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Highlights

e  The incorporation of grape seed anthocyanin (GSA) significantly improved the 3D
printing performance of the black soldier fly protein composite gels;

e GSA increased the deformation resistance of the composite gels and promoted the
transition from disordered to ordered protein secondary structures;

e GSA promoted protein aggregation, thereby forming a new network that acted as a
structural scaffold;

¢ Adding excessive GSA can have undesirable effects on 3D-printed black soldier fly
protein (BSFP) composite gels;

e  The BSFP composite gel containing 3% GSA exhibited the best 3D printing perfor-
mance.

Abstract

This study used black soldier fly protein (BSFP) as a base material and added 0%, 1%, 2%,
3%, 4%, and 5% of grape seed anthocyanidins (GSAs) to prepare composite gels. Through
the combined use of low-field nuclear magnetic resonance, Fourier transform infrared
spectroscopy, scanning electron microscopy, and rheometry, the relationships among
GSA dosage (0-3%), gel structural properties (secondary protein conformation, water sta-
tus, and microscopic morphology), and rheological printability were systematically eval-
uated. It was found that the better GSA content fell within 1-3%, and under this condition
the extrusion-type 3D printing performance of the composite gels was significantly en-
hanced. At a 3% addition amount, the proportion of disordered conformations decreased
(random coiling decreased from 15.93% to 15.46%), the ordered structure increased (3
sheet increased from 35.25% to 35.43%), and deformation resistance was enhanced. Low-
field nuclear magnetic resonance showed an increase in the proportion of non-flowing
water and an increase in physical constraints. Scanning electron microscopy showed a
reduction in pore size and a thickening of pore walls, forming a denser 3D network. Rhe-
ologic analysis indicated that 3% GSA reached the maximum zero-shear viscosity (1o) and
that the storage modulus (G’) and loss modulus (G") were higher in the experimental
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group than those in the control group. Printing fidelity increased from 45.73% in the con-
trol group to 60.08% in the 1% group, 62.14% in the 2% group, and 71.05% in the 3% group
(p <0.05). The 3-5% groups (fidelity: 71.05-75.66%) all achieved hollow cylindrical print-
ing without collapse and had excellent self-supporting performance. However, excessive
addition (4-5%) caused excess GSA to adsorb onto the protein skeleton surface, reducing
the apparent viscosity and damaging the printing performance. Based on all the indica-
tors, the composite gel with 3% GSA achieved the best balance between printability and
structural integrity. Our research offers a new idea for using flavonoid compounds to im-
prove the 3D printing performance of insect protein gels. The prepared composite gels
can be used as food printing inks and applied to personalized nutrition customization,
functional food development, and sustainable protein alternative product fields.

Keywords: 3D printing; microstructure; rheology; black soldier fly protein gel; grape seed
anthocyanin

1. Introduction

The world population is expected to reach 9.7 billion by 2050, requiring some 410
billion kilograms of protein each year to meet global demand [1]. Insects, as a renewable
resource, have protein contents comparable to those of conventional protein sources, yet
they remain underutilized [2,3]. Insects exhibit high feed conversion efficiency, efficient
land utilization, remarkable reproductive capacity, short breeding cycles, and simple cul-
tivation requirements, making them ideal candidates for protein provision [4,5].

The black soldier fly (Hermetia illucens) is a saprophagous insect belonging to the fam-
ily Stratiomyidae in the order Diptera [6]. Owing to its rapid reproduction, large biomass,
broad feeding habits, high absorption and conversion efficiency, ease of management, low
rearing cost, and good palatability for animals, it has been widely utilized as a biological
resource [7]. Black soldier fly biomass is particularly rich in protein, with the crude protein
content of dried larvae ranging from 44% to 48%. This is comparable to plant-derived
protein feeds such as broad beans and sunflower seeds, making it a typical high-protein
biological resource [8]. It should be noted, however, that the widely cited range of 44—48%
crude protein is typically obtained from defatted larval meals or larvae reared under op-
timized dietary regimes and thus does not represent an invariant benchmark. In the pre-
sent study, the whole black soldier fly larval powder used for 3D printing contained 24.5%
crude protein—a value lower than that reported in the literature range. This discrepancy
primarily arises from the use of whole (non-defatted) powder, differences in rearing sub-
strate composition, post-harvest drying conditions, and the nitrogen-to-protein conver-
sion factor applied. Rather than diminishing the relevance of our work, this lower baseline
provides a practically meaningful and economically realistic scenario for evaluating the
effectiveness of anthocyanin-mediated gel modification, since whole-larval powders are
more commonly handled in actual food processing chains. However, due to food neo-
phobia, many consumers are reluctant to accept insect-based foods, including black sol-
dier fly products. A subset of consumers has indicated a preference for insect-derived
foods that more closely match their expected flavor and visual profiles. Studies have
shown that when the distinctive appearance and odor of insects are not recognizable, con-
sumer acceptance tends to increase. 3D food printing technology offers a promising solu-
tion to this challenge, namely processing insect proteins into products with customized
shapes and attractive appearances, thereby masking the original appearance of the insects
[9,10]. Research has shown that when insect food is processed into familiar or visually
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acceptable forms through technologies such as 3D printing, consumers are more willing
to accept it [11,12].

With the advancement of science and technology, cutting-edge manufacturing tech-
niques are increasingly integrated with conventional technologies, thus reshaping the
conventional limits of food processing. 3D food printing constitutes an innovative digital
manufacturing method that enables layer-by-layer construction of edible products. It
combines additive manufacturing with food ingredient processing. Via layer-by-layer as-
sembly of edible materials based on a digital template, novel food structures can be fabri-
cated [13-16]. Food 3D printing can meet the specific demands of different consumer
groups in terms of nutrition, texture, color, and shape [17-19]. In recent years, this tech-
nology has attracted substantial interest from researchers [20]. At present, the repertoire
of food 3D printing comprises four principal techniques —extrusion-based printing, inkjet
printing, selective laser sintering, and binder jetting. Extrusion-based printing constitutes
the most widely utilized of these [21]. This technique necessitates printing materials with
proper rheological and mechanical behavior, making them capable of easy nozzle flow
coupled with reliable dimensional stability upon layer deposition [22-24]. Nonetheless,
the variety of edible substrates compatible with 3D printing is greatly constrained. Ac-
cordingly, the quest for natural ingredients suitable for 3D printing of foods has garnered
escalating scholarly interest. In particular, the recent literature has begun to probe the vi-
ability of insect proteins as printing substrates. Chitin, a linear polysaccharide composed
of 3-(1—4)-linked N-acetyl-D-glucosamine units, is a major structural component of the
insect exoskeleton. It is chemically distinct from chitosan, which is the partially or fully
deacetylated derivative of chitin. In this study, we specifically focus on the native chitin
fraction present in the larval powder. As a case in point, Zhang and colleagues elucidated
that the protein-to-chitin ratio constitutes the pivotal factor that modulates the 3D printing
behavior of edible insect-based gel systems [4]. Among the various types they experi-
mented with, cricket gel showed the best balance between fluidity and self-supporting
properties.

Previous studies have mainly focused on improving the adaptability of gel 3D print-
ing by adding an appropriate amount of auxiliary substances [25-27]. However, this
method dilutes the protein, increases the difficulty of extrusion, and weakens the struc-
tural stability, making it unsuitable for 3D printing [28-30]. If the tertiary structure of the
protein gel can be regulated and the stability of the gel structure can be enhanced without
significantly increasing the difficulty of extrusion, this will be more conducive to 3D print-
ing. Some studies have shown that protein gels can improve the printability of composite
gels by adding substances such as polyphenols [30]. However, there are few reports on
whether excessive addition may have negative effects.

Anthocyanins are a class of plant-derived water-soluble natural pigments and con-
tribute to the rich red, purple, and blue colors of dark-colored fruits such as grapes. An-
thocyanins also possess multiple physiological functions, including strong antioxidant
and anti-inflammatory activities, as well as protective effects on vision and cardiovascular
health. In recent years, with the rapid development of food 3D printing technology, an-
thocyanins as functional natural pigments have attracted increasing attention [25]. Antho-
cyanins belong to the flavonoid family and contain multiple phenolic hydroxyl (-OH)
groups in their molecular structure as the basis of their biological activity. These structural
characteristics make anthocyanins remarkable hydrogen donors capable of forming hy-
drogen bonds with protein acceptors [26,27]. Through non-covalent interactions with pro-
teins, anthocyanins may play a key role in protein gel modification [28]. It has been re-
ported that blueberry anthocyanins enhance the interaction between ovalbumin and cas-
sava starch [29], and that non-covalent interactions formed through hydrogen bonding
between blueberry anthocyanins and potato starch improve gel flowability and support
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stability [30]. Therefore, grape seed anthocyanin (GSA) was selected in this study as a
representative case for interaction with black soldier fly protein (BSFP).

Although these studies demonstrated the modifying potential of anthocyanins on
protein gels and the feasibility of using insect proteins in 3D printing, to our knowledge
no systematic research on the blackfly protein—anthocyanin composite system in the field
of 3D printing has been reported. Key issues that remain for investigation include how
anthocyanins affect the 3D printing suitability of blackfly protein gels by regulating their
rheological behavior, water state, protein secondary structure, and micro-network struc-
ture, as well as the effects and optimal ratios of different amounts of anthocyanin.

Therefore, in this study, BSFP was used as the base material, and composite gels were
prepared by adding 0%, 1%, 2%, 3%, 4%, and 5% of GSA. A systematic investigation was
conducted with rheometers, FTIR, low-field NMR, and SEM. The focus was placed on
how the GSA content modulates the rheology, protein secondary structure, water state,
microstructure, and 3D printing performance of the composite gels. The aim was to reveal
the intrinsic relationship between the above physicochemical properties and 3D printing
performance, to determine the minimum effective GSA concentration, to improve the
print quality of BSFP gels, and to find a balance between performance and economic fea-
sibility. This study provides a theoretical basis for enhancing the 3D printability of insect-
derived protein gels through flavonoids and opens up new paths for the application of
insect protein in the food industry.

2. Materials and Methods
2.1. Materials

BSFP is a complete dry powder from the larvae of the black soldier fly (Hermetia illu-
cens) after drying and grinding. It was purchased from Qingdao Sino Crown Biological
Engineering Co., Ltd. (Qingdao, China; http://www.qdsinocrown.com/ (accessed on 3 Oc-
tober 2025)). Its protein content was 24.5% (w/w), and its chitin content was 6.7% (w/w).
GSA (98%, w/w) was purchased from Lanzhou Water Rice Biotechnology Co., Ltd. (Lan-
zhou, China, www.wtlsb.com (accessed on 15 January 2026)). All deionized water used in
this work was produced by a Milli-Q® IQ 7000 system (Merck KGaA, Darmstadt, Ger-
many).

2.2. 3D Printing Inks

BSFP powder was crushed and passed through an 80-mesh sieve. Based on prelimi-
nary experiments, the optimal formulation of the BSFP gel for 3D printing was determined
to have a moisture content of 410% (w/w) on a dry basis. Using this optimal BSFP gel for-
mulation as the control group, GSA was added at concentrations of 1-5% (w/w) in 1%
increments. The mixtures were gently stirred (4500 rpm for 10 min) at room temperature
(25 °C) to prepare BSFP-GSA composite gels with different GSA concentrations. Finally,
the samples were stored at 4 °C for 12 + 2 h to allow gel formation.

2.3. FTIR Spectroscopy

FT-IR data were recorded on a Nicolet i520 spectrometer from Thermo Fisher Scien-
tific (Waltham, MA, USA). Lyophilized samples were homogenized with KBr (Sigma-Al-
drich, St. Louis, MO, USA; CAS 7758-02-3; IR grade) at a mass ratio of 1:100, and the re-
sulting powders were pressed into pellet form after further grinding. The spectral window
was set from 500 to 4000 cm™! with a 4 cm™ step size, and 32 individual scans per sample
were accumulated and averaged [31]. All measurements were performed under ambient
conditions (25 °C).

2.4. LF-NMR
https://doi.org/10.3390/ma19143005
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The determination of water status in the gel systems was carried out by LF-NMR on
a MicroMR12-025V instrument (Niumag, Shanghai, China), in accordance with the ap-
proach proposed by Zheng et al. [32]. The operating parameters were set as follows: re-
laxation delay = 3500 ms, echo delay = 0.500 ms, echo count = 4000, scan accumulation = 4,
points per echo = 200,002, and detection bandwidth = 100 kHz.

2.5. Microstructure Morphology

Morphological inspection of the gel specimens was conducted on a ZEISS Sigma 300
SEM (Zeiss, Germany), following the protocol established by Lopez-Sanchez et al. [33].
Prior to observation, the gel samples were maintained at —80 °C for 12 h and then subjected
to freeze drying. The lyophilized materials were subsequently cut into cuboids of 5 mm x
5 mmx 2 mm for microscopic examination.

2.6. Rheology

Prior to measurement, the gel samples were removed from refrigerated storage and
conditioned at 25 °C. All rheological data were acquired on a DHR-2 rheometer (New
Castle, DE, USA) with a 25 mm parallel-plate geometry and maintained at the same tem-
perature. The gap distance was adjusted to 1 mm in order to avoid slippage, and each
specimen was allowed to rest for 1 min post-loading to eliminate any residual stress from
sample introduction [34]. Strain-sweep tests with strain amplitudes from 0.01% to 10,000%
were performed to identify the linear viscoelastic region.

2.6.1. Dynamic Viscosity

Dynamic viscosity was computed in accordance with Wang et al.’s method [35] over
a shear-rate window of 0.1-100 s, and the experimental points were fitted using the Bird—
Carreau law (Model (1)).

n-1
N =N + (o — )1+ (9)*] 2 )
where 1) is the viscosity (Pa-s), - is the viscosity at an infinite shear rate (Pa-s), no is the
viscosity at a zero shear rate (Pa-s), A is the relaxation time (s), v is the shear rate (s) and
n is the flow behavior index.

2.6.2. Frequency Sweep

Frequency sweep experiments were employed at a strain level of 1% within the linear
viscoelastic zone, spanning an angular frequency range of 0.1 to 100 rad/s, as described in
Guo et al. [36].

2.6.3. Stress Amplitude Sweep

Oscillatory stress amplitude sweeps were conducted at a frequency of 1 Hz, spanning
stress levels from 1 to 4000 Pa.

2.6.4. Creep

Each sample was subjected to a creep test under a constant stress of 50 Pa for 300 s.
Sample deformation was monitored throughout the test.

2.7. pH Measurement

The pH of the composite gel samples in all groups was determined at 25 °C with a
pH meter (model PB-30, Sartorius, Gottingen, Germany).

2.8. 3D Printing
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A FOODBQOT-D1 3D printer (Hangzhou Shiyin Technology Co., Ltd., Hangzhou,
China) was used to assess the print fidelity and mechanical stability of the gel samples.
The printing configuration comprised a speed of 30 mm/s, a piston advancement rate of
0.04 mm/s, and a 1.2 mm nozzle diameter. Fidelity was quantified according to the meth-
odology of Guo et al. [37] by printing a 20 mm x 20 mm x 4 mm model containing four
holes of 6 mm x 6 mm x 4 mm. Structural stability was characterized through the printing
of a hollow cylinder of 17.35 mm in diameter and 70.00 mm in height. Visual documenta-
tion of the printed objects was performed with an iPhone 12 (Apple, Cupertino, CA, USA)
equipped with a 120-megapixel imaging system (aperture f/1.6). Image] 1.52a (NIH, Be-
thesda, MD, USA) was used for image analysis of the printed objects. The parameters used
to evaluate the printing fidelity included the hole’s area, the length of the longest side,

and print fidelity. Print fidelity was calculated as follows:
|printed area — model areal|

Printing fidelity = (1 - ) X 100% (2)

model area

2.9. Statistical Analysis

Unless otherwise specified, all experiments used three independent biological repli-
cate samples, and the data from each replicate sample represented the average of at least
three technical replicate samples. Statistical analyses were performed using one-way
ANOVA, and all values are given as means + standard deviations. Intergroup differences
were assessed at a significance level of 0.05 using SPSS (version 23, SPSS Inc., Chicago, IL,
USA). Data fitting for apparent viscosity and creep response was carried out with
OriginPro 2021 (OriginLab, Northampton, PA, USA), employing the Bird—Carreau law
model for viscosity.

3. Results and Discussion
3.1. Effect of GSA on the Secondary Structure of Composite Gels

FTIR analysis serves as a powerful tool for elucidating the functional groups and
chemical bonds in food matrices. The spectra of composite gels as a function of GSA con-
centration are depicted in Figure 1. Overall, all samples exhibited the same absorption
bands, but with differences in intensity, indicating that the addition of GSA did not gen-
erate new spectral bands and that physical interactions occurred among the polymers in
the gels.

The amide I band falls within the wavenumber range of 1644.98-1648.84 cm™ and
originates predominantly from C=O stretching vibrations [38]. With increasing GSA con-
tent, the absorption peak of the composite gels near 1640 cm™ showed a rightward shift,
indicating that anthocyanin addition disrupted some of the internal hydrogen bonds
within the protein.

The amide A band falls within the 3600-3200 cm™ range and originates from O-H
stretching and N-H stretching, as well as hydrogen-bond stretching [39]. As the GSA level
increased, the absorption peak of the composite gels near 3300 cm™ first shifted left and
then right, moving from 3324.96 cm™ to 3418.69 cm™ and then to 3441.35 cm™, while the
absorbance value increased. This suggests that the addition of an appropriate concentra-
tion of GSA strengthened inter- and intra-molecular hydrogen bonding and promoted
stronger hydrogen bonds between proteins and water. This may be due to enhanced sta-
bility in the functional groups and increased intermolecular interactions [40]. However,
excessive GSA addition to proteins can induce molecular polarization and disrupt the
non-covalent interactions that maintain the protein’s spatial structure, thereby leading to
unfavorable protein aggregation.
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Figure 1. FT-IR spectra of BSFP-GSA gels with different formulations.

The secondary structures of BSFP and the composite gels were analyzed by decon-
voluting the amide I band located at 1600-1700 cm™ (Figure 2). The addition of GSA al-
tered the composition of secondary structural elements in the composite gels: with in-
creasing anthocyanin addition, the beta-turn content increased and the alpha-helix con-
tent decreased. The effects of different GSA ratios on beta sheets and random coil struc-
tures varied. Changes to the type and proportion of the protein’s secondary structure re-
flect variations in its structural stability. In the composite gels with different GSA concen-
trations, the contents of beta turns and random coils were lower at low GSA concentra-
tions than at high concentrations. Among all samples, the composite gel containing 3%
GSA exhibited the lowest random coil content (15.46%) and beta-turn content (13.72%).
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Figure 2. Secondary protein structure of BSFP-GSA gels with different formulations.

The addition of 3% GSA reduced the content of disordered structures (random coils
and beta turns), which was beneficial for stabilizing the composite gel structure. In con-
trast, the addition of high-level GSA elicited molecular polarization, which perturbed the
ensemble of non-covalent interactions (hydrophobic, van der Waals, electrostatic, and hy-
drogen bonding) that sustain the protein tertiary structure. The perturbation culminated
in conformational transitions and a marked rise in structural randomness. Similar phe-
nomena have been observed when anthocyanins were added to soy protein isolates, rice
protein, and whey protein systems [41-43].

3.2. Effect of GSA on the Water State of BSFP Gels

The state of water within the composite gels was evaluated by LE-NMR, with the
transverse relaxation times (T2) of the different gel formulations visualized in Figure 3.
The water distribution data can be associated with the rheological characteristics of the
gels, thereby accounting for their performance in 3D printing applications. It is commonly
accepted that restricted water mobility is attributable to the generation of a stronger gel
network of the sample, which in turn affects its rheological properties and microstructure
[44].

As shown in Figure 3, T22 (immobilized water) accounted for the biggest proportion
among all water states in the composite gels, implying that it played a dominant role in
the rheological properties of the gels [45]. After the addition of GSA, the peak area pro-
portion of T22 in the composite gels increased significantly, indicating that the incorpo-
rated anthocyanin promoted changes in water state. This may be attributed to hydrogen
bond formation between GSA and the macromolecular polymers in the gel network, re-
sulting in a denser gel network that restricted water mobility [46]. The leftward shift in
the T22 peak indicates a shortening of the relaxation time of immobilized water, suggest-
ing that this fraction of water was subjected to stronger physical constraints. The addition
of GSA disrupted some of the internal hydrogen bonds in the BSFP, as reflected by the
increase in beta-sheet content (Figure 2). This exposed polar groups, such as carbonyl and
amino groups, that were originally buried within the hydrophobic core of the protein.
These exposed polar groups formed new and stronger hydrogen bonds with surrounding
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water molecules. Meanwhile, although anthocyanins disrupted the original secondary-
structure hydrogen bonds in the proteins, hydrophobic interactions occurred between the
aromatic rings of anthocyanins and the hydrophobic groups in the proteins, and anthocy-
anins formed “bridges” between different protein chains. Figure 3 shows a single domi-
nant T22 peak or a double peak (T21 + T22) following the addition of anthocyanin. The
narrower width of the peak indicates that the water molecules were more uniformly dis-
tributed within the gels and that the microstructure became more homogeneous.

- - 5%
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",",‘,‘L cenae 1%
800 J ——— BSFP
5 600
)
>,
——
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L 4004
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Figure 3. Relaxation time curves of BSFP-GSA gels with different formulations.

3.3. Effect of GSA on the Microstructure of BSFP Gels

The microscopic network structure of BSFP gels critically influences their 3D printing
performance. To elucidate this, we examined the microstructure of freeze-dried composite
gels with varying GSA levels by scanning electron microscopy. The resulting micrographs
are presented in Figure 4.

For the GSA-free control group, the 1000x scanning electron microscopy images
showed a continuous, open, three-dimensional network structure, with irregular polygo-
nal pores, a relatively uniform pore size distribution, and fine granular textures on the
pore walls under low voltage. Without GSA, such a structure has low mechanical strength
with poor self-supporting ability and the risk of collapse during subsequent 3D printing
[47]. However, after introducing GSA, the microstructure of the composite gels varied
significantly. The network became denser and more compact, with thicker pore walls. The
pore size decreased overall and became more uniformly distributed, and the pore wall
surfaces changed from a relatively smooth texture to a densely granular texture accompa-
nied by fine wrinkles. These observations indicate that strong interactions occurred be-
tween anthocyanins and proteins, inducing protein aggregation and enhancing the com-
pactness of the gel network. The formation of denser network structures has likewise been
observed when polyphenols are added to proteins [48-52]. Compared to the control, the
newly formed network in the composite gels may act as a skeletal structure, thereby im-
proving the deformation resistance of the gels.
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Figure 4. Microstructure of BSFP-GSA gels with different formulations.

3.4. Effect of GSA on the Rheology of BSFP-GSA Composite Gels
3.4.1. Apparent Viscosity

Food 3D printing materials should possess sufficiently high viscosity to maintain the
shape stability of the printed model while also being sufficiently low in viscosity to allow
smooth extrusion through small-diameter nozzles [32]. Therefore, for protein gel samples
serving as 3D printing inks, an appropriate apparent viscosity provides the material with
suitable flowability and spreadability [53]. The shear-rate dependence of apparent viscos-
ity for the composite gels is depicted in Figure 5A. With 1 fixed at zero, the kinetic pa-
rameters extracted from Bird—Carreau law model regression of these viscosity data are
presented in Table 1. A decrease in apparent viscosity was observed for all samples as the
shear rate increased, indicating that the gel network was disrupted under high shear and
exhibited typical shear-thinning behavior. At identical shear rates, the apparent viscosity
of composite gels amended with 1-3% GSA surpassed that of the unamended control,
whereas gels with 4-5% GSA displayed decreased viscosity. It can be deduced from these
results that the introduction of GSA at low dosages (1-3%) enhances the apparent viscos-
ity of the composite gels, thereby endowing them with adequate fluidity and spreading
properties. This is expected to enable the gels to flow efficiently through fine-deposition
nozzles for extrusion-based 3D printing [54]. Similar results have also been observed in
protein gels supplemented with polyphenols [29,30,55]. This may be ascribed to the role
of polyphenols in promoting cross-linking within the protein—polyphenol gel ink network
structure.
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Figure 5. Rheological properties of BSFP-GSA gels with different formulations: (A) viscosity, (B)

storage modulus, (C) loss modulus, and (D) Tand.

The fitted coefficients of determination (R?) ranged from 0.9698 to 0.9905, indicating
that the Bird—Carreau model provided an acceptable description of the shear-dependent
viscosity behavior of all formulations. The fitted flow behavior index (n) was positive and
lower than one, confirming physically meaningful shear-thinning behavior for all samples.
Since the flow behavior index (n) was very close to one, this mainly indicates strong shear-
thinning behavior within the tested shear-rate range and was not used further for com-
parisons among formulations.

The zero-shear viscosity (o) increased from 4.57 x 105 Pa-s in the control sample to
6.15 x 105, 7.12 x 10°, and 8.81 x 10° Pa's in the 1%, 2%, and 3% GSA groups, respectively.
The highest 1o was observed in the 3% GSA group, suggesting that moderate GSA addi-
tion enhanced the low-shear viscosity and strengthened the gel network. This may be at-
tributed to enhanced non-covalent interactions between GSA and BSFP, which promoted
protein aggregation and network densification. However, further increasing the GSA con-
centration to 4% and 5% reduced no to 7.11 x 105 and 6.84 x 10° Pa-s, indicating that exces-
sive GSA did not further improve the viscosity of the composite gels. This may be related
to excess anthocyanin adsorbing onto the protein network surface, thereby weakening ef-
fective interchain friction and reducing the viscosity contribution of the gel network.

The relaxation time (A) showed a similar trend, increasing from 1093.95 s in the con-
trol to 1428.71 s in the 3% GSA group, followed by a decrease at higher GSA concentra-
tions. This shows that moderate GSA addition prolonged the structural relaxation of the
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gel network, whereas excessive GSA weakened the network response under shear defor-
mation. Consistent outcomes were reported by Sun et al. [34] and Luo et al. [56] in inves-
tigations of polysaccharide-enriched soybean protein matrices. Overall, the 3% GSA for-
mulation exhibited the most favorable rheological behavior, with the highest low-shear
viscosity and strong shear-thinning characteristics. This rheological profile is beneficial
for extrusion-based 3D printing, as it allows the material to maintain shape stability after
deposition while becoming easier to extrude under high-shear conditions during nozzle
flow.

Table 1. Fitted Bird—Carreau law model coefficients of BSFP-GSA gels with different formulations.

1o (Pa-s) A (s) n R?
BSFP 4.57 x 105 1093.95 2.34 x 104 0.9864
1% 5.16 x 105 1220.86 2.22 x 1014 0.9905
2% 7.12 x 10° 1298.06 222 x 104 0.9891
3% 8.81 x 10° 1428.71 222 x 1014 0.9821
4% 711 x10° 1348.13 222 x 1014 0.9732
5% 6.84 x 10° 1156.91 2.28 x 1014 0.9698

3.4.2. Storage Modulus and Loss Modulus

As a preliminary step to the frequency sweeps, oscillatory amplitude sweeps were
executed to delineate the linear viscoelastic regime for every formulation. As summarized
in Table 1, the critical stress (o0 LVR)—defined as the stress at which G' decreases by 5%
from its plateau value—was determined for each sample. It is worth noting that the am-
plitude sweep results confirmed that the applied creep stress of 50 Pa was less than critical
stress corresponding to a 5% deviation for all samples, ensuring that the subsequent creep
tests were conducted strictly within the LVR. Under these validated linear conditions, the
effects of GSA addition on the storage (G’) and loss (G") moduli of the composite gels were
investigated, and the results are shown in Figure 5B,C. At a given angular frequency, the
addition of GSA increased both G’ and G”, indicating that anthocyanin incorporation pro-
moted the strength and structural stability of the composite gels. Similarly, previous stud-
ies found that the addition of EGCG increased the G’ and G” values of quinoa protein
isolate systems and promoted the assembly of elastic gel-like emulsion networks [57].

To characterize the rheological behavior of BSFP-GSA composite gels, correlation
analysis was performed using tand—defined as the ratio of G” to G’ and indicating the
gel’s plasticity. As shown in Figure 5D, the tand values of all composite gels were greater
than that of the control BSFP gel, demonstrating that GSA increased the plasticity of the
BSFP gel, which is beneficial for shape formation during 3D printing [36]. Cross-linking
between proteins and anthocyanins at high anthocyanin concentrations, together with the
filling effect of anthocyanin self-aggregates within the gel network, increased both the
strength and the number of network cross-linking points. Therefore, although high antho-
cyanin addition reduced the apparent viscosity of the gels, both the storage modulus and
loss modulus remained higher than those of the control.

3.4.3. Creep Properties

Creep refers to time-dependent deformation under constant stress [58] and is used to
assess the deformation resistance of printing materials. Compared to the BSFP gel, the
composite gels exhibited a certain degree of strain, and this strain decreased with increas-
ing GSA content (Figure 6). This indicates that the addition of GSA enhanced the defor-
mation resistance and rigidity of the gels. Similarly, it has been reported that polyphenolic
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substances can enhance the rigidity of protein gels, possibly due to the formation of dense
aggregates that improve the cohesion and elasticity of the gel network [59,60].
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Figure 6. Creep curves of BSFP-GSA gels with different formulations.

3.4.4. Effect of GSA on the pH of Composite Gels

With increasing GSA addition, the pH of the composite gels decreased gradually
from 8.55 + 0.06 to 8.15 + 0.11, which is attributable to proton release from the phenolic
hydroxyl groups of GSA (Table 2). Despite this slight decline, all formulations remained
within a narrow alkaline window (ApH = 0.4 units), which is insufficient to induce exten-
sive protein denaturation or charge reversal near the isoelectric point (pI = 4.5-5.0). There-
fore, the pronounced improvements in G’, yield stress, and shear-thinning behavior —and
consequently the superior 3D printing performance —cannot be primarily ascribed to pH
effects. Instead, they arise from direct non-covalent cross-linking (hydrogen bonds and
hydrophobic interactions) between GSA and BSFP. The mild pH reduction may play a
permissive auxiliary role by subtly favoring hydrogen bond formation, but the dominant
driving force is GSA-BSFP association, as further supported by FTIR and rheological evi-
dence.

Table 2. pH of BSFP-GSA gels with different formulations.

GSA 0% 1% 2% 3% 4% 5%
pH 855+0.06 846+0.01 842+0.04 8.40+0.03 830+0.04 8.15+0.11

3.5. Effect of GSA on the 3D Printing Suitability of the Composite Gels

The printing performance of the control and composite gel inks was evaluated by 3D
printing. In general, a well-printed product should have a smooth surface, uniform lines,
and a stable structure. The 3D printing outcomes of the control and composite gels are
shown in Figure 7, and the detailed data are listed in Table 3.
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Table 3. Printing fidelity of BSFP-GSA gels with different formulations.
Hole Area ] Printing Fidelity
L L h
(mm?) ongest Side Length (mm) %)
BSFP 121.23 £5.63 2 23.73+2.19a 4573 +3.15¢
1% 123.87 £3.90 2 23.03£3.52a 60.08 +3.06
2% 127.46 +4.48 a 2299+292a 62.14 +3.14°
3% 126.46 +3.90 2 2217 +253a 71.05+2.612
4% 118.33 +4.48 2 2222 +254a 72.78 £2.202
5% 123.19+3.88 2 21.39+1.57a 75.66 +1.47 a

2D

3D

Note: Different letters in the same column indicate that mean values are significantly different (p <
0.05).

1% 2% 3% 4% 5%

i gt #P RS

Figure 7. 3D printing performance of BSFP-GSA gels with different formulations.

No significant differences were observed in the hole’s area or in the length of the
longest side among all gels. However, significant differences were found in printing fidel-
ity: all anthocyanin-containing gels showed significantly higher printing fidelity than the
control, and gels containing 3-5% GSA showed significantly higher printing fidelity than
those containing 1-2% GSA. Assessment of the structural robustness of the printed con-
structs indicated that hollow cylinders derived from the control and 1-2% GSA groups
underwent partial sagging, while those from the 3-5% GSA groups manifested pro-
nounced self-sustaining properties. This observation points to the superior structural sta-
bility of the composite gels over the control. As a cross-linking agent, GSA can form a
more complex and stable network with proteins, thereby improving the structure and
properties of BSFP [36]. To contextualize our fidelity data, the 71.05-75.66% achieved here
is higher than the range obtained from unmodified insect gels [4] and comparable to pol-
yphenol-modified plant protein gels [30,36], confirming that GSA effectively enhances
BSFP printability to a level similar to that of optimized plant-based inks [37]. According
to the principle of achieving optimal performance with minimum effective addition, 3%
GSA addition was confirmed as the optimal formulation for the BSFP-GSA composite gel.

The BSFP used in this study was whole-insect powder, which retained the natural
components of the raw insect materials, including chitin. Since all the formulations used
the same batch of whole-insect powder, the concentrations of chitin and other non-protein
components were constant among the groups. Thus the relative comparison of the GSA
addition effect was not affected. Previous studies have shown that the ratio of protein to
chitin is a key factor influencing the 3D printing behavior of insect gels [4]. Chitin, as an
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References

insoluble dietary fiber, may provide physical filling in the gel network or form a compo-
site network with proteins to enhance structural stability, which may have potential con-
tributions to the self-supportability of 3D printing [4]. However, the systematic rheologi-
cal and microstructural changes observed in this study along with variations in the con-
centration of GSA (such as increased G” and G”, reduced pore size, densification of the
network, etc.) were mainly driven by non-covalent interactions between anthocyanins
and proteins. Although the potential hydrogen bond interactions between chitin and an-
thocyanins could not be completely ruled out, they were secondary factors in this system.
This strategy of using all components is also more in line with the sustainable concept of
high-value utilization of insect resources: without the need for additional purification
steps, it reduces processing costs and energy consumption.

4. Conclusions

This study systematically investigated the rheological properties, water content, sec-
ondary protein structure, microstructure, and 3D printing adaptability of the BSFP-GSA
composite gel. The results showed that 1-3% of GSA could improve the printing perfor-
mance, with 3% being the optimal ratio. Specifically, the printing fidelity increased from
45.73% (control group) to 71.05% (3% GSA). The 3% GSA group also exhibited the highest
content of ordered secondary structures ([3-sheets increased to 35.43%; disordered coiled
structures decreased to 15.46%). LE-NMR and SEM analyses confirmed that the gel net-
work became more dense, the water molecule fixation ability was enhanced, and the pore
size was reduced. However, excessive addition (4-5%) causes the anthocyanin to adsorb
onto the protein network skeleton surface, reducing the friction between chain segments.
This results in a decrease in apparent viscosity that is detrimental to printing. As an insect
protein-based 3D printing food ink, the composite gel has both nutritional and printable
properties. It is suitable for personalized nutrition customization, functional foods, and
the development of sustainable protein substitute products. Anthocyanin provides natu-
ral color and antioxidant properties, improves processing adaptability, and helps alleviate
sensory resistance to insect food by consumers. Future research should focus on batch
stability, structural evolution during storage, and sensory acceptance and further evaluate
its practical application potential in combination with food sensory and nutrition science.
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