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Abstract: Sliver carp is a nutritious and abundant species in China, but its low market value stems
from its thin meat, small bones and strong odor. Processing it into surimi enhances its economic
value, though surimi typically has low gel strength and is prone to deterioration. Recently, three-
dimensional (3D) printing has gained attention as an innovative additive manufacturing technique
for personalization and process simplification requiring high-performance materials. This study
intended to develop an optimized surimi formula for 3D printing with dynamic high-pressure
microfluidization (DHPM)-modified pea protein isolate (PPI) and microcrystalline cellulose (MCC).
Firstly, the effect of DHPM on PPI properties was evaluated, followed by the optimization of the
surimi gel formula (72.093% water content, 3.203% PPI, 1.728% MCC, 1% salt, 1% collagen peptide
and 20.976% sliver carp paste) and 3D printing parameters (2000 mm/min at 25 °C with a 1.5 mm
nozzle). Rheological comparisons between the optimized surimi, surimi with commercial antifreeze
and surimi with only PPI or MCC indicated that the optimized formulation exhibited clearer 3D
printing outlines and reduced stickiness due to a higher recovery and lower loss modulus. These
results demonstrated that DHPM-treated PPI and MCC enhanced the 3D printability of silver carp
surimi gel, providing a new idea for a surimi product and supporting its potential applications in
food 3D printing.

Keywords: silver carp surimi; dynamic high-pressure microfluidization technique; pea protein isolate;
microcrystalline cellulose; 3D printing

1. Introduction

China is one of the megadiverse freshwater regions around the world, with freshwater
fish production contributing over 50% of the global total [1]. Sliver carp (Hypophthalmichthys
molitrix) is a highly nutritious and abundant species in China. Currently, China’s freshwater
fish market primarily focuses on live sales. Due to the thin meat, small bones and strong
odors, silver carp holds a rather low market value. Thus, processing freshwater fish, such
as silver carp, into surimi is a crucial method for increasing their economic value [2]. Surimi
is a myofibrillar protein concentrate made from fish meat through processes including
rinsing, chopping and crushing [3,4]. Surimi products offer benefits such as being low-
calorie, low-fat, low-cholesterol and high-protein [5]. However, several issues limit their
development. Freshwater fish surimi has low gel strength and is prone to gel deterioration.
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During freezing, proteins easily undergo denaturation, reducing viscoelasticity and the
taste quality of surimi gel. Besides, freezing—thawing cycles lower the protein digestibility
of surimi products [6]. Fish proteins can be classified into three types: myofibrillar (salt-
soluble), sarcoplasmic (water-soluble) and matrix proteins (insoluble) [7]. Myofibrillar
proteins (MPs) make up 65 to 80% of the total protein content and form elastic gels upon
heating; therefore, elasticity is generally regarded as an indicator to evaluate the quality
of surimi products [7]. Various additives, including non-meat proteins, inorganic salts,
starch, polyphenols and hydrocolloids, are added to improve surimi quality and reduce
the production costs.

Pea protein isolate (PPI) is a high-quality plant protein rich in essential and non-
essential amino acids, low in fat and containing bioactive compounds [8]. Due to its
nutritional value, low allergenicity and affordability, PPI is a promising non-meat protein
additive [9,10]. Its incorporation improves the quality and health benefits of surimi gel [10].
Additionally, Sun et al. [11] illustrated that PPI could influence the rheological properties
of surimi by altering protein—protein interactions. Besides, Moreno et al. [12] demonstrated
that adding 1.41% PPI significantly increased viscoelasticity and preserved gel strength
comparable to fresh surimi after one year of frozen storage. Microcrystalline cellulose
(MCC) is a linear polysaccharide commonly used as a fat substitute, emulsifier, stabilizer
and carrier [13,14]. Zhang et al. [15] indicated that additional cellulose inhibited water loss
from low-salt surimi gels, and therefore enhanced surimi quality. Moreover, Mi et al. [16]
stated that protein conformation was changed and a denser surimi gel network was formed
by adding modified MCC. Therefore, PPI and MCC were chosen as additives to improve
the quality of surimi gel in this study.

Three-dimensional (3D) printing, an innovative additive manufacturing technique,
has gained widespread attention in the food industry due to its potential for personalized
customization, a variety of edible materials and simplified processes [17-19]. For instance,
Mirazimi et al. [20] developed a 3D printable puree with 0.2% agar for the elderly with
dysphagia. Recently, Lu et al. [21] found that high internal phase emulsions, as filler,
improved the 3D printability of surimi gels. Moreover, Zhu et al. [22] demonstrated that
surface crosslinking using dry-spraying transglutaminase enhanced the 3D printability
of surimi, establishing its potential as a transitional food for dysphagic individuals. 3D
printing requires high-performance materials with specific attributes, such as extrudability,
rheology and post-processing stability [18,23,24]. The behavior of food constituents during
the printing process is critical for achieving high-quality structures. However, challenges
persist in printing precise 3D shapes with food materials, which is a rather high requirement
for 3D printable materials. Ideally, 3D printing materials should possess suitable flow
properties for extrusion and stability after printing [25]. Surimi, a protein paste made
of proteins, is a promising candidate for 3D printing, as modulating its composition,
including proteins, carbohydrates, water content and fats, could significantly affect its
properties and printability [26,27]. During 3D printing, the rheological properties of
materials are crucial for extrusion, layer binding and support of deposited layers. However,
the low solubility of PPI limits its emulsifying capacity, emulsion stability, foaming capacity,
foaming stability and water/oil retention. Various studies have been conducted to enhance
these characteristics. Dynamic high-pressure microfluidization (DHPM) is a versatile
emerging technology that induces changes in protein structure depending on the nature
of the molecules and processing parameters [28]. DHPM may improve or impair techno-
functional properties of protein and its ability to bind other molecules, suggesting its
potential to offer benefits for 3D printing materials, including minimal nutrient loss, absence
of exogenous chemicals and reduced processing time [29,30]. Hu et al. [31] reported
that microfluidization altered the conformational secondary structure of PPI, improving
solubility and dispersibility. Similarly, Djemaoune et al. [32] found that microfluidized pea
albumin aggregates exhibited enhanced foaming and emulsifying properties.

Despite extensive studies on 3D printed products, few reports address the formula
of 3D-printable silver carp surimi gel. This study intended to develop an optimized
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surimi formula for 3D printing with modified PPI and MCC. Therefore, the effect of
DHPM on the properties of PPI was firstly investigated. Then, the optimal surimi formula
and 3D printing parameters were investigated to understand the correlation between
the rheological properties of surimi gel and 3D printing behavior, guiding the further
applications of 3D printed surimi gel.

2. Materials and Methods
2.1. Materials

Frozen sliver carp (Hypophthalmichthys molitrix) surimi was prepared at the Food
Processing Laboratory, Shanghai Jiao Tong University. PPI and MCC were obtained from
Shanghai Yuanye Biological Technology Co., Ltd. (Shanghai, China). Collagen peptide
was sourced from GELITA (Liaoyuan) Gelatine Co., Ltd. (Liaoyuan, China). All chemicals
(chromatographic or analytical grade) were purchased from Sinopharm Chemical Reagent
(Shanghai, China).

2.2. Effect of DHPM on the Properties of PPI
2.2.1. DHPM Treatment

PPI was dispersed in deionized water at 10% (w/v) and subjected to pressures of 40,
80, 120, 160 and 200 MPa using a high-pressure microfluidizer homogenizer (Maikefu Co.,
Ltd., Shanghai, China) to assess pressure effects. Additionally, the dispersion underwent 1
to 5 passes at 160 MPa to evaluate time effects. All samples were subsequently freeze-dried
after DHPM.

2.2.2. Chemical Properties
PPI Solubility

Solubility was measured based on the method from Yin [33]. Briefly, 50 mg of PPI was
dispersed in 50 mL deionized water and stirred for 1 h. The mixture was then centrifuged
at 5795x g for 20 min, and the protein content in the supernatant was determined using
the Bradford method.

Zeta Potential of PPI

A 2 g/L pea protein solution was ultrasonicated for 10 min to achieve homogenization,
followed by measurement with a zeta potential meter.

2.2.3. Physical Properties
Raman Spectrometer

The secondary structure of protein was analyzed using a confocal micro-Raman
spectrometer (inVia Qontor, Renishaw, Gloucestershire, UK) with an excitation wavelength
of 785 nm and a 60 s integration time. Spectra were collected in the 500 to 3000 cm ™! range,

and structure quantification was performed by WiRE 5.3 software.

Differential Scanning Calorimetry (DSC)

The thermal properties of PPI were measured by DSC (DSCTA 2910, TA Instruments,
Wilmington, DE, USA). Approximately 5 mg PPI was sealed in an aluminum pan and
heated from 20 to 180 °C at 10 °C/min. The peak temperature (T},) and the enthalpy change
of denaturation (AH) were calculated using TRIOS 5.1 software.

Emulsifying Activity Index (EAI) and Emulsion Stability Index (ESI)

The EAI and ESI were measured using a modified version of a previously published
method [34]. Briefly, 15 mL of 0.2% (w/v) PPI dispersion and 5 mL soybean oil were
homogenized at 20,000 rpm for 60 s using a T25 homogenizer (IKA, Staufen, Germany).
100 pL of emulsion was collected at 0 and 10 min. After dilution in 0.1% (w/v) SDS solution,
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absorbance was measured at 500 nm using a UV-Vis spectrophotometer (Thermo Scientific,
Madison, WI, USA). The EAI and ESI were calculated as follows:

m? 2 %2303 x N x A
EAL <> ~ 10000 x L x @ x C @
. Ao x 10
ESI (min) = ——— 2
(min) Ao — A 2)

where N is the dilution factor; Ay and Ay are the absorbance of diluted emulsions at 0 and
10 min, respectively; L is the optical path (1 cm); ¢ is the oil fraction; and C is the protein
concentration (g/mL).

Foaming Capacity (FC) and Foam Stability (FS)

FC and FS were measured using a previously published method with minor modifica-
tions [35]. Briefly, 15 mL of 0.2% (w/v) PPI dispersion was homogenized at 20,000 rpm for
60 s using a T25 homogenizer (IKA, Germany). FC and FS were calculated as follows:

FC(%) = Y015 100% 3)
oy Yo—15 o
FS( /0) = 7\130 _15 x 100% (4)

where Vg and V3 are the volume of dispersion at 0 and 30 min, respectively.

Water-Holding Capacity (WHC) and Oil-Holding Capacity (OHC)

The WHC and OHC of PPI were determined using a modified method from Yang [36].
Briefly, PPI (100 mg) was mixed with deionized water (2 mL) or soy bean oil (2 mL) and
stirred continuously. After 30 min, the suspension was centrifuged at 8963 x g for 15 min,
and the supernatant and sediment were weighed. WHC and OHC were calculated using

the following formula:
_ Iy —mg

WHC )
mp; — 1My

OHC = ™2~ ™Mo ©)
m; — my

where my; is the mass of the tube and sediment; m; is the mass of the tube and PPI; and my
is the mass of tube.

2.3. Investigating the Effect of Modified PPI on Surimi Gel
2.3.1. Preparation of Surimi Gel

Silver carp (Hypophthalmichthys molitrix) was rinsed with iced water at a ratio of 1:5
(w/v) and repeated 2 to 3 times. The rinsed fish mince was placed in a chopper and ground
for 3 to 5 min. Then, a low-salt phosphate buffer (0.05 M NaCl, pH 7.5) equivalent to
5 times the weight of the rinsed fish mince (w/v) was added, followed by homogenization
for 1 min. The mixture was then centrifuged at 14,938 x g for 15 min at 4 °C, and the
precipitate was collected. The collected precipitate was mixed with a high-salt phosphate
buffer (containing 0.6 M NaCl, pH 7.5) equivalent to 5 times the weight of the precipitate
(w/v) and homogenized for 1 min. After allowing the mixture to stand in a 4 °C refrigerator
for 1 h, it was centrifuged again at 14,938 x ¢ for 15 min at 4 °C to obtain the supernatant.
Cold deionized water equivalent to 10 times the weight of the supernatant (w/v) was
added to precipitate the myofibrillar proteins. The mixture was centrifuged at 14,938 x ¢
for 15 min at 4 °C, and the myofibrillar protein precipitate was collected.

Modified PPI (2.0%, 4.0%, 6.0%, 8.0% and 10.0%) was added to the myofibrillar protein
precipitate with 1.0% collagen peptide as the antifreeze. Surimi samples containing 8.0%
commercial antifreeze and those without any cryoprotectant were used as controls. Each
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sample was supplemented with 2.5% salt. The surimi proteins were processed into gels
using a two-stage gelation method (40 °C for 1 h followed by 90 °C for 20 min). After
gelation, the samples were cooled in iced water and stored at 4 °C. Rheological and
physical properties (water distribution, microstructure, gel strength and color evaluation)
were measured within 24 h.

2.3.2. Physical Properties
Water Distribution

Water distribution was assessed by a low-field magnetic resonance imaging analyzer
(MesoMR23-060H-1, Shanghai Newmax Electronic Technology Co., Ltd., Shanghai, China),
operating at a proton resonance frequency of 21 MHz, with pulse widths of 12 ps (90°) and
24 ps (180°), a sampling frequency of 100 kHz, analog gain of 20 dB, cumulative repetitions
of 4, and employing a CPMG (Carr-Purcell-Meiboom-Gill) sequence measurement.

Microstructure Observation

All samples were freeze-dried, sectioned into 5 x 5 x 5 mm?3 cubes and gold-coated for

45 s prior to observation, and subsequently imaged under a scanning electron microscope
(5 kV) (Sirion 200, FEI, Oregon USA).

Gel Strength

A universal TA texture analyzer (Shanghai Teng Ba Instrument Technology Co., Ltd.,
Shanghai, China) with a P/5S cylindrical probe was employed to measure gel strength at
a pre- and post-test speed of 1.5 mm/s and a test speed of 0.5 mm/s over a distance of
1.0 mm [37]. Gel strength (GS) was calculated based on the formula below:

where Fy, is the breaking force (g) and Dy is the deformation distance (mm).

Color Evaluation

Gel color was measured using an XD-1055 color photometer (Shanghai Modern
Environment Engineering Technique Co., Ltd., Shanghai, China). Lightness (L*), red-
ness/greenness (a*) and yellowness/blueness (b*) were quantified, with whiteness (W*)
calculated as follows:

W* =100 — {/(100 —L*)? +a*2 +b*? ®)

2.3.3. Rheological Properties

Rheological properties were assessed using a DHR1 rheometer (TA Instruments Ltd.,
Crawley, West Sussex, UK). Surimi gel samples were placed at the center of the carrier
table, with a 1 mm slit, and 3-methylsilicone o0il was applied around the sample to prevent
water evaporation. Parameters were set as follows: temperature range 25 to 90 °C, heating
rate 3 °C/min, strain 1% and angular frequency 10 rad/s [38]. Rheological properties of
samples were quantified by the energy storage modulus (G'), loss modulus (G”) and loss
coefficient (tand = G” / G/).

2.4. Response Surface Methodology (RSM) for Optimal Surimi Formula

The preliminary experiments identified water content (X;), PPI concentration (Xy)
and MCC (X3) as key factors influencing the printability and texture of surimi gel for opti-
mizing 3D formulations using RSM. A Box-Behnken experimental design was developed
using “Design Expert” 13.0 software, with factor levels as described in Table 1. Indicators
were selected to evaluate 3D printability and texture of samples, including printing preci-
sion, printing stability, cooking stability, textural properties (spininess and resilience) and
whiteness (as determined by the aforementioned methods). The weight coefficients were
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determined using the analytic hierarchy process (AHP), a multi-criteria decision-making
method that integrates qualitative and quantitative judgments [39].

Table 1. The Box-Behnken experimental design based on the weight percentage of water content, PPI
and MCC concentrations.

Factor Levels Figure 1 Water Content X1 (%) PPI X5 (%) MCC X3 (%)
-1 70 0 0
0 75 3 2
1 80 6 4

An extrusion-based 3D printer (Foodini, Natural Machines, Barcelona, Spain) was used
to evaluate the 3D printability of samples. A cuboid test model (30 mm x 20 mm x 10 mm)
was conducted, using a 1.5 mm diameter circular nozzle to extrude the samples on a plate
at 25 °C. The volumes of printed products were measured using a Vernier caliper.

s . . . Vpp
Printing precision = v 9)
m
\Y%
Printing stability = VLpl (10)
m
. .1 Vppc
Cooking stability = v (11)
m

where Vpp, is the volume of the printed product; Vi, is the volume of the model; Vpp1 is
the volume of the printed product after 1 h; and Vpy,. is the volume of the printed product
cooked 10 min.

Texture Profile Analysis (TPA)

Texture properties were measured using a universal TA texture analyzer (Shanghai
Teng Ba Instrument Technology Co., Ltd., Shanghai, China) with a P/36R cylindrical probe.
The TPA testing protocol utilized a single mode with a pre- and post-test speed of 2.0 mm/s
and test speed of 1.0 mm/s, with a trigger force of 5.0 g.

2.5. Processing Properties of Surimi Protein—PPI Composite Gel
2.5.1. Formulations of Surimi Protein—-PPI Composite Gel

Five formulas were designed to investigate the processing properties of surimi gels
based on the optimized formulation from RSM results, as shown in Table 2.

Table 2. Designed formulation for comparing the processing properties of different surimi gels based
on weight percentage.

Group Label  Additional Antifreeze Water PPI(%) MCC (%) Salt (%)
Content (%)
Optimized 1% collagen peptide 72 3.2 1.7 1
Commercial 8% commeraal 72 0 0 1
antifreeze

Control 1% collagen peptide 72 0 0 1
Only PPI 1% collagen peptide 72 3.2 0 1
Only MCC 1% collagen peptide 72 0 1.7 1

2.5.2. Rheological Properties of Surimi Protein—PPI Composite Gel

Rheological properties were assessed using a DHR1 rheometer (TA Instruments Ltd.,
Elstree, UK) with a 40 mm diameter plate geometry and a 1 mm gap, following a modified
method based on Liu [40]. Shear-thinning properties were measured with a shear rate of
0.01 to 1000 s~ ! and at 25, 30, 35 and 40 °C. Shear recovery properties were assessed at 25,
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30, 35 and 40 °C. Samples were subjected to a low shear rate of 1 s~! for 180 s, followed
by a high shear rate of 100 s~! for 120 s and then returning to 1 s~ for 180 s. Recovery
was quantified as the ratio of the viscosity (1) during the first 30 s of the third stage to the
average 7 of the first stage. Self-supporting capacity was assessed at 25 °C, with a strain of
0.1% (in the linear viscoelastic region) and an angular frequency of 1 to 100 rad/s.

2.6. Optimized 3D Print Parameters for Surimi Protein—PPI Composite Gel

The print speed was set to 2500 mm/min at 25 °C, and samples were produced with
different nozzle diameters (4.0, 1.5 and 0.8 mm) to assess their impact on print quality.
Printing was conducted at a speed of 2500 mm/min with a nozzle diameter of 1.5 mm at
various temperatures (25, 30, 35 and 40 °C) to assess temperature effects. Printing speeds
were set as 1500, 2000, 2500, 3000 and 3500 mm /min (with a 1.5 mm nozzle and at 25 °C) to
assess the effect of printing speed.

2.7. Statistical Analysis

All samples were measured at least in triplicate, and data are presented as mean
values £ standard deviation (SD). Statistical significance was assessed by IBM SPSS 19
(p <0.05).

3. Results and Discussion
3.1. Effect of DHPM on the Functionalities of PPI

Zeta potential and solubility of PPI exhibited a similar trend with increasing homog-
enization pressure, as shown in Figure 1, with the highest zeta potential and solubility
observed at approximately 160 MPa. Zeta potential reflects the surface charge of sus-
pended particles and, therefore, is a crucial indicator of colloidal dispersion stability [41].
The increased zeta potential suggested the enhanced stretching of the protein structure
after DHPM treatment, exposing more negative charged amino acids [42]. However, with
excessive pressure, zeta potential decreased, possibly due to protein over-stretching, caus-
ing PPI reaggregation via hydrophobic interactions, forming insoluble aggregates and
re-embedding previously exposed amino acids [43]. Besides, DHPM treatment signifi-
cantly improved PPI solubility by increasing the surface negative charge, with enhanced
electrostatic repulsion between particles [41]. Solubility could serve as a reliable index
for assessing protein functionality, reflecting protein denaturation and aggregation [44].
Figure 1 also illustrates the effect of homogenization cycles on zeta potential and solubility.
After two homogenization cycles, both properties reached their lowest values, due to PPI
aggregation and the embedding of amino acids on the protein surface. With more homoge-
nization cycles, both properties returned to levels comparable to those observed after one
cycle, due to the redispersion of protein aggregations caused by mechanical force induced
by DHPM. With excessive DHPM pressure and cycles, both zeta potential and solubility
decreased, possibly due to the reaggregation of PPI, as shown in Figure 2. The combi-
nation of hydrophobic interactions, hydrogen bonds, sulfhydryl/disulfide interchange
reaction and electrostatic interactions contributed to the disaggregation and reaggregation
of PPI [45]. Therefore, the optimized DHPM treatment conditions for PPI should be four
homogenization cycles at 160 MPa.

Additionally, the functional, structural and thermal properties of PPI before and after
DHPM treatment (four homogenization cycles at 160 MPa) were compared (Table 3), indi-
cating that DHPM significantly improved PPI solubility and enhanced other characteristics,
supporting its potential application in the food industry. The adsorption capacity of pro-
teins at the oil-water interface was evaluated by the EAI and ESI. The interplay between
hydrophilic and hydrophobic groups is crucial for the functional properties of proteins in
emulsions and foams [46,47]. The optimized DHPM treatment increased all these values,
possibly due to protein subunit unfolding [48], leading to greater exposure of hydrophilic
and hydrophobic groups. Research indicated that appropriate high-pressure treatment
enhanced the EAI and ESI of red kidney beans, while excessive pressure reduced these
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properties [33]. Li-Chan et al. [48] stated that solubility is the primary factor influencing the
EAI of low-solubility proteins. The EAI and ESI initially increased and then decreased with
increasing pressure, suggesting that moderate DHPM treatment improved PPI characteris-
tics [33]. Moreover, Wang et al. [49] illustrated that the emulsion stability of DHPM-treated
soy protein isolate increased significantly, due to the enhanced interface protein content,
viscosity and viscoelasticity. As for WHC and OHC, not only protein conformation but also
hydrophilic and hydrophobic balance could affect these values [46]. After DHPM treatment,
WHC of PPI decreased, while OHC increased. The increased OHC was likely due to the
unfolding of a protein unit, leading to the exposure of more hydrophobic groups [46,47].
Before DHPM, WHC was higher than OHC, possibly due to the higher hydrophilic amino
acid (i.e., glutamic acid and aspartic acid) content of PPI [50]. This DHPM treatment might
lead to crosslinking between protein molecules [51], resulting in the decreased WHC.
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Figure 1. The effect of the DHPM parameter on the zeta potential and solubility of PPI: zeta potential
was plotted on applied pressure (A) and on homogenization passes (B); solubility was plotted on
applied pressure (C) and on homogenization passes (D); data with an identical letter indicate no
significant difference between them (p > 0.05).
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Figure 2. A possible schematic illustration of the structure change of protein during DHPM treatment.

Table 3. Comparison of PPI functional, structural and thermal properties before and after DHPM
treatment (four homogenization cycles at 160 MPa).

PPI Properties Before DHPM After DHPM
Functional properties
Solubility (%) 16.98 + 0.34b 47.08 + 5.56 @
EAI (mz/g) 8214+ 0.81 P 103.87 + 14772
ESI (min) 10.06 + 0.05b 1328 +1.622
FA (%) 47.78 £1.92° 88.33 £8.102
FS (%) 2794 +1.10° 83.82 £13.522
WHC (g/g) 9.17 £0.702 6.08 = 1.65°
OHC (g/g) 462 +0.01P 5.83 +0.88 2
Structural properties
a-helix (%) 2351 +£592°P 33.67 £1.872
B-sheet (%) 43.75 +4.542 3597 +1.43P
B-turn (%) 20.16 £0.932 1857 £ 0.29b
random coil (%) 1221+ 0.36 2 11.59 £ 0.11b
Thermal properties
T, (°C) 86.43 +1.17° 88.39 +£0.292
AH (J/g) 210.28 + 2.67b 22223 +0.822

Data with identical letters indicate no significant difference between them (p > 0.05).

Raman spectroscopy and DSC data revealed the mechanism behind this enhancement.
Raman spectroscopy technology has been widely applied to analyze the secondary structure
of proteins [52]. The a-helix content increased, while the B-sheet, f-turn and random coil
decreased, indicating significant conformational changes in PPI after DHPM treatment. This
aligns with Chen’s findings [53], suggesting that DHMP treatment altered the secondary
structure of proteins by promoting unfolding and aggregation. Moreover, Sun et al. [54]
observed that the a-helix of zein decreased, while the random coil increased with the
excessive DHMP pressure. As for thermal properties, DSC data confirmed that DHPM
significantly increased both denaturation temperature (Tp) and enthalpy (AH). The rise
in Tp suggested structural alterations in PPI, while the higher AH indicated increased
thermal stability due to the greater energy required for unfolding [55]. Therefore, moderate
DHPM treatment significantly enhanced the functional properties of PPI by stabilizing its
secondary structure.
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3.2. Effect of Modified PPI on Surimi Gel
3.2.1. Effect of Modified PPI on the Rheological Properties of Surimi Gel

The effect of additional modified PPI on the rheological properties of surimi gel is
shown in Figure 3, where the energy storage modulus (G’) represents the elastic part of
viscoelastic behavior (solid properties), the loss modulus (G”) describes the viscous part (lig-
uid properties) and the loss coefficient (tand) quantifies the change in relative viscoelasticity
of the gel during thermally induced gelation, with § = 0° for pure solids and 90° for pure
liquids. Obviously, gel formed from 35 to 45 °C, leading to an increase in G’; while between
45 and 52 °C, gel weakening was observed, with a sharp decrease in G/, possibly due to
(1) myosin degradation by endogenous protein hydrolases in fish muscle; (2) dissociation of
actin-myosin and denaturation of myosin tails; and (3) hydrogen bond breakage from heat-
ing. Above 52 °C, the gel enhancement stage occurred, where G’ increased due to enhanced
crosslinking between proteins and denaturation of myosin heavy chains and actin, resulting
in thermally irreversible gels [56]. Generally, non-meat proteins serve as fillers, binders and
bulking agents in meat products. Fillers are categorized as active or inactive: active fillers
exhibit strong interactions with the substrate, leading to an increase in G’ with higher filler
concentrations, while inactive fillers show minimal interaction, resulting in a decrease in
G as filler quantity increases [57]. G’ decreased with increasing PPI addition due to the
disruption caused by PPI to surimi protein interactions within the network, suggesting that
PPI acted as an inactive filler in surimi gel. Atlower concentrations, PPI provided structural
support and, therefore, exhibited higher G'. However, at 10% PPI, competition for water
between modified PPI and surimi protein hindered their interaction, resulting in decreased
G'. Besides, during heating, G” was consistently lower than G’ (tané < 1), indicating that the
surimi gel was primarily elastic and exhibited good viscoelasticity. Increasing PPI content
led to a gradual rise in G, suggesting that the added protein reduced the elasticity of
surimi gels, negatively affecting gelation. Similarly, Lee et al. [58] revealed that pea protein
(£ 60%) aggregates were dispersed within the continuous crosslinked surimi gel network,
while above this concentration, the aggregates dominated, disrupting the network and
forming coarse gels with larger pores. The viscoelasticity of surimi gels was comparable to
that with commercial antifreeze (CA) only at 2% and 4% PPI addition.
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Figure 3. Effect of additional modified PPI on the G’ (A) and tand (B) of surimi gel; black line = gel
with 8% commercial antifreeze (CA), red = surimi gel, light blue = gel with 2% PPI, pink = 4% PPI,

green = 6% PPI, dark blue = 8% PPI and purple = 10% PPIL.

3.2.2. Effect of Modified PPI on the Water Distribution of Surimi Gel

Ty, and Ty denote tightly bound water in the sample, Ty, indicates fixed water
immobilized in the gel network and T3 refers to free water. As shown in Table 4, after
adding 2% and 4% PPI, Ty}, and T increased, while Ty, decreased, indicating a shift of both
bound and free water to fixed water. This suggests that PPI interfered with myofibrillar
protein network formation, enhancing bound water mobility and absorbing free water,
ultimately leading to increased water retention in coelacanth protein gel. As for higher PPI
concentrations, Ty, Ta1, Top and Tr3 decreased, approaching the values of surimi with 8%
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CA. This suggests that PPI might impair water mobility in surimi gel, possibly due to its
competition for binding to water molecules.

Table 4. Comparison of water distribution in different surimi gels.

Group Label Ty}, (ms) T (ms) T, (ms) T3 (ms)

8% commercial antifreeze 0.26 = 0.06 € 4.09 £0.934 75.65 +0.00@ 628.03 & 118.25 b
Surimi 0.25+0.05¢ 4.06 + 0.08 2P 72.34 +1.38" 631.17 + 55.01 @b
2% PPI 1.30 £ 0.212 45140112 61.06 £ 5.58 ¢ 633.59 + 102.81 2
4% PPI 053 +0.04P 4.75 +0.00 @ 54.62 + 0.00° 480.22 + 46.29 ¢
6% PPI 0.28 +£0.04¢ 3.43 4+ 0.00 2 54.62 + 0.00 < 580.85 + 66.72 2P
8% PPI 0.23 +£0.28°¢ 475 +0.00 @ 54.62 + 0.00 <4 493.49 + 56.57 ab
10% PPI 023 +0.28¢ 4.04 £ 0.00 2P 50.52 + 5.80 4 327.46 + 0.00 ¢

Data with identical letters indicate no significant difference between them (p > 0.05).

3.2.3. Effect of Modified PPI on Gel Strength and Microstructure of Surimi Gel

As demonstrated in Figure 4, surimi gel strength was significantly improved after
adding 2 to 6% PPI compared to the control and CA samples. Heat induces conforma-
tional changes in coeliac protein, facilitating the formation of a complex three-dimensional
network through non-covalent crosslinking [59,60]. A more uniform and dense structure
could enhance water retention and improve gel quality [61]. At lower concentrations,
PPI was uniformly dispersed within the surimi gel network, acting as a filler, and thus
enhancing gel strength. However, when PPI concentration exceeded 6%, gel strength
decreased due to competition for water between PPI and surimi proteins, disrupting the
surimi protein network formation [62]. Consistent with the microstructure observations as
shown in Figure 5, surimi protein gels exhibited a robust gel network structure (Figure 5A);
however, the addition of PPI progressively roughened the network, reducing void size and
creating a more continuous and dense structure, indicating that PPI functioned merely as a
filler instead of interacting with surimi protein. Besides, the overly dense structure might
contribute to decreased elasticity and gel strength in surimi gels.
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Figure 4. Effect of additional modified PPI on surimi gel strength; data with an identical letter indicate
no significant difference between them (p > 0.05).
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Figure 5. Effect of additional modified PPI on the microstructure of surimi gel: control (surimi gel)
(A), surimi gel with 2% modified PPI (B), 4% PPI (C), 6% PPI (D), 8% PPI (E), 10% PPI (F) and with
8% commercial antifreeze (G).

3.2.4. Effect of Modified PPI on the Whiteness of Surimi Gel

As shown in Table 5, with the increasing PPI concentration, both whiteness and L*
values decreased, while b* value increased. Park et al. [63] demonstrated that the color of
surimi gel is influenced not only by surimi and exogenous additives but also by moisture
content, which could enhance brightness and whiteness while reducing yellowness. Thus,
the observed decrease in whiteness and brightness, along with the increase in yellowness,
might result from the competition between PPI and surimi protein for moisture, leading to
reduced surface moisture in the gel. Additionally, the inherent yellowish tint of PPI might
also contribute to the increase in yellowness.

Table 5. Effect of modified PPI on the color of surimi gel: L* represents the brightness of the sample
(L* = 0 signifies maximum darkness); a positive a* value indicates red, and negative indicates green;
positive b* values indicate yellow, and negative indicate blue.

Group Label L* a* b* Whiteness
8% commercial antifreeze 73.13 £0.60 € —0.40 £ 0.25¢ 3.890 £0.37°¢ 72.84 4 0.62 be
Surimi 76.30 £+ 0.47 2 0.80 £0.012 5.86 + 0.33 4 75.59 + 0.39 2
2% PPI 74.67 + 0.56 0.77 £0.192 6.29 +0.26 4 73.88 + 0.56 °
4% PPI 73.30 + 0.49 048 £0.11b 6.99 +0.18 ¢ 72.39 + 0.47 ¢
6% PPI 72.94 4+ 0.26 < 0.32 £ 0.17 be 7.45 + 0.79 be 71.92 +£0.44°¢
8% PPI 72.66 + 0.90 °d 0.18 +£0.16 ¢ 7.79 +£0.39b 71.57 4+ 0.88 <d
10% PPI 71.67 +2.044 —0.12+0.224 8.65 4+ 0.552 70.83 +2.104

Data with identical letters indicate no significant difference between them (p > 0.05).
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3.3. Optimized Surimi Formula for 3D Print

To optimize the formula of surimi protein—-PPI composite gel, weights were assigned
to each indicator based on their relative importance, with the consistency ratio (CR) = 0.061
(< 0.1), indicating that the judgment matrix for weight assignment was reasonable. The
total score, calculated using the following formula according to Appendix A, Table A1, was
utilized for further evaluation in RSM:

Total score = 0.332 X printing precision + 0.17068 x printing stability
+0.21427 x cooking stability 4 0.10457 x gel strength
+0.07859 x springiness + 0.07859 X resilience
+0.03129 x whiteness

RSM experiments and results are demonstrated in Appendix A, Table A2. The re-
lationship between moisture content (X;), modified PPI concentration (X;) and MCC
concentration (X3) on the total score response, as determined through regression analysis,
could be expressed by the following function (the statistical model was reasonable and
reliable according to the analysis of variance in Appendix A, Table A3):

Total score (Y1) = 299.38 —50.40X; + 3.57X; — 3.03X5 — 0.0781X;X»
+4.50X1 X5 — 27.52X, X3 — 57.44X3 — 29.48X3 — 39.96X3

As for RSM, interaction between factors could be indicated by the contour line shape:
circular for non-significant interactions and elliptical for significant interactions. Figure 6
demonstrates the response results under various factor combinations. The interaction
between water content and PPI or MCC exhibited a nearly circular contour, suggesting
there was no significant interaction. In contrast, the elliptical contour lines for the interaction
between PPI and MCC indicated their interactions. Moreover, at a constant concentration of
PPI or MCC, the total score increased with decreasing water content, due to the competition
for water between PPI or MCC and surimi protein. At constant PPI and water content,
the total score first increased, then decreased with increasing MCC. With constant MCC
and water content, the total score exhibited the same result as PPI increased. Additional
PPI and MCC interacted and acted as fillers in surimi gel, improving gel quality, while
excessive amounts led to competition for water among PPI, MCC and surimi proteins.

Score

MCC(%)

T I
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Water content (%)

Figure 6. Cont.
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Figure 6. Three-dimensional figures from RSM based on weight percentages: the interactive effects of
water content, PPT and MCC concentration on the properties of surimi gels. (A): Interactive effects
of water content and MCC on gel properties; (B): Interactive effects of water content and PPI on gel
properties and (C): Interactive effects of PPI and MCC on gel properties.

The model predicted the optimal formula (total score = 310.87) as 72.093% water
content, 3.203% PPI, 1.728% MCC, 1% salt, 1% collagen peptide and 20.976% sliver carp
paste. Experimentally, the total score of this optimal formula was 320.5, suggesting the
reliability of model.

3.4. Processing Properties of Optimized Surimi Protein—-PPI Composite Gel

Materials experience shear stress changes during extrusion from the nozzle to the print
platform, making rapid recovery from high shear critical for the structural stability of 3D
printed products [64]. An optimal 3D printable material should exhibit both shear thinning
and fast recovery. Shear thinning enables smooth extrusion, while fast recovery allows
the material to quickly regain viscosity and mechanical properties, ensuring structural
stability [65,66].

3.4.1. Rheological Properties of Optimized Surimi-PPI Composite Gel
Shear-Thinning Behavior

The viscosities of samples decreased significantly with increasing shear rate at 25 °C,
as illustrated in Figure 7, indicating pseudoplastic, shear-thinning behavior in all samples.
This might be attributed to the deformation of surimi—-PPI gel under shear (e.g., extension,
dispersion), reducing flow resistance [67]. The pressure needed for continuous flow de-
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pends primarily on the viscosity and shear-thinning behavior of materials [68]. Viscosity (1)
influences both the extrudability and shape stability of the sample. Lower viscosities ease
extrusion, while higher viscosities improve water retention, reducing slumping [69]. There-
fore, as one of the important parameters, viscosity has to satisfy a certain value to extrude
from the diameter of the nozzle and be stackable with deposited layers [70]. Interactions
between surimi protein and PPI, protein—-water binding and molecular diffusion could
influence the viscosity of surimi-PPI gel. Such a shear-thinning property reduced material
viscosity under shear force, aiding extrusion. Viscosity of gels containing only MCC or PPI
was lower than the control, while the optimized formulation exhibited higher viscosity
(Figure 7). This reduction in viscosity might result from the deformation of MPs, involving
changes in orientation, stretching, and/or dispersion [70]. MPs are the major constituent
of gel formation in surimi and play an important role in the processing characteristics of
surimi products [71]. Proteins can interact in various ways: compatible, semi-compatible
or incompatible [34]. In compatible systems, proteins form a dense network, while in
incompatible systems, one protein may act as a filler in the network of other proteins.
Sun et al. [11] reported that PPI disrupted MP interactions due to PPI or MCC incompati-
bility with MPs, reducing surimi viscosity. However, the simultaneous addition of PPI and
MCC (the optimized formula) increased viscosity, possibly due to their combined effects
with MPs, warranting further investigation.

80,000+

60,000+

40,000

Viscosity (Pa*s)

20,000

0.01 0.1 1 10 100 1,000
Sheer rate (1/s)

Figure 7. Shear-thinning behavior of surimi gels: viscosity plotted on the shear rate at 25 °C, with
different colors representing different gel compositions (black = optimized gel formula; red = the
control; blue = gel with only MCC; pink = gel with only PPI).

Shear Recovery Behavior

After extrusion of gel from the nozzle to the printing platform, shear force rapidly
decreases. A fast, reversible viscosity response after high extrusion rates helps the material
regain sufficient mechanical strength to support the next layer [65]. Therefore, shear recov-
ery is crucial for the structural stability of 3D printed products [72]. Shear recoverability
was assessed by the ratio of viscosity in the first 30 s of the third stage to the average
viscosity of the first stage. Figure 8 demonstrates shear recovery behavior under alternating
shear rates. Recovery percentages for the optimized formula, control, MCC-only gel and
PPI-only gel were 39.16%, 20.47%, 50.51% and 30.74%, respectively, indicating that adding
PPI or MCC enhanced the reversible structural behavior of surimi gel. Combined with the
viscosity data, interaction between MPs and PPI might indicate that PPI primarily acted as a
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filler. This incompatibility likely reduced viscosity under shear, while additional PP], acting
as a filler, might accelerate the structural recovery of surimi gel. Moreover, as shown in
Figure 9, both G’ and G” decreased with the addition of PPI at a given oscillatory frequency,
possibly due to PPI disrupting protein—protein interactions in MPs. Conversely, G’ and G”
increased with the addition of MCC, consistent with previous studies showing that MCC
enhanced G’ and G” in meat batters [73]. Thus, MCC could be used as a thickener to create
a denser gel network.

3500
3000
2500 v ER
v i
_ v
L Y.
% 2000 Yy,
2
g 1500
2 A
2 A
= I
1000
f Illlllll...“-.
A 4
500 RS e ———
0 T *A - 1 T 1
0 100 200 300 400 500
Time (s)

Figure 8. Shear recovery behavior of surimi gels: viscosity plotted on the shear time at 25 °C, with
different colors representing different gel compositions (black = optimized gel formula; red = the
control; blue = gel with only MCC; pink = gel with only PPI).
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Figure 9. Dynamic rheological properties of surimi gels at 25 °C: rheological properties on angular
frequency: (A) for the storage modulus (G'), (B) for the loss modulus (G”) and (C) for tand, with
different colors representing different gel compositions (black = optimized gel formula; red = the
control; blue = gel with only MCC; pink = gel with only PPI).

Self-Supporting Capability

As shown in Figure 9, G’ values exceeded G”, indicating the self-supporting ability of
surimi gel under external force, which might be helpful to maintain the structure after 3D
printing [74], since 3D printing also requires material to be mechanically strong enough to
maintain its structural stability [65]. This is primarily due to the entanglement of surimi
protein molecules, forming a gel network. The simultaneous addition of PPI and MCC
reduced the G’ and G” of surimi gel by embedding as a filler in the surimi protein network,
hindering crosslinking between surimi molecules, and thus decreasing gel viscoelasticity.
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3.4.2. Processing Characteristics

All tested samples in this study could be regarded as pseudoplastic fluids with
shear-thinning behavior, and therefore were deemed suitable for practical applications of
extrusion-based 3D printing [65]. Table 6 illustrates the processing characteristics of surimi
gels. The optimized formula exhibited slightly higher printing precision compared to the
control, while printing stability, cooking stability and gel strength of the optimized formula
were significantly improved, suggesting that PPI and MCC enhanced the stability and
quality of surimi gel. These findings aligned with the RSM results. During 3D printing
(Figure 10), the optimized formula performed clearer outlines than the control and was
less prone to sticking, consistent with reduced G” and improved recovery. This aligns
with previous research, indicating that 3D printable surimi gels exhibit shear-thinning and
solid-like behavior, while higher recovery and lower G” contribute to better line clarity and
reduced sticking [74].

Table 6. Processing characteristics (3D printing precision, stability, cooking stability, gel strength,
springiness, resilience and whiteness) of surimi gels (the control, with commercial antifreeze, MMC,
PPI and the optimized formula).

Printing Printin; Cookin, Gel Strength P .1 .
Group Label Precision (%) Stability %%) Stability (%) (g mm) Springiness Resilience Whiteness
Control 96.44 + 1.78 P 92944+ 1.84°¢ 7225+ 0.01° 1052.95 + 21.64 © 0.87 £0.01° 0.20 £0.02¢ 7133 £041°

Commercial Antifreeze  96.09 & 2.28 2P 94.42 4+ 0.01° 71.33 + 4.04° 1500.23 + 8.48° 0.88 +£0.03 2 0.22 +0.01° 69.54 + 0.48 P
Optimized formula 98.85 + 0.46 2 96.00 £1.202 88.21 +2412 2401.81 +16.37 2 0.87£0.042 023 £0.01° 68.43 4 1.38 P

A: Control gel

Data with identical letters indicate no significant difference between them (p > 0.05).

B: Gel with commercial antifreeze ~ C: Optimized surimi gel formula

— - _|
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Figure 10. Representative images of 3D printed surimi gels: control group (A); surimi with 8%
commercial antifreeze (B) and optimized surimi gel formula (C), with red circles indicating 3D
printing defects.

3.5. Optimization of 3D Print Parameters
3.5.1. Nozzle Diameters

As shown in Figure 11, a 4.0 mm nozzle produced thicker extrusion lines (Figure 11A),
reducing accuracy and increasing roughness, while a 0.8 mm nozzle caused material
breakage, leading to print failure. Nozzle diameter is crucial for print accuracy and
product refinement. The smaller diameter enhances accuracy and product details; however,
excessively small nozzles might cause material extrusion issues, increasing the risk of stripe
breakage and printing failures [66]. To optimize printing accuracy and surface refinement,
a 1.5 mm nozzle diameter was ideal, as it allowed smooth extrusion and clear outlines
(Figure 11B). Similarly, Wang et al. [26] indicated that the 2.0 mm nozzle was optimal for
3D printing surimi products.
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Figure 11. Representative pictures of 3D printed surimi gels with different nozzle diameters:
4.0 mm (A) and 1.5 mm (B).

3.5.2. 3D Printing Temperature

As shown in Figure 12, 3D printing accuracy was significantly influenced by tem-
perature, probably because of the effect of temperature on the viscosity of surimi gel [65].
At 40 °C, surimi gel exhibited a solid-like nature due to a marked viscosity reduction,
rendering it unsuitable for extrusion and printing. As illustrated in Figure 12, between
25 and 35 °C, surimi gel was easily extruded, with viscosity decreasing as temperature
increased, leading to reduced adhesion between printed lines and improved accuracy. How-
ever, at 30 to 35 °C, prolonged printing induced protein denaturation, gradually causing
solidification and making it unsuitable for extended printing. Therefore, the optimal 3D
printing temperature should be 25 °C despite slight printing defects.

A:25°C B:30°C

=

GoorG

Figure 12. Representative pictures of 3D printed surimi gels at different temperatures: 25 °C (A),
30 °C (B) and 35 °C (C), with the red circle marking 3D printing defects.

3.5.3. 3D Printing Speed

One major bottleneck in the industrialization of 3D printing technology is its low
efficiency, often addressed by increasing printing speed or nozzle diameter. However, a
larger nozzle diameter compromises product detail [75,76]. Thus, printing speed is typically
increased to enhance efficiency. As shown in Figure 13, speeds of 2500 to 3500 mm /min led
to broken stripes, with higher speeds worsening the issue. The highest accuracy occurred at
1500 mm /min, but slow extrusion resulted in slight line adhesion due to the shear-thinning
properties of surimi gels. At 2000 mm/min, accuracy was comparably high and the outlines
were smooth with no noticeable adhesion, making it the optimal 3D printing speed for
surimi gels.
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E:3500mm/min

Figure 13. Representative pictures of 3D printed surimi gels using different speeds:1500 mm/min
(A), 2000 mm/min (B), 2500 mm/min (C), 3000 mm/min (D) and 3500 mm/min (E), with red circles
marking 3D printing defects.

3.6. Demonstration of Final Products

Samples with different shapes were printed using the optimal 3D printing parameters
(2000 mm /min at 25 °C with a 1.5 mm nozzle) and formula (surimi gel with 3.2% PPI and
1.7% MCC). As demonstrated in Figure 14, samples exhibited high resolution, well-defined
3D structure and a smooth surface, suggesting the potential of surimi—PPI composite gel in
3D printing for personalized customization.

A: Octopus-shaped gel

C: Maple leaf-shaped gel D: Cupid-shaped gel

Figure 14. 3D printed samples using the optimized surimi-PPI composite gel: octopus shaped (A),
ladybug-shaped (B), maple leaf-shaped (C) and cupid-shaped (D).

4. Conclusions

This study first investigated the effect of DHPM on the properties of PPI, indicating
that the optimum DHPM treatment parameters were four passes of homogenization at
160 MPa. This approach not only increased the solubility of PPI by increasing the surface
negative charge, thus improving its characteristics, but also increased its regular structure
to improve its overall stability. Moreover, the optimal surimi gel formula was developed
via RSM as 72.093% water content, 3.203% PPI, 1.728% MCC, 1% salt, 1% collagen peptide
and 20.976% sliver carp paste. This formula outperformed others regarding its printing
precision, printing stability, cooking stability, springiness, resilience and whiteness. For 3D
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printing, materials with shear-thinning and solid-like behavior are ideal; thus, the rheologi-
cal properties of surimi gels were evaluated, indicating that adding DHPM-treated PPI and
MCC improved the 3D printability of surimi gel. The optimized surimi gel exhibited better
3D printed outline clarity and reduced sticking due to its higher recovery and lower G”.
The addition of PPI and MCC significantly influenced the shear-thinning behavior, viscosity,
recovery percentage and self-supporting ability of surimi gel due to their incompatible
interactions with MPs. This incompatibility reduced viscosity, improving the extrusion pro-
cess and minimizing sticking post-printing. PP, as a filler, enhanced recovery percentage,
leading to surimi gel with better printability. MCC compensated for the interference of PPI
with MPs, promoting a denser gel network that improved self-supporting properties. Fur-
thermore, optimal 3D printing parameters were investigated, indicating that the optimal 3D
printing parameters were 2000 mm/min at 25 °C with a 1.5 mm nozzle. Overall, this study
indicated that PPI and MCC were capable of improving the 3D printing behavior of silver
carp surimi gel and successfully developed the optimal surimi formula with optimized
3D printing parameters, paving the way for broader applications of surimi gel in food
3D printing, including tailored foods for dysphagic patients, personalized nutrition and
biomimetic aquatic products.
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Appendix A

The weight of each indicator was determined based on its relative importance using
SPSS AU 24.0 software, where CR = 0.061, < 0.1, confirming the consistency of the evaluation
judgment matrix. The total score was calculated according to the weight values in Table Al.

Table A1. Table of analytic hierarchy process (AHP) weight coefficients for RSM.

Indicator Eigenvector Weight CI RI CR
Printing precision 2.254 32.200%
Printing stability 1.195 17.068%
Cooking stability 1.500 21.427%
Gel strength 0.732 10.457% 0.083 1.360 0.061
Springiness 0.550 7.859%
Resilience 0.550 7.859%
Whiteness 0.219 3.129%

The response surface experiment results were weighted and scored based on the
obtained calculation formula as shown in Table A2.
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Table A2. RSM experiment design and results.

Printin Printin Cookin Gel Strength . -, . Total

Code Precision %%) Stability (g%) Stability (%’/o) (g~mm)g Springiness  Resilience Whiteness Score
1 96.05 £ 0.21 90.74 £0.06  87.64+0.04 98844 +3213 0834001 0.17+0.01 68.11=+046 170.77
2 93.71 £0.11 8718 +0.12  8743+0.10 1827.09+£2432 0924001 023+001 67.24+£010 257.04
3 92224010 8631 +£0.09 87434011 2302.88+1242 081+£0.02 022+0.01 6892028 30621
4 90.87 £ 034  83.18 £0.11 8320+ 0.05 200996 £1423 086+0.01 024+001 67.81+£0.61 273.67
5 92.26 £ 0.31 90.74+£0.14 9074+£0.21 1968.16 £21.23 0.81+0.01 0.17+0.00 69.77+040 272.71
6 97.65 £+ 0.41 8845+0.10 9240+0.13 117292 +11.03 089+0.01 0244+0.01 6893+014 191.24
7 94.42 £0.11 76.12 £0.21 83.18 £0.17 143560 £10.38 0.89+0.01 011001 6920+£030 213.58
8 90.74 £0.12 8357 +£0.13 9074 +020 1971.41+1494 090+0.02 025+0.01 6852+042 27131
9 92224008  8054+£0.09 84504005 993.80+16.83 074+£0.01 010+£0.01 69.58+0.31 167.71
10 9765+010 83.70+£0.10 9150+ 0.03 1660.69 £21.03 0.86+0.01 022+001 6867050 241.23
11 9692 £0.19  97.67£017 9074 £014  224779+9.04 0.84+0.01 0.12+0.01 67.744+043  304.57
12 96.62 £0.22  96.79 £0.21 95.14 £ 0.07 1473.06 £16.39 0.85+0.01 0.16+0.01 6534+031 22418
13 96.07+0.14  89.08 £0.14  92.744+0.21 68842 £5.03 093+0.01 024001 6894+038 14025
14 96.05 £ 0.21 90.55+0.02 95.65+0.18 232888+883 090+003 0284001 6883+£032 31242
15 95324+ 016 9639 +£0.12  91.37+0.17 198535+1373 0.82+0.01 018+0.01 67.68+£022 27653
16 9532 £019 77.02+£0.07 8320£0.02 82454+1801 0.80+0.01 0.10+£0.01 70.18+021  148.54
17 9542 £0.15  88.77£0.02  93.66 £0.06 2239.50+ 1235 0.87+0.01 028 +0.01 68.67+050 30237

The significance results of the regression equation for each dependent variable are
shown in Table A3, with p = 0.0026, indicating that the model is highly significant. The
lack-of-fit term was not significant, suggesting that the model had a good fit and did
not require modification. Therefore, this model could be used to analyze and predict the
effects of moisture content, modified PPI addition and MCC addition on the processing
characteristics of composite surimi gels. According to the results of the significance tests,
the linear term X; and quadratic terms X;2 and X32 had a highly significant effect on the
overall score, while the interaction term XX3 and the quadratic term X,? had a significant
effect on the overall score.

Table A3. Analysis of variance of the response surface model based on RSM.

Sources of Variation =~ Sum of Squares  Degree of Freedom Mean Square F-Value p-Value Significance
Model 50,456.23 9 5606.25 10.61 0.0026 x*
X1 20,320.6 1 20,320.6 38.44 0.0004 **
X5 101.95 1 101.95 0.1929 0.6738
X3 73.53 1 73.53 0.1391 0.7202
X1Xo 0.0244 1 0.0244 0.00 0.9948
X1 X3 81.11 1 81.11 0.1534 0.7069
Xo X3 3029.5 1 3029.5 5.73 0.0479 *
X12 13,891.01 1 13,891.01 26.28 0.0014 **
X22 3659.96 1 3659.96 6.92 0.0339 *
X32 6724.22 1 6724.22 12.72 0.0091 **
Residual 3700.47 7 528.64
MISSpng}CfTO“ Loss 2659.97 3 886.66 341 0.1335
Pure error 1040.51 4 260.13
Sum 54,156.7 16
* Significant (p < 0.05); ** Highly significant (p < 0.01).
References

1. He, D.; Sui, X.; Sun, H.; Tao, J.; Ding, C.; Chen, Y.; Chen, Y. Diversity, pattern and ecological drivers of freshwater fish in China
and adjacent areas. Rev. Fish Biol. Fish. 2020, 30, 387—-404. [CrossRef]
2. Zhao, X.; Wang, X.; Zeng, L; Huang, Q.; Zhang, J.; Wen, X,; Xiong, S.; Yin, T, Zhang, B. Effects of oil-modified
crosslinked/acetylated starches on silver carp surimi gel: Texture properties, water mobility, microstructure, and related
mechanisms. Food Res. Int. 2022, 158, 111521. [CrossRef] [PubMed]


https://doi.org/10.1007/s11160-020-09600-4
https://doi.org/10.1016/j.foodres.2022.111521
https://www.ncbi.nlm.nih.gov/pubmed/35840229

Foods 2024, 13, 3966 23 of 25

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Mi, H,; Li, Y,; Wang, C.; Yi, S.; Li, X,; Li, . The interaction of starch-gums and their effect on gel properties and protein conformation
of silver carp surimi. Food Hydrocoll. 2021, 112, 106290. [CrossRef]

Maghsoudi, L.; Moosavi-Nasab, M.; Abedi, E.; Maleki, S. Investigation of cryoprotectants-treated surimi protein deterioration
during chilled and frozen storage: Functional properties and kinetic modeling. Food Sci. Nutr. 2023, 11, 5543-5553. [CrossRef]
Xie, D.; Tang, Y.; Dong, G. Various factors affecting the gel properties of surimi: A review. J. Texture Stud. 2024, 55, e12847.
[CrossRef] [PubMed]

Walayat, N.; Xiong, H.; Xiong, Z.; Moreno, H.M.; Nawaz, A.; Niaz, N.; Randhawa, M. A. Role of Cryoprotectants in Surimi and
Factors Affecting Surimi Gel Properties: A Review. Food Rev. Int. 2022, 38, 1103-1122. [CrossRef]

Phatcharat, S.; Benjakul, S.; Visessanguan, W. Effects of washing with oxidising agents on the gel-forming ability and physico-
chemical properties of surimi produced from bigeye snapper (Priacanthus tayenus). Food Chem. 2006, 98, 431-439. [CrossRef]
Lam, A.C.Y.; Can Karaca, A.; Tyler, R.T.; Nickerson, M.T. Pea protein isolates: Structure, extraction, and functionality. Food Rev.
Int. 2018, 34, 126-147. [CrossRef]

Ge, J.; Sun, C,; Corke, H.; Gul, K.; Gan, R.; Fang, Y. The health benefits, functional properties, modifications, and applications of
pea (Pisum sativum L.) protein: Current status, challenges, and perspectives. Compr. Rev. Food Sci. Food Saf. 2020, 19, 1835-1876.
[CrossRef]

Borderias, A.J.; Tovar, C.A.; Dominguez-Timoén, F; Diaz, M.T.; Pedrosa, M.M.; Moreno, H.M. Characterization of healthier mixed
surimi gels obtained through partial substitution of myofibrillar proteins by pea protein isolates. Food Hydrocoll. 2020, 107, 105976.
[CrossRef]

Sun, X.D.; Arntfield, S.D. Gelation properties of myofibrillar/pea protein mixtures induced by transglutaminase crosslinking.
Food Hydrocoll. 2012, 27, 394-400. [CrossRef]

Moreno, HM.; Borderias, A.].; Tovar, C.A. Effect of frozen storage on the viscoelastic properties of mixed legume-surimi gels.
LWT 2021, 145, 111353. [CrossRef]

Adel, AM.; El-Wahab, Z.H.A; Ibrahim, A.A.; Al-Shemy, M.T. Characterization of microcrystalline cellulose prepared from
lignocellulosic materials. Part II: Physicochemical properties. Carbohydr. Polym. 2011, 83, 676-687. [CrossRef]

Ahmadi, M.; Madadlou, A.; Sabouri, A.A. Isolation of micro- and nano-crystalline cellulose particles and fabrication of crystalline
particles-loaded whey protein cold-set gel. Food Chem. 2015, 174, 97-103. [CrossRef] [PubMed]

Zhang, C.; Chen, L.; Lu, M,; Ai, C.; Cao, H.; Xiao, J.; Zhong, S.; Teng, H. Effect of cellulose on gel properties of heat-induced
low-salt surimi gels: Physicochemical characteristics, water distribution and microstructure. Food Chem. X 2023, 19, 100820.
[CrossRef] [PubMed]

Mi, H.; Yu, W,; Li, Y.; Li, J.; Chen, J.; Li, X. Effect of modified cellulose-based emulsion on gel properties and protein conformation
of Nemipterus virgatus surimi. Food Chem. 2024, 455, 139841. [CrossRef] [PubMed]

Day, Y.; Yuan, Y,; Zhang, J.; Ren, X,; Li, P; Chang, H. Food 3D Printing Technology and Application in Modern Food Industry: A
Review. Sci. Technol. Food Ind. 2022, 43, 35-42. [CrossRef]

Waseem, M.; Tahir, A.U.; Majeed, Y. Printing the future of food: The physics perspective on 3D food printing. Food Phys. 2024, 1,
100003. [CrossRef]

Liu, Z.; Zhang, M.; Bhandari, B.; Wang, Y. 3D printing: Printing precision and application in food sector. Trends Food Sci. Technol.
2017, 69, 83-94. [CrossRef]

Mirazimi, F,; Saldo, J.; Sepulcre, F,; Gracia, A.; Pujola, M. Enriched puree potato with soy protein for dysphagia patients by using
3D printing. Food Front. 2022, 3, 706-715. [CrossRef]

Lu, S,; Pei, Z.; Lu, Q.; Li, Q.; He, Y.; Feng, A.; Liu, Z.; Xue, C.; Liu, J.; Lin, X.; et al. Effect of a collagen peptide—fish oil high internal
phase emulsion on the printability and gelation of 3D-printed surimi gel inks. Food Chem. 2024, 446, 138810. [CrossRef]

Zhu, J.; Cheng, Y,; Ouyang, Z.; Yang, Y.; Ma, L.; Wang, H.; Zhang, Y. 3D printing surimi enhanced by surface crosslinking based
on dry-spraying transglutaminase, and its application in dysphagia diets. Food Hydrocoll. 2023, 140, 108600. [CrossRef]

Liu, Z.; Zhang, M.; Bhandari, B.; Yang, C. Impact of rheological properties of mashed potatoes on 3D printing. J. Food Eng. 2018,
220, 76-82. [CrossRef]

Godoi, F.C; Prakash, S.; Bhandari, B.R. 3d printing technologies applied for food design: Status and prospects. J. Food Eng. 2016,
179, 44-54. [CrossRef]

Zhao, Z.; Shang, E.; Zhang, N.; Xiong, Y.; Liu, Y.; Zhang, H.; Chen, W.; Fan, D. Feasibility of continuous switching 3D printing on
surimi. J. Food Eng. 2025, 384, 112240. [CrossRef]

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

Pan, Y.; Sun, Q.; Liu, Y.; Wei, S.; Han, Z.; Zheng, O.; Ji, H.; Zhang, B.; Liu, S. Optimization of 3D printing formulation of shrimp
surimi based on response surface method. LWT 2024, 199, 116126. [CrossRef]

Guo, X,; Chen, M; Li, Y,; Dai, T,; Shuai, X.; Chen, J.; Liu, C. Modification of food macromolecules using dynamic high pressure
microfluidization: A review. Trends Food Sci. Technol. 2020, 100, 223-234. [CrossRef]

Chen, L.; Chen, J.; Yu, L.; Wu, K. Improved emulsifying capabilities of hydrolysates of soy protein isolate pretreated with high
pressure microfluidization. LWT 2016, 69, 1-8. [CrossRef]

Ozturk, O.K,; Turasan, H. Latest developments in the applications of microfluidization to modify the structure of macromolecules
leading to improved physicochemical and functional properties. Crit. Rev. Food Sci. Nutr. 2022, 62, 4481-4503. [CrossRef]


https://doi.org/10.1016/j.foodhyd.2020.106290
https://doi.org/10.1002/fsn3.3510
https://doi.org/10.1111/jtxs.12847
https://www.ncbi.nlm.nih.gov/pubmed/38924099
https://doi.org/10.1080/87559129.2020.1768403
https://doi.org/10.1016/j.foodchem.2005.06.016
https://doi.org/10.1080/87559129.2016.1242135
https://doi.org/10.1111/1541-4337.12573
https://doi.org/10.1016/j.foodhyd.2020.105976
https://doi.org/10.1016/j.foodhyd.2011.11.001
https://doi.org/10.1016/j.lwt.2021.111353
https://doi.org/10.1016/j.carbpol.2010.08.039
https://doi.org/10.1016/j.foodchem.2014.11.038
https://www.ncbi.nlm.nih.gov/pubmed/25529657
https://doi.org/10.1016/j.fochx.2023.100820
https://www.ncbi.nlm.nih.gov/pubmed/37780301
https://doi.org/10.1016/j.foodchem.2024.139841
https://www.ncbi.nlm.nih.gov/pubmed/38824724
https://doi.org/10.13386/j.issn1002-0306.2021100326
https://doi.org/10.1016/j.foodp.2023.100003
https://doi.org/10.1016/j.tifs.2017.08.018
https://doi.org/10.1002/fft2.149
https://doi.org/10.1016/j.foodchem.2024.138810
https://doi.org/10.1016/j.foodhyd.2023.108600
https://doi.org/10.1016/j.jfoodeng.2017.04.017
https://doi.org/10.1016/j.jfoodeng.2016.01.025
https://doi.org/10.1016/j.jfoodeng.2024.112240
https://doi.org/10.1016/j.jfoodeng.2017.02.029
https://doi.org/10.1016/j.lwt.2024.116126
https://doi.org/10.1016/j.tifs.2020.04.004
https://doi.org/10.1016/j.lwt.2016.01.030
https://doi.org/10.1080/10408398.2021.1875981

Foods 2024, 13, 3966 24 of 25

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Hu, X.; Zhao, M.; Sun, W.; Zhao, G.; Ren, J. Effects of Microfluidization Treatment and Transglutaminase Cross-Linking on
Physicochemical, Functional, and Conformational Properties of Peanut Protein Isolate. J. Agric. Food Chem. 2011, 59, 8886-8894.
[CrossRef] [PubMed]

Djemaoune, Y.; Cases, E.; Saurel, R. The Effect of High-Pressure Microfluidization Treatment on the Foaming Properties of Pea
Albumin Aggregates. |. Food Sci. 2019, 84, 2242-2249. [CrossRef] [PubMed]

Yin, S.-W.,; Tang, C.-H.; Wen, Q.-B.; Yang, X.-Q.; Li, L. Functional properties and in vitro trypsin digestibility of red kidney bean
(Phaseolus vulgaris L.) protein isolate: Effect of high-pressure treatment. Food Chem. 2008, 110, 938-945. [CrossRef] [PubMed]
Pearce, K.N.; Kinsella, ].E. Emulsifying properties of proteins: Evaluation of a turbidimetric technique. J. Agric. Food Chem. 1978,
26,716-723. [CrossRef]

Aluko, R.E.; Mofolasayo, O.A.; Watts, B.M. Emulsifying and Foaming Properties of Commercial Yellow Pea (Pisum sativum L.)
Seed Flours. J. Agric. Food Chem. 2009, 57, 9793-9800. [CrossRef]

Yang, M.; Li, N.; Tong, L.; Fan, B.; Wang, L.; Wang, F; Liu, L. Comparison of physicochemical properties and volatile flavor
compounds of pea protein and mung bean protein-based yogurt. LWT 2021, 152, 112390. [CrossRef]

Yang, R.; Xu, A.; Chen, Y;; Sun, N.; Zhang, ].; Jia, R.; Huang, T.; Yang, W. Effect of laver powder on textual, rheological properties
and water distribution of squid (Dosidicus gigas) surimi gel. J. Texture Stud. 2020, 51, 968-978. [CrossRef]

He, B,; Shi, Y;; Jin, M.; Pu, Y,; Dong, X; Yu, C.; Qi, H. Improvement of myofibrillar protein gel strength of Scomberomorus niphonius
by riboflavin under UVA irradiation. J. Texture Stud. 2020, 51, 601-611. [CrossRef]

Tyagi, M.; Kumar, P.; Kumar, D. A Hybrid Approach using AHP-TOPSIS for Analyzing e-SCM Performance. Procedia Eng. 2014,
97,2195-2203. [CrossRef]

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]

Song, X.; Zhou, C.; Fu, E; Chen, Z.; Wu, Q. Effect of high-pressure homogenization on particle size and film properties of soy
protein isolate. Ind. Crops Prod. 2013, 43, 538-544. [CrossRef]

Giilseren, I.; Giizey, D.; Bruce, B.D.; Weiss, J. Structural and functional changes in ultrasonicated bovine serum albumin solutions.
Ultrason. Sonochem. 2007, 14, 173-183. [CrossRef] [PubMed]

Nazari, B.; Mohammadifar, M.A.; Shojaee-Aliabadi, S.; Feizollahi, E.; Mirmoghtadaie, L. Effect of ultrasound treatments on
functional properties and structure of millet protein concentrate. Ultrason. Sonochem. 2018, 41, 382-388. [CrossRef] [PubMed]
Arzeni, C.; Martinez, K.; Zema, P; Arias, A.; Pérez, O.; Pilosof, A. Comparative study of high intensity ultrasound effects on food
proteins functionality. J. Food Eng. 2012, 108, 463—472. [CrossRef]

Gong, K.; Chen, L.; Xia, H.; Dai, H.; Li, X; Sun, L.; Kong, W.; Liu, K. Driving forces of disaggregation and reaggregation of peanut
protein isolates in aqueous dispersion induced by high-pressure microfluidization. Int. J. Biol. Macromol. 2019, 130, 915-921.
[CrossRef]

Liu, Y.; Xie, Y.-P; Ma, X.-Y,; Liu, L.-N.; Ke, Y.-]. Preparation and properties of antioxidant peptides from wampee seed protein. J.
Food Meas. Charact. 2022, 16, 410-419. [CrossRef]

Li, C; Tian, Y,; Liu, C.; Dou, Z.; Diao, J. Effects of Heat Treatment on the Structural and Functional Properties of Phaseolus vulgaris
L. Protein. Foods 2023, 12, 2869. [CrossRef]

Li-Chan, E.; Nakai, S.; Wood, D.F. Hydrophobicity and Solubility of Meat Proteins and Their Relationship to Emulsifying
Properties. J. Food Sci. 1984, 49, 345-350. [CrossRef]

Wang, N.; Wang, R.; Xing, K.; Huang, Z.; Elfalleh, W.; Zhang, H.; Yu, D. Microfluidization of soybean protein isolate-tannic acid
complex stabilized emulsions: Characterization of emulsion properties, stability and in vitro digestion properties. Food Chem.
2024, 430, 137065. [CrossRef]

Leterme, P.; Monmart, T.; Baudart, E. Amino acid composition of pea (Pisum sativum) proteins and protein profile of pea flour. J.
Sci. Food Agric. 1990, 53, 107-110. [CrossRef]

Zhou, S.; Hong, Y,; Gu, Z.; Cheng, L.; Li, Z,; Li, C. Effect of heat-moisture treatment on the in vitro digestibility and physicochemi-
cal properties of starch-hydrocolloid complexes. Food Hydrocoll. 2020, 104, 105736. [CrossRef]

Wang, L.; Xia, M.; Zhou, Y.; Wang, X.; Ma, J.; Xiong, G.; Wang, L.; Wang, S.; Sun, W. Gel properties of grass carp myofibrillar
protein modified by low-frequency magnetic field during two-stage water bath heating. Food Hydrocoll. 2020, 107, 105920.
[CrossRef]

Chen, Y;; Tu, Z.; Wang, H.; Zhang, L.; Sha, X,; Pang, J.; Yang, P; Liu, G.; Yang, W. Glycation of 3-lactoglobulin under dynamic
high pressure microfluidization treatment: Effects on IgE-binding capacity and conformation. Food Res. Int. 2016, 89 Pt 1, 882-888.
[CrossRef]

Sun, C; Dai, L.; Liu, F; Gao, Y. Dynamic high pressure microfluidization treatment of zein in aqueous ethanol solution. Food
Chem. 2016, 210, 388-395. [CrossRef]

Hu, C.; Xiong, Z.; Xiong, H.; Chen, L.; Zhang, Z. Effects of dynamic high-pressure microfluidization treatment on the functional
and structural properties of potato protein isolate and its complex with chitosan. Food Res. Int. 2021, 140, 109868. [CrossRef]
[PubMed]

Liu, R.; Zhao, S.; Xiong, S.; Xie, B.; Liu, H. Studies on Fish and Pork Paste Gelation by Dynamic Rheology and Circular Dichroism.
J. Food Sci. 2007, 72, E399-E403. [CrossRef]

Bokobza, L. Elastomer Nanocomposites: Effect of Filler-Matrix and Filler-Filler Interactions. Polymers 2023, 15, 2900. [CrossRef]


https://doi.org/10.1021/jf201781z
https://www.ncbi.nlm.nih.gov/pubmed/21744872
https://doi.org/10.1111/1750-3841.14734
https://www.ncbi.nlm.nih.gov/pubmed/31329282
https://doi.org/10.1016/j.foodchem.2008.02.090
https://www.ncbi.nlm.nih.gov/pubmed/26047283
https://doi.org/10.1021/jf60217a041
https://doi.org/10.1021/jf902199x
https://doi.org/10.1016/j.lwt.2021.112390
https://doi.org/10.1111/jtxs.12556
https://doi.org/10.1111/jtxs.12513
https://doi.org/10.1016/j.proeng.2014.12.463
https://doi.org/10.1016/j.foodhyd.2018.08.026
https://doi.org/10.1016/j.indcrop.2012.08.005
https://doi.org/10.1016/j.ultsonch.2005.07.006
https://www.ncbi.nlm.nih.gov/pubmed/16959528
https://doi.org/10.1016/j.ultsonch.2017.10.002
https://www.ncbi.nlm.nih.gov/pubmed/29137765
https://doi.org/10.1016/j.jfoodeng.2011.08.018
https://doi.org/10.1016/j.ijbiomac.2019.02.123
https://doi.org/10.1007/s11694-021-01164-6
https://doi.org/10.3390/foods12152869
https://doi.org/10.1111/j.1365-2621.1984.tb12418.x
https://doi.org/10.1016/j.foodchem.2023.137065
https://doi.org/10.1002/jsfa.2740530112
https://doi.org/10.1016/j.foodhyd.2020.105736
https://doi.org/10.1016/j.foodhyd.2020.105920
https://doi.org/10.1016/j.foodres.2016.10.020
https://doi.org/10.1016/j.foodchem.2016.04.138
https://doi.org/10.1016/j.foodres.2020.109868
https://www.ncbi.nlm.nih.gov/pubmed/33648186
https://doi.org/10.1111/j.1750-3841.2007.00470.x
https://doi.org/10.3390/polym15132900

Foods 2024, 13, 3966 25 of 25

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Lee, Y.E.J.; Goh, HM.; Huang, D. Pea protein soften surimi gels and improve in vitro digestibility: Potential high protein foods
for elderly. Food Hydrocoll. 2025, 159, 110664. [CrossRef]

Wu, J.; Chen, H.; Zhou, L.; Liu, W.; Zhong, ].; Liu, C. An insight into heat-induced gelation of whey protein isolate-lactose mixed
and conjugate solutions: Rheological behavior, microstructure, and molecular forces. Eur. Food Res. Technol. 2021, 247, 1711-1724.
[CrossRef]

Manzoor, M.; Tchameni, Z.EN.; Bhat, Z.F,; Jaiswal, A K.; Jaglan, S. Recent Insights on the Conformational Changes, Functionality,
and Physiological Properties of Plant-Based Protein—Polyphenol Conjugates. Food Bioprocess Technol. 2024, 17, 2131-2154.
[CrossRef]

Rawdkuen, S.; Benjakul, S.; Visessanguan, W.; Lanier, T.C. Chicken plasma protein affects gelation of surimi from bigeye snapper
(Priacanthus tayenus). Food Hydrocoll. 2004, 18, 259-270. [CrossRef]

Comfort, S.; Howell, N.K. Gelation properties of salt soluble meat protein and soluble wheat protein mixtures. Food Hydrocoll.
2003, 17, 149-159. [CrossRef]

Park, J.W. Surimi Gel Colors as Affected by Moisture Content and Physical Conditions. J. Food Sci. 1995, 60, 15-18. [CrossRef]
Tabilo-Munizaga, G.; Barbosa-Canovas, G.V. Rheology for the food industry. J. Food Eng. 2005, 67, 147-156. [CrossRef]

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

Zhang, ].Y.; Pandya, ] K.; McClements, D.J.; Lu, J.; Kinchla, A.J. Advancements in 3D food printing: A comprehensive overview
of properties and opportunities. Crit. Rev. Food Sci. Nutr. 2022, 62, 4752-4768. [CrossRef]

Huang, J.; Zeng, S.; Xiong, S.; Huang, Q. Steady, dynamic, and creep-recovery rheological properties of myofibrillar protein from
grass carp muscle. Food Hydrocoll. 2016, 61, 48-56. [CrossRef]

Wang, T.; Zhang, M.; Fang, Z.; Liu, Y.; Gao, Z. Rheological, Textural and Flavour Properties of Yellow Mustard Sauce as Affected
by Modified Starch, Xanthan and Guar Gum. Food Bioprocess Technol. 2016, 9, 849-858. [CrossRef]

Wang, B.; Wang, L.-J; Li, D,; Ozkan, N.; Li, S.-].; Mao, Z.-H. Rheological properties of waxy maize starch and xanthan gum
mixtures in the presence of sucrose. Carbohydr. Polym. 2009, 77, 472—481. [CrossRef]

Martinez-Monzo, J.; Cardenas, J.; Garcia-Segovia, P. Effect of Temperature on 3D Printing of Commercial Potato Puree. Food
Biophys. 2019, 14, 225-234. [CrossRef]

Pérez-Juan, M.; Flores, M.; Toldra, F. Simultaneous process to isolate actomyosin and actin from post-rigor porcine skeletal muscle.
Food Chem. 2007, 101, 1005-1011. [CrossRef]

Achayuthakan, P.; Suphantharika, M. Pasting and rheological properties of waxy corn starch as affected by guar gum and xanthan
gum. Carbohydr. Polym. 2008, 71, 9-17. [CrossRef]

Schuh, V,; Allard, K.; Herrmann, K.; Gibis, M.; Kohlus, R.; Weiss, ]. Impact of carboxymethyl cellulose (CMC) and microcrystalline
cellulose (MCC) on functional characteristics of emulsified sausages. Meat Sci. 2013, 93, 240-247. [CrossRef] [PubMed]

Liang, W.; Wang, Y.; Li, C.; Wang, P; Rong, J.; Liu, R.; Xiong, S.; Hu, Y. Development of easy-to-swallow and lipid-enhanced 3D
printed surimi based on high internal phase emulsions. Food Hydrocoll. 2024, 155, 110207. [CrossRef]

Shahzad, Q.; Abbas, N.; Akbar, M.; Sabi, E.; Thomas, B.S.; Arshid, M.U. Influence of print speed and nozzle diameter on the fiber
alignment in 3D printed ultra-high-performance concrete. Front. Mater. 2024, 11, 1355647. [CrossRef]

Mazen, A.; McClanahan, B.; Weaver, ].M. Factors affecting ultimate tensile strength and impact toughness of 3D printed parts
using fractional factorial design. Int. . Adv. Manuf. Technol. 2022, 119, 2639-2651. [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.foodhyd.2024.110664
https://doi.org/10.1007/s00217-021-03741-x
https://doi.org/10.1007/s11947-023-03212-z
https://doi.org/10.1016/S0268-005X(03)00082-1
https://doi.org/10.1016/S0268-005X(02)00047-4
https://doi.org/10.1111/j.1365-2621.1995.tb05596.x
https://doi.org/10.1016/j.jfoodeng.2004.05.062
https://doi.org/10.1016/j.foodres.2021.110585
https://doi.org/10.1080/10408398.2021.1878103
https://doi.org/10.1016/j.foodhyd.2016.04.043
https://doi.org/10.1007/s11947-016-1673-6
https://doi.org/10.1016/j.carbpol.2009.01.017
https://doi.org/10.1007/s11483-019-09576-0
https://doi.org/10.1016/j.foodchem.2006.02.054
https://doi.org/10.1016/j.carbpol.2007.05.006
https://doi.org/10.1016/j.meatsci.2012.08.025
https://www.ncbi.nlm.nih.gov/pubmed/23036941
https://doi.org/10.1016/j.foodhyd.2024.110207
https://doi.org/10.3389/fmats.2024.1355647
https://doi.org/10.1007/s00170-021-08433-0

	Introduction 
	Materials and Methods 
	Materials 
	Effect of DHPM on the Properties of PPI 
	DHPM Treatment 
	Chemical Properties 
	Physical Properties 

	Investigating the Effect of Modified PPI on Surimi Gel 
	Preparation of Surimi Gel 
	Physical Properties 
	Rheological Properties 

	Response Surface Methodology (RSM) for Optimal Surimi Formula 
	Processing Properties of Surimi Protein–PPI Composite Gel 
	Formulations of Surimi Protein–PPI Composite Gel 
	Rheological Properties of Surimi Protein–PPI Composite Gel 

	Optimized 3D Print Parameters for Surimi Protein–PPI Composite Gel 
	Statistical Analysis 

	Results and Discussion 
	Effect of DHPM on the Functionalities of PPI 
	Effect of Modified PPI on Surimi Gel 
	Effect of Modified PPI on the Rheological Properties of Surimi Gel 
	Effect of Modified PPI on the Water Distribution of Surimi Gel 
	Effect of Modified PPI on Gel Strength and Microstructure of Surimi Gel 
	Effect of Modified PPI on the Whiteness of Surimi Gel 

	Optimized Surimi Formula for 3D Print 
	Processing Properties of Optimized Surimi Protein–PPI Composite Gel 
	Rheological Properties of Optimized Surimi–PPI Composite Gel 
	Processing Characteristics 

	Optimization of 3D Print Parameters 
	Nozzle Diameters 
	3D Printing Temperature 
	3D Printing Speed 

	Demonstration of Final Products 

	Conclusions 
	Appendix A
	References

