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A B S T R A C T

This study explored the mingling strategy of soy protein isolate (SPI) and chelator-soluble pectin (CSP) to
develop composite gels as extrusion-based 3D food printing inks. Specifically, the effect of various ratios of SPI
and CSP (1:9, 3:7, 5:5, 7:3 and 9:1) on the composites’ macrostructure and microstructure, physicochemical
properties, and rheological behavior was systematically analyzed. Results showed that as the SPI concentration
increased, S7C3 exhibited an appropriate particle size (215.10 μm), apparent viscosity and strong water holding
capacity (T22a = 3.18 ms), which could be identified as an entanglement gel. The backbone of SPI-CSP com-
posites was primarily composed of closely linked C, O, and N, as revealed by SEM-energy dispersive X-ray
spectroscopy, confirming the strong interaction between SPI-CSP and the formation of new composites. This
result was further supported by the XRD and FT-IR analysis. Due to its superior viscosity and mechanical
strength, S7C3 was the optimal formulation for 3D printing, providing highly precise printed structures.
Furthermore, molecular docking revealed that the galacturonan ligand in CSP bound more effectively to 7 S with
low binding energy (− 6.8 kcal/mol) than to 11 S (− 5.9 kcal/mol), contributing to the stabilization of the gel
structure.

1. Introduction

3D printing, as an extrusion-based printing technology, is widely
used to produce innovative foods with complex shapes, unique textures,
and enhanced nutritional value. It can meet the specific dietary needs of
diverse groups, including the elderly, children, and patients with special
nutritional requirements (Vancauwenberghe, Verboven, Lammertyn, &
Nicolaï, 2018; Wang, Jiang, et al., 2024). However, developing suitable
edible food inks for 3D printing remains a challenge, as these inks
require specific textural properties, such as excellent flow characteris-
tics, rapid solidification and high fidelity and stability (Ahmadi Soufi-
vand, Faber, Hinrichsen, & Budday, 2023).

In gel systems, interactions between proteins and pectins can modify
the structural and surfactant properties (Zhang et al., 2024b), making

them desirable for 3D printing food inks (Vancauwenberghe et al.,
2018). When soy protein isolate (SPI) was combined with apricot
polysaccharide, gelatinization and viscoelasticity were enhanced, lead-
ing to improved hardness and chewiness of 3D printed objects (Xu et al.,
2023). Similarly, the addition of citrus pectin enhanced the structure
and rheological properties of pea protein food ink, which was more
suitable for 3D printing (Gu, Gu, Raghavan, & Wang, 2024). Taken
together, the interaction between components plays a crucial role in
determining the stability and rheological properties of food inks for 3D
printing (Feng et al., 2024).

SPI, known for its excellent gelling and emulsification properties, is
ideal for enhancing the mechanical strength of 3D-printed food struc-
tures (Chen et al., 2022). Chelating-solution pectin (CSP), a natural
polysaccharide, is valued for its gelling, thickening, and stabilizing
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abilities (Zhou et al., 2021). Its unique ability to interact with calcium
ions and form stable gels makes CSP ideal for providing the textural
qualities required for high-precision 3D food printing (Jiang et al., 2024;
Xie, Bi, et al., 2024a). The increased pectin content within high internal
phase emulsions significantly enhanced the viscosity and gel strength of
the printed emulsions, which indicated the 3D-printed potentiality for
meat (Bi et al., 2022). Taken together, as natural and nutrient-rich
materials, SPI and pectin with excellent gel-forming and
viscosity-controlled properties support the stable 3D printed food with
high content of protein and dietary fiber, which also can offer the
premise-controlled biocompatibility and customizable textures to caster
the specific dietary needs (Gu, Gu, Raghavan,&Wang, 2024). However,
the synergistic effects between SPI and CSP in 3D food printing remain
underexplored. By mingling pectin with SPI, the gel properties were
enhanced, which could be designed to meet the needs of individuals
with special dietary requirements, such as those who have difficulty
chewing or swallowing or those who do not consume sufficient
high-protein foods.

Although SPI and pectin have been studied in various food applica-
tions, their synergistic effects in 3D food printing remain underexplored.
By mingling pectin with SPI, the gel properties were enhanced, which
could be designed to meet the needs of individuals with special dietary
requirements, such as those who have difficulty chewing or swallowing
or those who do not consume sufficient high-protein foods.

This study aims to explore the synergistic interactions between SPI
and CSP by optimizing the ratio of SPI and CSP and developing a stable
food ink for 3D printing. To achieve this, we analyzed the macro-
physicochemical properties and microstructure features of SPI-CSP
composite gels, identifying the optimal SPI to CSP ratio for 3D print-
ing. We evaluated the appearance, particle size distribution, turbidity,
and rheological properties to explore the effect of the mingling strategy
on the gelling properties and stability of SPI-CSP composites. Addi-
tionally, X-ray diffraction (XRD), low-field nuclear magnetic resonance
(LF-NMR), scanning electron microscopy (SEM) and SEM with energy
dispersive X-ray spectroscopy (SEM-EDX) provided insights into the
microstructure and elemental composition. The formationmechanism of
SPI-CSP composites was revealed by both Fourier Transform infrared
spectroscopy (FTIR) and molecular docking. This study not only pro-
vides insights into the interaction mechanism between SPI and CSP but
also contributes to the development of SPI-CSP inks for 3D printing.

2. Materials and methods

2.1. Materials

Peaches of Meirui were chosen as the test material, which were
harvested in Institute of Forestry and Pomology, Beijing Academy of
Agriculture and Forestry Sciences. Ripened Meirui was selected, with
90.82 ± 2.40 % water content and 6.94 ± 0.31% soluble solids content.
SPI (S300914, protein content ≥90 %, analytical grad) was obtained
from Shanghai Yuanye Bio-Technology Co. Ltd (Shanghai, China).
Bovine serum albumin (BSA) protein concentration assay kit was pro-
vided by Yuanye Bio-Technology Co. Ltd (Shanghai, China). All chem-
icals were analytical grade and purchased from Solaibao Technology
Co., Ltd (Beijing, China).

2.2. Preparation of chelator soluble pectin

CSP was extracted from peaches following Yu et al. (2023), with
small modifications. After washing, peaches without kernels were sliced
and then dried by freeze dryers (BLK, Jiangsu BoLaiKe Refrigeration
science and technology development Co., Ltd., Jiangsu, China). The
freeze-dried peaches (100.00 ± 0.20 g) were completely mixed with 70
% (v/v) ethanol (5000 mL) for 2 h by a magnetic stirrer (RT, IKA,
Germany). The blending process was repeated three times. Subse-
quently, the residue was homogenized in 3000 mL acetone for 5 min.

The resulting residue (10.00 ± 0.02 g) was added to Milli-Q water
(1800 mL) and kept at 100 ◦C for 10 min with continuously stirring by a
magnetic stirrer. The residue was mixed with 900 mL of
cyclohexane-trans-1,2-diamine tetra-acetic (0.05 mol/L) in potassium
acetate (0.10 mol/L) for 6 h at room temperature, while the pH was
adjusted to 6.5 using 0.1 mol/L HCl. Finally, the filtrate was initially
dialyzed against 0.1 mol/L NaCl for 36 h followed by dialysis in Milli-Q
water for additional 36 h, and then freeze-dried to obtain CSP. The detail
in the structural characteristics of CSP was shown in Table S1.

2.3. SPI-CSP composites preparation

SPI solution (10 %, w/w) and CSP solutions (2 %, w/w) were pre-
pared by mixing SPI or CSP with distilled water by a magnetic stirrer
(RT, IKA, Germany) with 500 rpm at 25 ◦C for 2 h, respectively. SPI
solution and CSP solution were homogenized with a ratio of 1:9, 3:7, 5:5,
7:3, 9:1 (w/w) by a magnetic stirrer with 500 rpm for 1 h, which were
labeled as S1C9, S3C7, S5C5, S7C3, S9C1, respectively. The mixtures
were treated at 90 ◦C for 30 min in a water bath to form the composites.
The heated samples were stored at 4 ◦C for subsequent analyses.

2.4. Microstructure

The SEM images of the samples were captured by a microscope
(ZEISS Gemini 300, ZEISS, Germany) at 3 kV accelerated voltage.
Samples were coated with a thin layer of gold using an ion sputtering
apparatus under a vacuum (MCI000, Hitachi Co., Ltd, Tokyo, Japan).
The magnification was with 50×. The surface morphology of samples
was measured by an energy dispersive X-ray spectroscopy (EDX)
(Smartedx, ZEISS, Germany) at 15 kV (Mallakpour & Mohammadi,
2022).

2.5. Turbidity

Samples were firstly diluted 10 times with Milli-Q water and then the
turbidity was indicated by absorbance at 600 nm at 25 ◦C by using a UV
spectrophotometer (UV-1800, Shimadzu, Japan) (Lan, Chen, & Rao,
2018). Milli-Q water was used as a blank control.

2.6. Particle size

The size distribution of samples was determined using a laser particle
size analyzer (S3500, Microtrac, USA) (Xie, Lyu, et al., 2024). After the
background calibration, samples underwent triplicate measurements
with 15 runs per measurement, and 10 s/run after. Detailly, D [3, 2]
represented area mean diameter used to assess small particles, while D
[4, 3] indicated volume mean diameter for evaluating big particles. D50
served as the median diameter, representing the particle size at 50 %
cumulative frequency.

2.7. Rheological properties

The rheometer (Physica MCR301, Anton Paar, Austria) with parallel
plates geometry (40 mm diameter and 1 mm gap) in frequency sweep
was conducted to depict rheological properties of composites (Roque
et al., 2022). We obtained the experimental flow curves through
continuous shear rate from 0.01 s− 1 to 100 s− 1 at 25 ◦C.
Herschel-Bulkley model Eq. (1) was applied to achieve the rheological
properties at 25 ◦C, since samples exhibited significant yield stress
(Marcotte, Taherian Hoshahili, & Ramaswamy, 2001).

τ = τ0 + Kγn (1)

Where, K represented the flow consistency coefficient, n represented the
flow behavior index, γ represented the shear rate (s − 1) and τ repre-
sented the shear stress (Pa).
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Additionally, the storage modulus (G′) and loss modulus (G″) were
determined with a fixed strain of 0.5 % at 25 ◦C. The procedure was
conducted in the linear viscoelastic region to prevent damage to the gel
structures from stress or strain (Liu, Shim, Shen, Wang, & Reaney,
2017). Power-law model Eq (2) and Eq (3) was applied to dynamic
rheological properties (Tang, Roos, & Miao, 2024). Python software
(Version 3.12) was used for fitting.

log G′ = n′ log ω + K′ (2)

log G″ = n″ log ω + K″ (3)

Where, n′ and n″ represented frequency dependence indexes and ω
represented the angular frequency (rad/s).

2.8. LF-NMR

The transverse relaxation time related to the moisture status was
described by an LF-NMR analyzer (MiniMR-60, Suzhou Niumag
Analytical Instrument Corporation, Suzhou, China) equipped with 0.5 T
permanent magnet and a proton resonance frequency (23.2 MHz) at
32.00 ◦C. Parameters of transverse relaxation time (T2) were set as fol-
lows: Time waiting: 2000 ms, Time echo: 0.5 ms, Number of echoes:
12,000, and Number of scans: 4. Multi-exponential model within the
MultiExp Inv Analysis program was used to analyze T2 distribution
curves (Xie, Bi, et al., 2024a).

2.9. XRD and FTIR

The freeze-dried samples were characterized by an XRD diffrac-
tometer (D8 advance, Bruker, Germany) with coKα radiation (λ =

1.7889 Å) at 30 mA and 40 kV in the range from 5◦ to 55◦ (2θ). Powder
ground from the freeze-dried samples were mixed with KBr (1:100, w/
w) and pressed into slices to get the FTIR spectra, which was conducted
on an FTIR spectrophotometer (TENSOR 27, Bruker, Germany) with a
scan range from 400 to 4000 cm− 1 at room temperature (Sun, Li, Xu, &
Zhou, 2011).

2.10. Chemical forces analysis

Analysis of chemical forces were determined according to the
method reported by (Ran & Yang, 2022) with slight modifications.
Samples were treated by the following denaturing solutions: (1) S1, 0.05
mol/L sodium chloride solution; (2) S2, 0.6 mol/L sodium chloride so-
lution; (3) S3, 0.6 mol/L sodium chloride solution + 1.5 mol/L urea
solution; (4) S4, 0.6 mol/L sodium chloride solution + 8.0 mol/L urea
solution; (5) S5, 0.5 mol/L 2-mercaptoethanol + 0.6 mol/L sodium
chloride solution+ 8.0 mol/L urea. To account for interference, controls
and blanks were prepared for all denaturing solutions and dialysis was
performed before measurement to remove β-mercaptoethanol. Com-
posites (0.10 ± 0.02 g) were homogenized with S1, S2, S3, S4 and S5
solution (5.00 mL), respectively. After centrifuged (5000 rpm) for 10
min at 25 ◦C, the supernatant was collected for measuring protein
content. The concentration of protein was evaluated by BSA protein
concentration assay kit. In detail, the ionic bond was expressed as pro-
tein solubility dissolved in S2 and S1, hydrogen bonding was expressed
as protein solubility dissolved in S3 and S2, hydrophobic interaction was
expressed as protein solubility dissolved in S4 and S3, and disulfide
bonding was expressed as protein solubility dissolved in S5 and S4.

2.11. 3D printing

A syringe extrusion food printer (FELIX PRO, FELIX Co. Ltd,
Netherlands) was employed to print a hexagon pattern and a 21-layer
cub model. The specific parameters were as follows: nozzle diameter
of 1.6 mm, printing speed of 25 mm/s, 100 % infill density at room
temperature. The 3D printability was assessed by printing a hexagon

with an 11.4 mm filament, featuring a single-layer periphery and a
three-layer center region.

2.12. Molecular docking

The molecular docking was measured by Autodock vina software
(version 1.1.2, Scripps Research Institute, CA, USA), and the structure
diagram was obtained by PyMol software (Version 2.5, Schrödinger
company, NY, USA). Based on the CSP properties, galacturonan (gal-
acturonic acid, CID 5459352) form Pubchem was selected as pectin
model. The structures of 11 S (glycinin, PDB ID: 1FXZ) and 7 S (β-con-
glycinin, PDB ID:1IPK) proteins were obtained from Uniprot (Universal
Protein Resource) database (Zhang et al., 2022).

2.13. Statistical analysis

All analysis were typically conducted in triplicate. Data results were
presented as mean value ± standard deviation. The SPSS 19.0 (IBM,
Armonk NY, USA) was used for statistical analysis of variance (ANOVA),
and Duncan’s multiple range tests was employed to evaluate significant
differences among replicates, with statistical significance defined at p <

0.05. Figures were generated using Origin 9.0 software (Origin Lab
Corporation, Northampton, USA).

3. Results and discussion

3.1. Appearance and microstructure

Significant stratification was observed in S1C9, S3C7, and S5C5
(with SPI: CSP mixing ratios of 1:9, 3:7 and 5:5, respectively) (Fig. 1a),
indicating the phase separations accompanied with the multiphase
structures. Specially, a large proportion of clear liquid was demonstrated
at the top of tube of S1C9, while a small amount of white turbid liquid
was found at the bottom. This could be explained by the predominant
repulsive forces induced by the high concentration of CSP (Çakır &
Foegeding, 2011). With the increase in SPI within the composites (e.g.,
S3C7 and S5C5), the clear liquid at the top of the tube became less and
less, and the color of turbid liquid at the bottom became yellow. The
dissociation of carboxyl groups from CSP, coupled with the formation of
disordered particulate gels by SPI, enhanced the light scattering, thereby
contributing to the increased turbidity observed (Archut, Drusch, &
Kastner, 2022). Notably, no stratification was obtained in S7C3 and
S9C1, and the homogeneous yellow color was observed. Interestingly, a
significant decreased liquid level was depicted in S9C1, owing to the
new formed composite with dense and network structure that could
capture water.

Fig. 1b exhibited structures of SPI-CSP gels at submicron level. We
could observe the relatively smooth surface of SPI, accompanied with
some shallow grooves and protrusions. With the decrease in CSP con-
centration, the layered structure became increasingly distinct. Circle
pores with varied sizes were found in S1C9. For S3C7 and S5C5, the
images featured not only irregular pores but also dense grooves and
protrusions. S7C3 performed a continuous and regular gel-like network
structure, providing the evidence for interaction and molecular rear-
rangement between SPI and CSP. S9C1 displayed an extremely tight
multilayer structure, which might explain the compact gel appearance
and the reduced liquid level.

3.2. Particle size and turbidity

Fig. 1c showed the particle size distribution of SPI-CSP composites
and SPI. As SPI bound with CSP, the particle size distribution peaks
shifted significantly to left, indicating a smaller and more concentrated
particle size distribution when compared to SPI. Due to the increased net
charges from CSP and the resulting electrostatic repulsion between the
biopolymer clusters, SPI molecules were prevented from aggregating,
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leading to the small particles (He, Liu, Zhao, Li, &Wang, 2021; Yi, Gan,
Wen, Fan, & Wu, 2021). The largest particle size among the SPI-CSP
composites was observed in S7C3, indicating the tight aggregations.
These aggregations were driven by the numerous free carboxyl groups in
CSP through electrostatic interactions, as well as hydrophobic in-
teractions between SPI and CSP (Jones &McClements, 2008). However,
compared with S7C3, the tighter interactions between CSP and SPI was
demonstrated in S9C1 because of the decreased particle size, which was
also confirmed by SEM analysis. Due to the CSP self-aggregates, the
smallest particle size (D50 = 147.9 μm) was found in S1C9, which are
typically much smaller than SPI particles. No significant differences in
particle size were obtained between S3C7 and S5C5, whose particle sizes
were significantly higher than S1C9.

As the concentration of SPI increased, the turbidity of the composite
was gradually raised (Fig. 1d). The highest turbidity (0.93) observed in
S7C3 could be attributed to the formation of SPI-CSP composites, which
resulted from the unfolding of SPI and the formation of SPI-pectin ag-
gregates during the post-heating process (Lan et al., 2018). Due to its
high acetylation, CSP carried abundant negative charges and offered
numerous binding sites for hydrophobic interactions, contributing to the
high binding ability and pectin-SPI aggregations (Lan et al., 2018). With
the low CSP concentration (S7C3 and S9C1), no significant statistical
differences were found. The lowest turbidity (0.31) was found in S1C9,
illustrating the minimal cloudiness or haziness. Additionally, with the
high CSP concentration (S1C9), the excessive pectin was dispersed in the
supernatant owing to the electrostatic repulsion. With the decline in CSP
concentration (such as, S3C7 and S5C5), the higher turbidity was
described. This increased turbidity could be explained by the increased
neutralized negative charges and the growing aggregations formed by
SPI and CSP through electrostatic interactions (Sow, Toh, Wong, &
Yang, 2019).

3.3. Rheological properties

3.3.1. Apparent viscosity
The apparent viscosity of SPI-CSP composites and SPI was displayed

in Fig. 2a. As the shear rate increased, the apparent viscosity of all
samples remarkedly decreased, illustrating their pseudoplastic charac-
terized by shear-thinning behavior. High shear rates destroyed the
structural integrity as well as the molecular chains (Zhang, Chen, &
Campanella, 2024a). With the shear rate ranged from 0.01 to 100 s− 1,
the apparent viscosities of composites dramatically dropped from
222.0000 to 0.7600 Pa s to 0.2430–0.0018 Pa s. Additionally, with the
increase in SPI concentration, the apparent viscosity of the composites
were notably increased, probably attributable to the thickening of SPI
(Jiang et al., 2020) and the formation of new aggregates. It was worth
mentioning that the viscosity of S9C1 was higher than that of SPI, which
might be ascribed to the tight binding of both SPI-CSP and SPI-SPI
particles in S9C1.

The shear stress was determined as a function of shear rate, and the
parameters of Herschel-Bulkley model for CSP-SPI gel were summarized
in Table 1. The flow behavior of CSP-SPI composites (except S9C1) was
fitted well with Herschel-Bulkley model with the high coefficient of
determination (R2 ≧ 0.90). Meanwhile, R2 for S9C1 was 0.8941, which
was close to 0.90. The highest yield stress (τ₀) corresponded to S9C1,
illustrating the greatest shear stress to initiate flow, which might be
unfavorable for extrusion processes (Marcotte et al., 2001). The lower K
value indicated the stronger fluidity under external force (Huang et al.,
2023). As SPI increased, the K value significantly increased and then
decreased, peaking at S7C3. This suggested that S7C3 had excellent
stability probably owing to a strong chemical force within the composite
system. Except for S1C9, n values varied from 0.6296 to 0.8329, lower
than 1, confirming the non-Newtonian pseudoplastic behavior (Huang
et al., 2023). Specially for S1C9, n value was greater than 1,

Fig. 1. Appearance (a), microstructure (b), particle size distribution (c) and turbidity (d) of SPI-CSP gels.
Note: Different lowercase letters indicate significant differences among treatments in 1d (p < 0.05).
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demonstrating the increased viscosity with the increased shear rate,
namely the dilatant behavior under shear force (Iacovino et al., 2024).
Taken together, the mingling strategy of SPI and CSP enhanced the
apparent viscosity and consistency index while weakened the flow
index, which inflected on the facilitated viscous and shear-thinning of
CSP-SPI composites.

3.3.2. Dynamic rheological analysis
The storage modulus (G′) and loss modulus (G″) as functions of fre-

quency at constant strain amplitude were shown in Fig. 2b. Generally, G′
referred to the alteration in the gel network. Generally, the high G′ value
displayed the enhanced gel structure. G″, as an indicator of gel viscosity,
was characterized by the energy lost to viscous deformation during
material deformation (Huang et al., 2024). For all samples except S1C9,
within the wide range of 0.1–100 rad/s, G′was higher than G″ suggesting
that these samples could be considered as the gel system (Ji, Xue, Zhang,
Li, & Xue, 2017). For S1C9, under the low angular frequency (0.1–10
rad/s), G′ was significantly higher than G″, suggesting the
viscous-dominated behavior. As the angular frequency increased to the
higher range (10–100 rad/s), G″ gradually approached G′ and eventually
higher than G″. This changed behavior indicated the transition from
elastic to viscous behavior (gel/sol transition) associated with
Ca2+-mediated pectin gel (Zhao et al., 2024). The rheological behavior
of S1C9 could be ascribed to the electrostatic interference among the
multiple particles, such as CSP-CSP, SPI-SPI and SPI-CSP aggregates.
Moreover, G′ and G″ of SPI were smaller than that of S3C7, S5C5, S7C3
and S9C1, which was driven by the denaturation and unfolding of SPI
and the interaction between SPI and CSP. The enhancement in G′ and G″
suggested that the conjugation of protein and pectin might absorb excess
moisture through hydrogen bonding. Additionally, CSP homogenously
distributed within SPI gel network structure, which provided direct
evidence of the improved gel properties accompanied with the increased
G′ and G″ values (Huang et al., 2024; Rios et al., 2024). Additionally, the
highest G′ and G″ were shown in S9C1, followed by S7C3, indicating the
great gel strength in S9C1. This improved gel strength that reflected by

the firm structure was ascribed to the strong interaction between SPI and
CSP.

Based on the excellent dynamic rheological properties, the structure
properties of S7C3 and S9C1were further analyzed by Power-lawmodel,
the relationship of G′ and G″ between angular frequency (0.0628–92.2
rad/s) was also explored. Additionally, the gel characteristic of the SPI-
CSP were described based on the parameters K′, K″, n′, and n″ (Ge et al.,
2023) (Table 2). Gels can be classified into physical gels, entanglement
network gels (EN gels), and covalently cross-linked gels (CC gels) (Ge
et al., 2023; Tunick, 2011). Generally, CC gels, considered the strong
gels, were characterized by a permanent network of covalent bonds,
with G′ being almost independent of frequency (ideally n′ = 0) (Tang
et al., 2024). In contrast, EN gels featured strong G′ frequency inde-
pendence and even the G′-G″ crossover points, indicating the transition
from viscous (fluid-like) to elastic (solid-like) behavior (Gunasekaran &
Ak, 2000; Tang et al., 2024). The low correlation coefficients (n′= 0.095
for G′ and n″ = 0.091 for G″), close to 0, along with the high storage and
loss moduli in S9C1, indicated the properties of a CC gel. This result was
corroborated well with SPI-gum gel with stable structure and strong
elasticity and viscosity (Chang, Li, Wang, Bi, & Adhikari, 2014). Addi-
tionally, the high storage modulus (G′) and the reduced frequency
dependence of S9C1 demonstrated the strong temporal stability
accompanied by the rigid gel network formed by the stable covalent
bonds within the gel matrix (Tang et al., 2024). Owing to the high SPI
content in S9C1, the cross-linking between protein molecular was
significantly enhanced by the post-heat processing, which further pro-
moted the protein-protein interactions (including disulfide bonds) to
form the stable covalent bonds and resulted in a rigid gel network.
Unlike S9C1, alongside the intersected G′ and G″, both the low n′ (0.094)
and high n″ (0.233) in S7C3 demonstrated the typical properties of an EN
gel, namely, the good mechanical properties under high frequencies and
the flexible network structure at low frequencies (Gunasekaran and Ak,
2000; Moreno et al., 2020; Tang et al., 2024). Since the appropriate
mingling ratio of SPI and CSP, the well-calculated physical entangle-
ments and hydrogen bonds might contribute to the reversible
non-covalent interactions, which contributed to the high-frequency
dependence and good elasticity of S7C3. Furthermore, compared with
S7C3, the higher K′ and K″ in S9C1 indicated the strengthened elasticity
and viscosity, reflecting the greater gel rigidity and firmness, which

Fig. 2. Rheological properties of SPI-CSP gels: apparent viscosity (a), storage modulus (G′) and loss modulus (G″) (b).

Table 1
Rheological parameters (Herschel-Bulkley model) of SPI-CSP gels.

samples τ0 K n R2

SPI 2.5750 0.8612 0.6773 0.9942
S1C9 0.0347 0.0003 1.3007 0.9713
S3C7 0.0784 0.0163 0.8329 0.9954
S5C5 0.4727 0.1501 0.6350 0.9935
S7C3 1.2842 0.3990 0.6296 0.9944
S9C1 10.2321 0.2703 0.8339 0.8941

Table 2
Rheological parameters (Power-law model) of SPI-CSP gels.

samples log G′ = n′ log ω + K′ samples log G′′ = n′′log ω + K″

n′ k’ R2 n′′ k′′ R2

S7C3 0.094 1.032 0.858 S7C3 0.223 0.427 0.935
S9C1 0.095 1.779 0.995 S9C1 0.091 1.082 0.972
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provided great resistance to deformation (Moreno et al., 2020). It was
reasonable to conclude that the distinct rheological behaviors observed
in S9C1 and S7C3 should be attributed to the differences in their gel
network structures and interaction forces.

3.4. Elemental distribution

SEM-EDX has been widely used for precisely characterizing the
surface morphology, elemental localization, elemental composition and
atomic percentage of materials (Bakeshlouy Afshar, Poursattar Marjani,
& Gozali Balkanloo, 2024). Fig. 3 showed the elemental distribution
within SPI and SPI-CSP gels. The atomic percentages of the identified
elements, namely Carbon (C), Nitrogen (N), Oxygen (O), Phosphorus
(P), Sulfur (S), and Calcium (Ca), were presented in Table 3. For SPI, all
elements were homogeneously distributed within the smooth regions.
Conversely, the element mapping of SPI-CSP composites exhibited
non-uniform distributions. Specifically, the high intensity signals of C
and O were observed in all samples. C had the highest atomic percent-
age, signifying that C was the dominant component in these samples.
With the increase in CSP concentration, the atomic percentage of O
gradually decreased. The big atomic percentage of O in S1C9 (33.31 %)
further indicated the distribution of pectin within the composite.
Additionally, the distribution of C, O, and N was tightly concentrated in
SPI-CSP samples, highlighting that the backbone structure of these gels
was primarily composed by closely linked C, O, and N. This observation
indicated that electrophilic carbonyl groups from CSP entangled with
neutral amino acids from SPI through covalent bonds, which was

beneficial for forming the SPI-CSP gels (de Oliveira, Coimbra, de Oli-
veira, Zuñiga, & Rojas, 2016; Zhang et al., 2019). S, being a distinctive
element in protein, was utilized to track the changes in the structure of
SPI. With increasing SPI concentration, S tended to concentrate in spe-
cific regions, which performed the degree of protein aggregation. As in
S1C9, S3C7, and S5C5 (Fig. 3b–d), we observed the uniform distribution
of S. However, as for S7C3 and S9C1 (Fig. 3e and f), the distribution of S
with less homogeneity but high percentage was observed, which eluci-
dated the formation of SPI-CSP gel structure through strong intermo-
lecular force between SPI and CSP. Additionally, the increased P and Ca
in S7C3 and S9C1 might contribute to the formation of P/Ca bridges
within the gels, which could enhance the rigidity and stability (Xie, Bi,
et al., 2024a). S9C1 exhibited the highest Ca percentage (15 %), which
was aligned with the biggest viscosity, G′ and G″.

Fig. 3. Scanning electron microscopy with energy dispersive x-ray spectroscopy (SEM-EDX) images of SPI-CSP gels.

Table 3
Atomic percentage of SPI-CSP gels.

elements atomic percentage (%)

S1C9 S3C7 S5C5 S7C3 S9C1 SPI

C 61.3 57.51 58.5 62.96 62.45 63.59
N 5.11 13.28 12.91 12.46 15.27 14.62
O 33.31 28.73 27.99 23.24 20.95 21.23
P 0.15 0.23 0.32 0.66 0.63 0.28
S 0.09 0.23 0.25 0.60 0.55 0.21
Ca 0.04 0.03 0.03 0.08 0.15 0.06
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3.5. LF-NMR

LF-NMR has been widely applied to describe the water content,
water distribution, and interactions between water and biomolecules
within gel systems, which provided a clear insight into intramolecular
interactions among functional groups (Huang et al., 2024). Generally,
the spin-spin relaxation times (T2) in LF-NMR reflected the proton
rotational mobility. A shorter T2 value indicated the faster decay and
stronger interactions with hydrogen protons, while a longer T2 value
suggested the enhanced water mobility within the matrix (Wang, Zhang,
Bhandari, & Gao, 2016). The relaxation times of the peaks were cate-
gorized into T21, T22, and T23. In detail, T21, representing bound water,
was associated with water molecules tightly bounded to amino and
carbonyl groups through hydrogen bonding. T22 was further divided
into T22a and T22b, both linked to immobilized water, and T23 was
indicative of free water (Moller et al., 2011). As shown in Table 4, free
water (T23) was the predominant water in gels, accounting for
94.33–98.33 %. The longest T23 demonstrating the highest hydration
levels was exhibited in S1C9, which suggested the weak water holding
capacity when subjected to external force. Conversely, the shortest T23
assigned to the lowest fluidity was revealed in S9C1, suggesting the
strong water holding capacity (Luo et al., 2020). Except for S9C1, T22
displayed two distinct peaks (T22a and T22b) in SPI-CSP gels, illustrating
the heterogeneity of moisture molecular resulted from the varied in-
teractions among the components within the gel matrix. The shortest
T22a was displayed in S7C3, followed by S9C1, suggesting the reduced
mobility of moisture induced by the formation of numerous SPI-CSP
aggregates (Luo et al., 2020). Regarding T22b, S1C9 had the largest
area proportion (4.63 %), illustrating the excellent capacity for
capturing water molecular within the network structure of gels. CSP,
acting as a low methoxyl pectin, could trap water through Ca bridges
within its dense structure, (Ca sourced from SPI). Additionally, under
heating actions, low methoxyl pectin could form a compact gel structure
to secure water based on the “egg-box model” (Gawkowska, Cybulska,&
Zdunek, 2018). No significant T21 was achieved in SPI. Interestingly,
subjecting to CSP addition, the signal of T21 was detected in all SPI-CSP
gels. A potential explanation for the detected T21 was the captured water
molecular, by SPI-CSP network structure (Fu et al., 2023). The shortest
T21 was observed in S9C1, suggesting the strong water-binding capacity.
Especially, both S7C3 and S9C1 exhibited the highest M21 values (0.82
%), indicating the lowest mobility of water, which might be ascribed to
the strong bonding interactions between moisture molecular and bio-
macromolecules by hydrogen bonds (Fu et al., 2023).

3.6. XRD

The XRD resulting diffraction patterns provided the valuable infor-
mation regarding the average size, degree of crystallinity, and different
phases of the material. In the case of typical crystalline structures, the
XRD curve would exhibit sharp peaks, whereas amorphous materials
would produce smooth and broad spectrum (Bakeshlouy Afshar et al.,
2024). Fig. 4a showed the XRD spectra of CSP, SPI and SPI-CSP com-
posites. For CSP, three intense peaks were observed at 8.37◦, 15.29◦, and
22.34◦, respectively, which illustrated crystalline properties of CSP. Two
characteristic peaks with the wide ranges at 8.82◦ and 19.90◦were found

in SPI, indicating the partially crystalline state. There were two distinct
peaks in S1C9, namely, one peak was at 8.31◦, which was similar to the
peak (8.37◦) obtained in CSP, identifying the presence of pectin aggre-
gation. The other wide peak located at 22.89◦, revealing the formation
of the new hypocrystalline composite (Kang et al., 2022). With the in-
crease in the content of SPI, the peaks of SPI-CSP gels varied from 19◦ to
23◦ were left-shifted accompanied with the increased intensity, which
reflected the altered crystalline characteristics. The most pronounced
peak (19.25◦) was quantified in S9C1 assigned to the enhanced in-
teractions between SPI and CSP, demonstrating the most ordered crys-
talline structures. Conversely, the smoothest peak (22.38◦) in S3C7
depicted the less ordered structure and the weak crystalline properties
(Jiang et al., 2021).

3.7. FT-IR

The changes in the polymer conditions and interpretations of SPI,
CSP, and SPI-CSP gels were performed by FTIR analysis (Fig. 4b). The
excellent compatibility between SPI and CSP was reflected on the
spectra of SPI-CSP gels, indicating the stable chemical composition
within the composites matrix (Bakeshlouy Afshar et al., 2024). A clear
characteristic peak around 3450 cm− 1 associated with O-H stretching
was attributed to the glucopyranose rings in polysaccharides. The peak
at 2930 cm− 1 was corresponded to C-H asymmetric stretching vibration.
The peaks around 1640 cm− 1, relating to the changes in O-H confor-
mation, indicated the entrance of water molecules into the pectin
structure (Bakeshlouy Afshar et al., 2024). Peaks around 1410 cm− 1

were associated with the bending vibrations of C-H in -CH2 and -OH
groups (Bakeshlouy Afshar et al., 2024). The absorption peak around
1035 cm− 1was assigned to the stretching vibration of the C-O and C-C
bond, moreover the bending vibration of C-OH. A small characteristic
peak at 920 cm− 1 was assigned to the -OH bond (Marzieh Bakeshlouy
Afshar et al., 2024).

Following the mingling strategy, the absorption bands around 3700 -
3480 cm− 1 in composites, assigned to O-H stretching, became broader
and shifted to lower wavelengths compared to the 3460 cm− 1 absorption
peak in SPI, suggesting strengthened hydrogen bonds (Ran and Yang,
2022). Several new characteristic peaks around 1658 cm− 1 assigned to
C=N stretching vibration were presented in SPI-CSP gels, confirming the
formation of new aggregations (Ma et al., 2020). Compared with SPI, the
absorption bands in SPI-CSP (particularly for S7C3 and S9C1) related to
amide I (1590–1710 cm− 1) and amide II (1490–1590 cm− 1) shifted to
lower wavelengths, indicating the regular network structure (Ran and
Yang, 2022). Furthermore, subjecting to CSP addition, the intensity of
absorption peak at 1530 cm− 1 attributed to -NH2 groups was signifi-
cantly decreased, which illustrated that -NH2 groups participated in the
aggregation process and formed new substances. Additionally,
compared with CSP, the peaks for SPI-CSP gels in the range of
1400–1200 cm− 1 were smoother, which also confirmed the formation of
new aggregations. Besides, the special fingerprint region of CSP was also
exhibited in S1C9, which also supported the pectin aggregations.

3.8. Chemical force

Changes in protein structure during gel processing could

Table 4
Water distribution in LF-NMR of SPI-CSP gels.

T21 (ms) M21 (%) T22a (ms) M22a (%) T22b (ms) M22b (%) T23 (ms) M23 (%)

SPI \ 1.60 0.33 7.84 1.03 166.38 98.65
S1C9 0.95 0.54 18.04 0.39 235.43 4.63 1431.46 94.33
S3C7 0.91 0.78 14.65 0.30 72.33 2.53 310.79 96.39
S5C5 0.98 0.80 4.90 0.28 31.44 0.90 410.27 98.02
S7C3 0.98 0.82 3.18 0.11 12.75 0.74 333.13 98.33
S9C1 0.79 0.82 4.82 0.89 \ \ 191.16 98.29
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significantly affect the interaction among molecules within the matrix,
which would in turn have crucial effects on gelation properties. Typi-
cally, NaCl could disrupt electrostatic interactions, while urea served as
an effective hydrogen bonds and hydrophobic interactions breaker.
Additionally, 2-mercaptoethanol was used to break disulfide bonds
(Nakauma et al., 2017; Ran and Yang, 2022; Wang et al., 2018). As
shown in Fig. 4c, except for S1C9, hydrophobic interaction was signif-
icantly higher than hydrogen bond, disulfide bond and ionic bond.
Detailly, S9C1 displayed the highest of hydrophobic interaction (17.66
mg/mL) and ionic bond (8.55 mg/mL), which were beneficial for the
stable network of gel (Ran and Yang, 2022). With the increase in SPI
concentration accompanied with amount of hydrophobic groups, ag-
gregates were more easily be formed, which facilitated the possible
release of water molecules into the gel’s system, thereby increasing the
system’s overall entropy (Krimm, 1980; Rangel-Yagui, Pessoa-Jr, &
Blankschtein, 2004). Following the mingling strategy of SPI and CSP,
these four types of interactions were intensified as well as the enhanced
gel strength. Specially, CSP with low methoxyl could contribute to the
salt bridges through “pectin-Ca-protein cross-linking” within SPI-CSP
gels, which enhanced the ionic bond (Wang et al., 2018). As differed
from other test groups, hydrogen bond was the predominant chemical
force in S1C9, owing to the amount of CSP aggregates in S1C9. This was
also confirmed in the analysis of particle size and FTIR.

3.9. Printability

Based on the analysis of physio-chemical features and the rheological
properties, S7C3 and S9C1 were selected as the suitable food inks for 3D
printing. As observed in the printing geometries (Fig. 5), SPI could not
be continuously and uniformly extruded out from the nozzle. The slight
collapse and the poor layer stacking were observed in SPI gel, indicating
poor stability. This phenomenon could be explained by the poor me-
chanical strength and disordered network system confirmed by the low
G′ and G″ and the micro-structure of SPI (Phuhongsung, Zhang, &
Devahastin, 2020). S7C3 and S9C1 exhibited integrated structures. As

proven from the enhanced rheology properties, the entanglement be-
tween CSP and SPI reduced the overlap and spatial repulsion within the
composite matrix, contributing to the regular network structure, which
was preferred for the deposited layers and holding the printed structures
(Wang et al., 2024a, 2024b). However, it was difficult for S9C1 to
extrude out from the nozzle to from the regular shape during the
printing process, due to the dense and robust microstructure. Thus,
S9C1, with its low flowability and poor printing performance, showed a
rough surface and inferior cohesive interlayer structure as well as visible
granular and separated areas. S7C3 with excellent viscosity (e.g., high
G′) was easily extruded out from the nozzle and fluently printed the 3D
pattern with the special shape contours and smooth surface and without
any obvious sticking and collapse. Apparently, the uniform and regular
layered structure with excellent interlayer adhesion was displayed in
S7C3, demonstrating exceptional printability. When subjected to strong
external pressure, S7C3 tended to be in a fluid-like state (favorable for
extrusion), conversely, without external pressure, S7C3 returned to the
solid-like state (Gunasekaran and Ak, 2000; Tang et al., 2024). Specially,
the balanced hydrogen bond and hydrophobic interaction within the
S7C3 system showed direct evidence of the flexible gel network and the
enhanced 3D printability. In contrast, the intense SPI-SPI interaction and
hydrophobic interaction within the S9C1 system led to serious aggre-
gation, which was reflected in the reduced flowability (shown in T2
(Table 4)) and clogging during extrusion. It was reasonable to conclude
that the mingling strategy, including SPI and CSP with the appropriate
concentration (such as S7C3), could induce the enhanced mechanical
strength and the excellent rheological properties, which was conducive
to completed the fusion between the layers and maintain the
shape-fidelity of 3D printed objects with the accuracy and quality
(Phuhongsung et al., 2020) (see Fig. 6).

3.10. Formation mechanism of SPI-CSP composites

As the consequence of the analysis of macro- & micro-morphology,
physio-chemical properties, internal function group and chemical

Fig. 4. X-ray diffraction (XRD) patterns (a), FT-IR spectra (b) and chemical forces analysis (c).
Note: Different lowercase letters indicate significant differences among treatments in Fig. 3c (p < 0.05).

Fig. 5. Hexagons pattern (a) and 21-layer cube (b) 3D-printing results of SPI and SPI-CSP gels.
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force, we believed that SPI strongly interacted with CSP within the
composite matrix. When the abundance negative charges (mainly from
CSP) were dominant, the strengthened molecular repulsion would lead
to phase separation and the biphasic solution (e.g., S1C9). Alongside the
appropriate mixing ratio, the homogeneous phase was observed in S7C3,
probably because of electrostatic interactions caused by the similar
amounts of negative charges from CSP and positive charges from SPI.
However, as SPI concentration further increased (S9C1), the SPI self-
aggregation was dominant within the composite matrix, which
contributed to the decreased gel properties. Alongside the binding be-
tween protein and pectin, water molecules within the matrix were
released into the solution. The release of water molecules led to an in-
crease in the system’s entropy, which in turn resulted in a decreased
system’s free energy (Krimm, 1980; Rangel-Yagui et al., 2004). As the
decrease in the free energy of the composite system, the soluble com-
posites further aggregated and precipitated. Moreover, the changes in
structures of SPI and CSP deeply induced by the post-heating action
could promote the interaction between SPI and CSP, which further
resulted in the formation of new composites (Fig. 5a). Therefore, the
primary binding modalities between CSP and SPI were explored by

molecular docking, in which galacturonan ligand and 7 S (β-con-
glycinin) and 11 S (glycinin) were selected as the structural domains of
CSP and SPI, respectively (Zhang et al., 2022). As shown in Fig. 5b, the
negative binding affinity energies indicated the potential for stable
binding (Zhang et al., 2022). For the β-conglycinin, the active amino
acid sites ASP-137 and GLN-147 should be considered as the key in-
teractions with 2.1 Å and 2.6 Å bond distance, respectively. The best
binding site of galacturonan to glycinin was identified in ARG-110, with
a bond distance of 2.5 Å. The binding energy of galacturonan to
β-conglycinin was − 6.8 kcal/mol, which was lower than the binding
energy to glycinin (− 5.9 kcal/mol). This lower binding energy should be
explained by the stable hydrogen bonds and electrostatic interactions.
Additionally, galacturonan was more readily bound to 7 S than to 11 S,
implying 7 S might have a stronger potential to stabilize the gel
structure.

4. Conclusion

This study comprehensively analyzed the effects of mingling strategy
of SPI and CSP at the various concentrations on the rheological,

Fig. 6. Interaction models (a) and molecular docking analysis (b) between SPI and CSP.
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structural, and functional properties of SPI-CSP composites, with a focus
on their potential as food inks for 3D printing. Our findings revealed that
increasing SPI concentrations enhance particle distribution, viscosity,
viscoelastic properties (G′ and G″), water-holding capacity, and overall
gel strength. Notably, S9C1 formed covalently CC gels, while S7C3
illustrated the properties of EN gels. The formation of new SPI-CSP
composites was confirmed by FT-IR, XRD, and SEM-EDX analyses,
highlighting the molecular interactions between SPI and CSP. Hydro-
phobic interactions and ionic bonding were identified as key chemical
force in formation of stable and robust gel structures. Molecular docking
further suggested that β-conglycinin (7 S) plays a more significant role in
stabilizing the gel structure than glycinin (11 S). Among the formula-
tions, S7C3, with excellent viscosity, mechanical strength, and rheo-
logical properties was identified as the optimal food ink for 3D printing,
which could produce the high-precision printed structure with smooth
surfaces and stable shapes. These findings provide valuable insights into
the development of 3D printing food inks, offering a pathway to
developing customizable, nutrient-rich, and structurally robust food
products, which have the potential to meet the needs of individuals with
specific dietary requirements, including those with difficulty chewing or
swallowing, or those requiring high-protein diets.
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