Sun, Q.; Bai, F.; Wang, ].; Gao, R. Gel properties of Amur sturgeon (Acipenser schrenckii) surimi
improved by lecithin at reduced and regular-salt concentrations. RSC Adv. 2020, 10, 30896-30906. [CrossRef]

11. Cao, E; Chen, R;; Li, Y;; Han, R.; Li, F; Shi, H.; Jiao, Y. Effects of NaCl and MTGase on printability and gelling properties of
extrusion-based 3D printed white croaker (Argyrosomus argentatus) surimi. LWT 2022, 164, 113646. [CrossRef]

12.  Monto, A.R,; Li, M.; Wang, X.; Wijaya, G.Y.A.; Shi, T.; Xiong, Z.; Yuan, L.; Jin, W.; Li, J.; Gao, R. Recent developments in
maintaining gel properties of surimi products under reduced salt conditions and use of additives. Crit. Rev. Food Sci. Nutr. 2021,
62, 8518-8533. [CrossRef]

13. Feng,].; Cao, A; Cai, L.; Gong, L.; Wang, ].; Liu, Y.; Zhang, Y.; Li, J. Effects of partial substitution of NaCl on gel properties of fish
myofibrillar protein during heating treatment mediated by microbial transglutaminase. LWT 2018, 93, 1-8. [CrossRef]

14. Wang, M,; Li, D.; Zang, Z.; Sun, X.; Tan, H.; Si, X,; Tian, J.; Teng, W.; Wang, J.; Liang, Q.; et al. 3D food printing: Applications of
plant-based materials in extrusion-based food printing. Crit. Rev. Food Sci. Nutr. 2021, 62, 7184-7198. [CrossRef]

15.  Yu, W.,; Wang, Z,; Pan, Y,; Jiang, P.,; Pan, J.; Yu, C.; Dong, X. Effect of k-carrageenan on quality improvement of 3D printed
Hypophthalmichthys molitrix-sea cucumber compound surimi product. LWT 2022, 154, 112279. [CrossRef]

16. Yu, N, Gong, H; Yuan, H; Bao, Y.; Wang, W. Effects of calcium chloride as a salt substitute on physicochemical and 3D printing
properties of silver carp surimi gels. CyTA—]. Food 2022, 20, 1-12. [CrossRef]

17.  Jia, D.; You, J.; Hu, Y,; Liu, R.; Xiong, S. Effect of CaCl, on denaturation and aggregation of silver carp myosin during setting.
Food Chem. 2015, 185, 212-218. [CrossRef]

18. Yongsawatdigul, J.; Sinsuwan, S. Aggregation and conformational changes of tilapia actomyosin as affected by calcium ion
during setting. Food Hydrocoll. 2007, 21, 359-367. [CrossRef]

19. Yu, N, Xu, Y; Jiang, Q.; Xia, W. Textural and physicochemical properties of surimi gels prepared with potassium and calcium
chloride as substitutes for sodium chloride. Int. J. Food Prop. 2017, 20, 1539-1552. [CrossRef]

20. Ramirez, J.A.; Rodriguez-Sosa, R.; Morales, O.G.; Vazquez, M. Preparation of surimi gels from striped mullet (Mugil cephalus)
using an optimal level of calcium chloride. Food Chem. 2003, 82, 417-423. [CrossRef]

21. Dong, X.; Pan, Y.; Zhao, W.; Huang, Y,; Qu, W.; Pan, J.; Qi, H.; Prakash, S. Impact of microbial transglutaminase on 3D printing
quality of Scomberomorus niphonius surimi. LWT 2020, 124, 109123. [CrossRef]

22. Jin, L,; Zhao, Z; Jiao, X,; Yan, B.; Fan, D.; Huang, J.; Zhou, W.; Zhao, ].; Zhang, H. Effect of Printing Conditions on 3D Printing of
Surimi. Mod. Food Sci. Technol. 2020, 36, 214-222. [CrossRef]

23. Ding, Y; Liu, Y,; Yang, H.; Liu, R.; Rong, J.; Zhao, S.; Xiong, S. Effects of CaCl, on chemical interactions and gel properties of
surimi gels from two species of carps. Eur. Food Res. Technol. 2011, 233, 569-576. [CrossRef]

24. Dick, A.; Bhandari, B.; Prakash, S. Post-processing feasibility of composite-layer 3D printed beef. Meat Sci. 2019, 153, 9-18.
[CrossRef] [PubMed]

25. Debusca, A.; Tahergorabi, R.; Beamer, S.K.; Matak, K.E.; Jaczynski, J. Physicochemical properties of surimi gels fortified with
dietary fiber. Food Chem. 2014, 148, 70-76. [CrossRef]

26. Zhao, Z.; Wang, Q.; Yan, B.; Gao, W.; Jiao, X.; Huang, J.; Zhao, J.; Zhang, H.; Chen, W.; Fan, D. Synergistic effect of mi-
crowave 3D print and transglutaminase on the self-gelation of surimi during printing. Innov. Food Sci. Emerg. Technol. 2021,
67,102546. [CrossRef]

27. Zhang,].; Zhu, L,; Li, H.; Tang, H.; Yang, H.; Zhao, K.; Kong, E; Yin, T.; Yao, Q.; Chen, L. Effects of micro-/nano-scaled chicken

bones on heat-induced gel properties of low-salt pork batter: Physicochemical characteristics, water distribution, texture, and
microstructure. Food Chem. 2022, 373, 131574. [CrossRef]


https://doi.org/10.1016/j.tifs.2018.03.018
https://doi.org/10.1080/10408398.2019.1641065
https://doi.org/10.1080/87559129.2020.1762091
https://doi.org/10.1080/10408398.2018.1481823
https://doi.org/10.1080/10408398.2018.1514363
https://www.ncbi.nlm.nih.gov/pubmed/30285472
https://doi.org/10.1016/j.tifs.2020.11.023
https://doi.org/10.1016/j.foodhyd.2018.08.026
https://doi.org/10.1016/j.foodhyd.2019.04.011
https://doi.org/10.1111/1541-4337.12443
https://doi.org/10.1039/D0RA04487C
https://doi.org/10.1016/j.lwt.2022.113646
https://doi.org/10.1080/10408398.2021.1931024
https://doi.org/10.1016/j.lwt.2018.03.018
https://doi.org/10.1080/10408398.2021.1911929
https://doi.org/10.1016/j.lwt.2021.112279
https://doi.org/10.1080/19476337.2021.2008510
https://doi.org/10.1016/j.foodchem.2015.03.130
https://doi.org/10.1016/j.foodhyd.2006.04.006
https://doi.org/10.1080/10942912.2016.1248846
https://doi.org/10.1016/S0308-8146(02)00594-0
https://doi.org/10.1016/j.lwt.2020.109123
https://doi.org/10.13982/j.mfst.1673-9078.2020.5.029
https://doi.org/10.1007/s00217-011-1546-1
https://doi.org/10.1016/j.meatsci.2019.02.024
https://www.ncbi.nlm.nih.gov/pubmed/30856550
https://doi.org/10.1016/j.foodchem.2013.10.010
https://doi.org/10.1016/j.ifset.2020.102546
https://doi.org/10.1016/j.foodchem.2021.131574

Foods 2023, 12,2152 150f 15

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.
48.

Chen, H.; Zhang, M.; Yang, C. Comparative analysis of 3D printability and rheological properties of surimi gels via LF-NMR and
dielectric characteristics. J. Food Eng. 2021, 292, 110278. [CrossRef]

Khoder, RM.; Yin, T; Liu, R.; Xiong, S.; You, J.; Hu, Y.; Huang, Q. Effects of nano fish bone on gelling properties of tofu gel
coagulated by citric acid. Food Chem. 2020, 332, 127401. [CrossRef]

Nijdam, ]J.J.; LeCorre-Bordes, D.; Delvart, A.; Schon, B.S. A rheological test to assess the ability of food inks to form dimensionally
sTable 3D food structures. J. Food Eng. 2021, 291, 110235. [CrossRef]

Wilms, P.; Daffner, K.; Kern, C.; Gras, S.L.; Schutyser, M.A L; Kohlus, R. Formulation engineering of food systems for 3D-printing
applications—A review. Food Res. Int. 2021, 148, 110585. [CrossRef]

Wang, L.; Zhang, M.; Bhandari, B.; Yang, C. Investigation on fish surimi gel as promising food material for 3D printing. . Food
Eng. 2018, 220, 101-108. [CrossRef]

Yu, N.; Yang, F; Gong, H.; Zhou, J; Jie, C.; Wang, W.; Chen, X.; Sun, L. Gel & three-dimensional printing properties of sheep
plasma protein-surimi induced by transglutaminase. J. Food Eng. 2022, 323, 111006. [CrossRef]

Guo, C.; Zhang, M.; Devahastin, S. Improvement of 3D printability of buckwheat starch-pectin system via synergistic Ca2+-
microwave pretreatment. Food Hydrocoll. 2021, 113, 106483. [CrossRef]

Kim, S.M.; Kim, HW.,; Park, H.]. Preparation and characterization of surimi-based imitation crab meat using coaxial extrusion
three-dimensional food printing. Innov. Food Sci. Emerg. Technol. 2021, 71, 102711. [CrossRef]

Guo, C.; Zhang, M.; Devahastin, S. 3D extrusion-based printability evaluation of selected cereal grains by computational fluid
dynamic simulation. . Food Eng. 2020, 286, 110113. [CrossRef]

Dick, A.; Bhandari, B.; Dong, X.; Prakash, S. Feasibility study of hydrocolloid incorporated 3D printed pork as dysphagia food.
Food Hydrocoll. 2020, 107, 105940. [CrossRef]

Yang, F.; Zhang, M.; Prakash, S.; Liu, Y. Physical properties of 3D printed baking dough as affected by different compositions.
Innov. Food Sci. Emerg. Technol. 2018, 49, 202-210. [CrossRef]

Xing, X.; Chitrakar, B.; Hati, S.; Xie, S.; Li, H.; Li, C.; Liu, Z.; Mo, H. Development of black fungus-based 3D printed foods as
dysphagia diet: Effect of gums incorporation. Food Hydrocoll. 2022, 123, 107173. [CrossRef]

Pan, Y.;; Sun, Q.; Liu, Y.; Wei, S.; Xia, Q.; Zheng, O.; Liu, S.; Ji, H.; Deng, C.; Hao, J. The relationship between rheological and
textural properties of shrimp surimi adding starch and 3D printability based on principal component analysis. Food Sci. Nutr.
2021, 9, 2985-2999. [CrossRef] [PubMed]

Chen, H.; Zhang, M.; Rao, Z. Effect of ultrasound-assisted thawing on gelling and 3D printing properties of silver carp surimi.
Food Res. Int. 2021, 145, 110405. [CrossRef] [PubMed]

Zhang, L.; Zhang, F; Wang, X. Effects of hydrolyzed wheat gluten on the properties of high-temperature (>100 °C) treated surimi
gels. Food Hydrocoll. 2015, 45, 196-202. [CrossRef]

Cao, L.; Su, S.; Regenstein, ].M.; Xiong, S.; Liu, R. Ca?*-Induced Conformational Changes of Myosin from Silver Carp (Hypoph-
thalmichthys molitrix) in Gelation. Food Biophys. 2015, 10, 447-455. [CrossRef]

Zhou, Y.; Yang, H. Effects of calcium ion on gel properties and gelation of tilapia (Oreochromis niloticus) protein isolates processed
with pH shift method. Food Chem. 2019, 277, 327-335. [CrossRef] [PubMed]

Liu, Y,; Sun, Q.; Wei, S.; Xia, Q.; Pan, Y,; Ji, H.; Deng, C.; Hao, J.; Liu, S. Insight into the correlations among rheological behaviour,
protein molecular structure and 3D printability during the processing of surimi from golden pompano (Trachinotus ovatus). Food
Chem. 2022, 371, 131046. [CrossRef]

Yang, M.; Zhang, J.; Guo, X,; Deng, X.; Kang, S.; Zhu, X.; Guo, X. Effect of Phosphorylation on the Structure and Emulsification
Properties of Different Fish Scale Gelatins. Foods 2022, 11, 804. [CrossRef]

Barth, A. Infrared spectroscopy of proteins. Biochim. Biophys. Acta (BBA)—Bioenerg. 2007, 1767, 1073-1101. [CrossRef]

Guo, L,; Xiong, S.; Huang, Y. Effects of Ultra-high Pressure Combined with Thermal Treatment on Molecular Interaction and
Structure of Pork Proteins. Mod. Food Sci. Technol. 2016, 32, 196-204. [CrossRef]

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


https://doi.org/10.1016/j.jfoodeng.2020.110278
https://doi.org/10.1016/j.foodchem.2020.127401
https://doi.org/10.1016/j.jfoodeng.2020.110235
https://doi.org/10.1016/j.foodres.2021.110585
https://doi.org/10.1016/j.jfoodeng.2017.02.029
https://doi.org/10.1016/j.jfoodeng.2022.111006
https://doi.org/10.1016/j.foodhyd.2020.106483
https://doi.org/10.1016/j.ifset.2021.102711
https://doi.org/10.1016/j.jfoodeng.2020.110113
https://doi.org/10.1016/j.foodhyd.2020.105940
https://doi.org/10.1016/j.ifset.2018.01.001
https://doi.org/10.1016/j.foodhyd.2021.107173
https://doi.org/10.1002/fsn3.2257
https://www.ncbi.nlm.nih.gov/pubmed/34136165
https://doi.org/10.1016/j.foodres.2021.110405
https://www.ncbi.nlm.nih.gov/pubmed/34112408
https://doi.org/10.1016/j.foodhyd.2014.11.016
https://doi.org/10.1007/s11483-015-9408-1
https://doi.org/10.1016/j.foodchem.2018.10.110
https://www.ncbi.nlm.nih.gov/pubmed/30502154
https://doi.org/10.1016/j.foodchem.2021.131046
https://doi.org/10.3390/foods11060804
https://doi.org/10.1016/j.bbabio.2007.06.004
https://doi.org/10.13982/j.mfst.1673-9078.2016.2.030

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of Surimi and Surimi Gel 
	Preparation of Surimi 
	Preparation of Surimi Gel 

	Determination of Rheological Properties 
	3D Printing Processing and Performance 
	Printing Precision and Shrinkage 
	Cooking Loss and Water-Holding Capacity (WHC) 
	Color Evaluation 
	Determination of Gel Strength and Texture Profile Analysis (TPA) 
	Low-Field Nuclear Magnetic Resonance (LF-NMR) 
	Determination of Chemical Interaction 
	Fourier Transform Infrared Spectroscopy (FT-IR) 
	Scanning Electron Microscopy (SEM) 
	Statistical Analysis 

	Results and Discussion 
	Rheological Properties 
	3D Printing Performance 
	Printing Precision and Shrinkage Rate 
	Cooking Loss and WHC 
	T2 Relaxation Time of Surimi Gels 
	Gel Strength 
	Color and TPA 
	Chemical Interactions 
	Chemical Structure of Surimi Gel Proteins 
	Microstructure of Surimi Gel 

	Conclusions 
	References

