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A B S T R A C T

This study investigated the impact of cricket powder (CP) incorporation on the structural and mechanical 
properties of soy protein isolate (SPI) extrudates. The physicochemical properties of CP, rheological properties of 
SPI-CP blends and their potential structuring properties were evaluated. The results showed that CP had a high 
protein content (72.10 ± 0.61%) and a notable amount of dietary fiber. Rheological analysis revealed that the 
complex modulus (G*) of SPI-CP blends decreased over time at 140 ◦C, with the rate of decrease accelerating 
with higher CP content. Structural and mechanical analysis indicated that the addition of CP enhanced aniso
tropic structure formation, with optimal anisotropy observed at 10% CP, while higher concentrations reduced 
mechanical strength and coherence due to the presence of insoluble components and the formation of large 
cracks. Flavor analysis showed that CP contributed pyrazines and ethers, imparting a desirable burnt and baked 
flavor to the extrudates. These findings suggested that CP can be effectively used to improve the textural 
properties and flavor of SPI-based extrudates at optimal concentrations. However, excessive CP incorporation 
can compromise structural integrity.

1. Introduction

The rising demand for sustainable protein sources has driven the 
exploration of alternative ingredients with lower environmental impacts 
compared to traditional animal proteins. Cricket protein, derived from 
house crickets (Acheta domesticus), is emerging as a sustainable alter
native to traditional protein sources. It boasts a significant lower envi
ronmental footprint in terms of water usage, land occupation, and 
greenhouse gas emissions (Gómez et al., 2019; Halloran et al., 2016; 
Oonincx and De Boer, 2012). The integration of animal with plant-based 
proteins offers a compelling synergy in food manufacturing, combining 
the high-quality amino acid profile of animal proteins with the sus
tainability and dietary fiber benefits of plant proteins (Van Huis, 2013; 
Xiao et al., 2023). This blend not only enhances nutritional profiles of 
food products but also contributes to more sustainable food systems by 
reducing reliance on resource-intensive animal farming.

The combination of plant and animal proteins can address both 
environmental concerns, and the nutritional deficiencies often 

associated with purely plant-based diets, offering a balanced solution to 
future food security and nutritional needs (Alcorta et al., 2021). Cricket 
protein, in particular, is emerging as a versatile and sustainable ingre
dient, especially in the development of meat analogs. It offers a rich 
blend of highly digestible proteins, essential fatty acids, and vital nu
trients, including a robust profile of vitamin B complex (Pilco-Romero 
et al., 2023). Notably, 100 g of dried house cricket can supply over 30% 
of the Dietary Reference Intake for several nutrients, with some 
exceeding 100% (Lamsal et al., 2019; Rumpold and Schlüter, 2013).

The functional properties of cricket protein, such as water retention, 
emulsification, and foaming, are critical for creating textures and flavors 
akin to those of meat-based products, enhancing the nutritional value 
and sensory qualities of processed foods (Pilco-Romero et al., 2023; Yi 
et al., 2013). The integration of cricket protein into various food prod
ucts not only addresses the increasing consumer demand for sustainable 
and ethical food choices but also meets current trends towards healthier, 
protein-rich diets. Its application in meat analogs and cereal-derived 
products demonstrates its potential to significantly impact food 
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technology (Montowska et al., 2019). With its ability to form gels and 
emulsions and improve texture, along with ongoing advancements in 
food processing technology, cricket protein would play a crucial role in 
the future of food manufacturing, providing innovative solutions to the 
challenges of dietary sustainability and global food supply (Chirico 
Scheele et al., 2021).

A recent review summarized three hypotheses governing fiber for
mation during high moisture extrusion (van der Sman and van der Goot, 
2023). The first hypothesis suggests that fiber formation through the 
alignment of protein (aggregates) in strong shear flow beyond the 
denaturation temperature (Manski et al., 2007; Wang et al., 2019a). Th e 
second hypothesis involves two thermodynamically incompatible pha
ses, such as a protein with polysaccharides (e.g., pectin) or a protein 
with an insoluble protein (e.g., gluten) or fiber (e.g., cellulose), where 
the dispersed phase is distorted and aligned by flow (Dekkers et al., 
2016; Deng et al., 2023; Grabowska et al., 2014; Wang et al., 2019b). 
The third hypothesis is based on protein-rich and water-rich phase 
separation (syneresis) leading to anisotropic structure formation 
(Nieuwland et al., 2023; Wittek et al., 2021). Studies on soy protein 
isolate (SPI) have shown that an anisotropic structure can be formed 
through protein-rich and water-rich phase separation only when SPI 
contains certain amounts of insoluble aggregates (Fu et al., 2023, 2024). 
Additionally, a second dispersed phase in the SPI continuous phase can 
enhance fiber formation by promoting fracturing during tearing along 
the extrusion direction (Deng et al., 2023; Schreuders et al., 2022). Small 
amounts of fat, low molecular weight saccharides, or proteins can act as 
plasticizers, improving the fibrous properties and resulting in extrudates 
with a loose structure (Wang et al., 2023; Xie et al., 2023).

Cricket powder (CP) could serve as a potential protein-rich source to 
add to SPI, forming two thermodynamically incompatible phases during 
extrusion. Several studies have demonstrated that CP can be used as an 
alternative protein source for gluten-free products, such as bread, muf
fins and cookies(da Rosa Machado and Thys, 2019; Osimani et al., 2018; 
Pauter et al., 2018; Terry et al., 2017). The addition of cricket protein to 
plant protein also shows potential for forming fibrous structure through 
high moisture extrusion. Smetana et al. (2018b, 2019) found that the 
adding up to 40% of cricket protein concentrate to soy protein 
concentrate produced optimal meat-like extrudates with the highest 
inclusion of insect biomass for extrusion at 170 ◦C. Samuel et al. (Kiiru 
et al., 2020) obtained fibrous extrudates with the highest anisotropic 
index of 2.8 at inclusion of 30% low-fat CP. Moreover, the inclusion of 
CP containing the ideal amount of fat and insoluble fibre may positively 
affect structure formation (Montowska et al., 2019). Overall, there is 
limited research on using CP to produce fibrous structures for 
insect-based meat analogs.

Therefore, the aim of this study was to characterize CP through 
physicochemical and rheological analyses and to evaluate its effect on 
SPI-CP extrudates during high moisture extrusion processing. The 
extrudates were produced using a lab-scale twin-screw extruder with 
SPI-CP blends containing varying weight ratios of SPI and CP. The 
structure of the extrudates was examined using confocal laser scanning 
microscopy (CLSM), and their mechanical properties were measured 
through tensile testing. The flavor compounds in extrudates were 
analyzed using GC/O/MS.

2. Materials and methods

2.1. Materials

Cricket powder (CP) was purchased from Darenfucheng Animal 
Technology Co., Ltd. (Qingdao, China). The powder was prepared after 
washing, microwave heating (110 ◦C, ≥10 min) and grinding process 
according to the manufacturer’s specifications. Soy Protein isolate (SPI, 
SD-100) was purchased from Linyi Shansong Biological Products Co., 
Ltd. (Shandong, China). The SPI powder contains 83.7 wt% protein (wet 
base, 65.8 wt% soluble protein), 7.0 wt% moisture, 0.8 wt% fat and 2.0 

wt% carbohydrate. Rhodamine B was purchased from J&K Scientific 
(Beijing, China) and Calcofluor white was purchased from Sigma- 
Aldrich (Shanghai, China), which were used as the staining agents for 
protein and cellulose/chitosan for CLSM analysis, respectively. All other 
chemicals utilized in this study were of analytical grade unless specified 
otherwise.

2.2. Characterization of CP

The proximate chemical compositions of CP were determined ac
cording to Chinese National Standards GB5009.5–2016 
GB5009.3–2016, GB5009.6–2016, and GB5009.88–2014 (2016) for the 
total nitrogen content, moisture, lipid, and dietary fibres, respectively. 
The total nitrogen content was determined by the Kjeldahl method and 
was used to calculate the crude protein content by multiplying the result 
by the conversion factor of 6.25.

Solubility and water holding capacity (WHC) were determined ac
cording to the method described by (Fu et al., 2024). The CP dispersion 
(2.0 wt%) was centrifuged at 10,000 g for 30 min at 20 ◦C. The weight of 
the wet pellet was measured, and the weight of the freeze-dried pellet 
was also determined and recorded. The supernatant was collected, and 
the soluble protein content of the supernatant was determined using the 
Biuret method. The solubility and WHC were calculated using equation 
(1), and (2), respectively. 

Solubility (%) =
Mdry powder− Mdry pellet

Mdry powder
× 100 (1) 

Water holding capacity (g/g) =
Mwet pellet − Mdry pellet

Mdry powder
(2) 

where Mdry powder represents the mass of the overall added dry powder, 
Mwet pellet is the mass of the pellet after removing supernatant, and 
Mdry pellet is the mass of the pellet after centrifugation and freeze-drying.

2.3. Rheological properties

A closed cavity rheometer (RPA Elite, TA Instruments, New Castle, 
DE) was used to assess the reactions of blends under different thermal 
and mechanical stresses (Dekkers et al., 2018a,b). The test sample 
consisted of SPI and CP in weight ratios of 10:0, 9:1, 8:2, 7:3, 6:4, 5:5. 
Varied 50 wt% SPI-CP mixtures were prepared and hydrated at 4 ◦C for 
at least 24 h. Approximately 4g was placed in a closed chamber between 
two plastic films. Sealing the cones prevents water evaporation at high 
temperatures so that a cavity pressure of 4.5 MPa can be achieved. 
Mechanical treatment was provided by the oscillatory movement of the 
lower cone and can be adjusted by varying the angular frequency ω and 
strain γ. First, an oscillation time sweep experiment was conducted at a 
high frequency (10 Hz) and strain (80%) for 15 min at 140 ◦C. Second, a 
temperature sweep experiment (10Hz, 80%) was performed from 40 ◦C 
to 140 ◦C at a heating rate of 10 ◦C/min, and then the temperature was 
held at 140 ◦C for 5 min, followed by cooling at 4 ◦C/min.

2.4. Preparation of high-moisture extrudates

The protein mixtures were prepared by mixing SPI and CP with 
weight ratios of 10:0, 9:1, 8:2, 7:3, 6:4, 5:5. The SPI and CP had a similar 
size, suggesting that they can be mixed evenly. A twin-screw extruder 
with co-rotating design (Lab-20, Useon Extrusion, China) was used to 
prepare the high-moisture extrudates. The screws were with a 15.5-mm 
screw diameter and a 25 length-to-diameter ratio. The extruder borrel 
was divided into 7 separately heated and thermally controlled zones. A 
water pump was employed to introduce water into the extruder. Based 
on preliminary experiments, the extrusion conditions were set as fol
lows: a feed moisture content of 300 g/h (50 wt% moisture), the screw 
speed of 180 r/min, and the extruder barrel temperatures of 25 ◦C, 
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40 ◦C, 60 ◦C, 90 ◦C, 130 ◦C, 140 ◦C, and 110 ◦C along the extruding 
direction. The end of the extruder was fitted with a cooling die with 
dimensions of 20 × 5 × 240 mm (H × W × L) and was maintained at 
75 ◦C by running water. During steady-state operating conditions, 
extrudates were collected and stored in polyethylene bags in a freezer 
(− 18 ◦C) before further analysis.

2.5. Tensile strength analysis

A texture analyser (TA.XT2, Stable Micro Systems, Ltd., Godalming, 
UK) was used with a load cell of 100 N. A dog bone-shaped mold was 
used to cut extrudates in parallel or perpendicular to the extrusion di
rection. The samples were approximately 12.0 mm in length, 3.2 mm in 
width, and its thickness were measured to calculate the cross-sectional 
area (A0). The test was conducted at room temperature with a 
displacement rate of 1 mm/s. Abrasive paper was used to prevent slip
ping during testing when the samples were placed between two sand- 
coated clamps. A stress–strain curve was used to determine tensile 
stress and tensile strain at rupture. The tensile stress (σ, Pa) and tensile 
strain (ε, − ) are defined as follows: 

εh = ln
h(t)
h0

[ − ] (3) 

A(t) =
h(t)
h0

• A0
[
m2] (4) 

σ(t) = F(t)
A(t)

[Pa] (5) 

where h0 is the length of the sample (e.g., 12.0 mm), h(t) is the length 
over time t, A(t) is the cross-sectional area of the bar, A0 is the area of the 
initial contact surface, and F(t) is the force per unit area of A(t). The 
fracture stress or fracture strain is at the point where there is a dramatic 
decrease in stress. For each sample, a total of 9 specimens in parallel and 
perpendicular directions were collected. The ratio of the averaged 
values measured in the parallel and perpendicular directions was used as 
an indication of the mechanical anisotropy (AI) of the samples.

2.6. Confocal scanning laser microscopy

A confocal laser scanning microscope was used to visualize the mi
crostructures of the extrudates. The samples were cut in parallel and 
perpendicular to the direction of extrusion (approximately 20 mm) and 
then rapidly pre-frozen with a freeze embedding agent (Tissue-Tek O.C. 
T Compound, Sakura Finetek, Torrance, CA) at − 20 ◦C. Subsequently, 
the samples were placed on a tray and sectioned with a cryo-microtome 
(CM1950, Leica, Germany) at − 20 ◦C, yielding sliced approximately 20 
μm thick in a regular pattern. A mixture of Rhodamine B (0.2 mg/mL in 
75% ethanol) and Calcofluor white stain (0.05% v/v in 75% ethanol) 
solution was added to stain the protein and chitin, respectively. The 
sample was observed with laser wavelength excitations of 405 nm (for 
Calcofluor white) and 552 nm (for Rhodamine B) using a TCS SP8 
confocal laser scanning microscope (Leica, Germany) with an HC PL 
APO 10 × /0.4 CS lens. Using panoramic scanning mode to capture 
sliced samples. At least 6 images were analyzed for each sample.

2.7. GC/O/MS analysis

GC/O/MS analysis was performed using a GC/MS-QP2020NX system 
(Shi-madzu, Kyoto, Japan) equipped with an SH-WAX column (30 m ×
0.25 mm × 0.25 μm; Shimadzu, Kyoto, Japan) following the method 
described by Xu et al. (2024). The GC was operated in splitless mode, 
and the injection ports was held to 250 ◦C for 7 min. Helium, at a flow 
rate of 1.8 mL/min, was used as the carrier gas. The oven temperature 
program started at 40 ◦C for 0.5 min, then increased to 100 ◦C at 

5 ◦C/min, and finally raised to 230 ◦C at 10 ◦C/min for 5 min. The output 
from the capillary column was split 1:1 (v/v) between the MS and the 
olfactometer (ODE-2030, Shimadzu, Kyoto, Japan). For MS, the ion 
source was set to 200 ◦C and the interface to 250 ◦C. Full scan mode was 
used, ranging from 33 to 400 m/z under electron-impact (EI) ionization 
at 70 eV. The transfer line for the olfactometer was kept at 200 ◦C, and 
moist air was supplied to the sniffing port at 40 mL/min to prevent 
dryness. Flavour compounds were identified and described by assessors, 
with intensity and description recorded using ODE-2030 software 
(Shimadzu, Kyoto, Japan).

Three trained GC/O assessors (two males, one female) participated in 
the analysis. They described the flavor characteristics, intensity, and 
pleasantness of the detected compounds, following two weeks of 
training. The panel used Odor Specific Magnitude Estimation (OSME) to 
evaluate the perceived intensity of flavours on a scale from 0 to 5, with 
increasing values indicating stronger intensity. Each sample was sniffed 
twice by the assessors, and the training process was adapted from the 
literature with some modifications (Gu et al., 2022). The intensities of 
the odor extracts were recorded by the panel, with three experienced 
panel members required to sniff each sample twice.

2.8. Statistical analysis

All measurements were carried out in triplicate unless otherwise 
specified. Analyses were conducted using Statisticix version 9.0 
(Analytical Software, Tallahassee, FL). ANOVA with the least significant 
difference and 95% confidence interval was used to compare the means.

3. Results and discussion

3.1. Physicochemical properties of CP

The physicochemical properties of cricket powder (CP) are summa
rized in Table 1. The protein content of CP was 72.10 ± 0.61%, which 
was estimated using a nitrogen-to-protein conversion factor of 6.25. This 
value could be overestimated due to the presence of nitrogen from 
chitin, a main component of cricket exoskeletons, which also contributes 
nitrogen (Janssen et al., 2017; Jonas-Levi and Martinez, 2017). CP 
contained 31.6 ± 1.54% lipid, which was slightly higher than reported 
in other studies (da Rosa Machado and Thys, 2019; Montowska et al., 
2019). The lipid content in insects can vary depending on factors such as 
sex, life stage and diet (Tzompa-Sosa et al., 2014). The dietary fiber 
content included 8.55 ± 1.56% soluble fiber and 24.6 ± 1.45% insol
uble fiber, primarily derived from exoskeletons.

The solubility of CP was 31.25 ± 0.97%, consistent with values ob
tained in other studies (Perez-Fajardo et al., 2023; Stone et al., 2019). 
The water holding capacity (WHC) of CP was 1.08 ± 0.01 (g/g), which 
was relatively lower than published values of 1.76 g/g or 2.87 g/g (da 
Rosa Machado and Thys, 2019; Stone et al., 2019). This lower WHC 
could be attributed to severe thermal treatment during the dehydration 
process, which can induce protein denaturation and expose hydrophobic 
groups, thereby affecting the ability of powder to absorb water (Zhao 
et al., 2020).

Table 1 
Physicochemical properties of cricket powder (CP).

Properties CP

Protein content (including chitin nitrogen) 72.10 ± 0.61%
Moisture content 4.09 ± 0.22%
Lipid content 31.6 ± 1.54%
Insoluble fiber 24.60 ± 1.45%
Soluble fiber 8.55 ± 4.46%
Soluble protein 7.86 ± 0.16%
Solubility 31.25 ± 0.97%
Water holding capacity 1.08 ± 0.01 (g/g)

* Data obtained from product specification of manufacturer.
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3.2. Rheological properties of SPI-CP blends

Fig. 1A illustrates the complex modulus (G*) of SPI-CP blends with 
varying weight ratios, subjected to high frequency and strain (10 Hz, 
80%) in a closed cavity rheometer at 140 ◦C. In the absence of CP, the G* 
of SPI decreased over time. This trend aligns with our previous research 
on SPI with large soluble aggregates, suggesting that the SPI protein 
degradation exceeded protein aggregation at 140 ◦C (Deng et al., 2023; 
Fu et al., 2023). The G* curves of SPI-CP blends exhibited a similar 
pattern, but the addition of CP accelerated the reduction in G* values, 
likely due to the degradation of highly denatured cricket protein or the 
lubrication effect of lipids (Cheftel et al., 1992). These results indicate 
that the rheological properties of SPI-CP are time-dependent.

Fig. 1B shows dynamic rheological changes of SPI-CP blends during 
heating (40–140 ◦C), isothermal (140 ◦C), and cooling processes 
(140–80 ◦C). The G* of SPI-CP blends decreased as the temperature 
increased during the heating process. The decrease in G* slowed be
tween 70 and 100 ◦C for blends containing 0–30% CP, likely due to 
ongoing protein aggregation and degradation reactions. With higher CP 
additions, the G* decreased rapidly without slowing, suggesting that 
protein aggregation decreased while degradation increased. During the 
cooling process, the G* increased as the temperatures decreased. For 
blends without CP or with 10% CP, the G* values at the end of the 
cooling process (80 ◦C) were similar to those at 80 ◦C during the heating 
process. However, for blends with higher CP additions (20–50%), the G* 
values during the cooling process were much lower than those during 

the heating process, likely attributed to a macroscopic separation caused 
by insoluble fractions and lipid from CP. A similar phenomenon was 
observed in SPI blends with insoluble dietary fibre and in calcium 
caseinate dispersions with fat, where a high proportion of insoluble 
components or fat induced macroscopic separation that disrupted the 
protein continuous structure (Deng et al., 2023; Manski et al., 2008).

3.3. Structural properties of extrudates

The macrostructure of SPI-CP extrudates is shown in Fig. 2. Their 
morphology was examined by manually deforming the samples. Without 
CP, the SPI extrudate showed a homogeneous gel-like structure without 
distinct layers or fibers. When 10% of the SPI was replaced with CP, the 
extrudate formed layers aligned along the extrusion flow direction. At 
20% CP content, a layered structure formed perpendicular to the 
extrusion flow direction. When the CP content was increased to 30%, the 
structure exhibited layered clusters when manually deformed. With 
further CP additions (40% and 50%), the extrudates exhibited a disor
dered or damaged structure.

When the SPI-CP ratio was fixed at 9:1, the influence of varying 
moisture content on macrostructure is shown in Fig. 2B. At 60 wt% 
moisture, the extrudate had a soft texture and a disordered structure. As 
moisture content decreased to 55 wt% and 50 wt%, the extrudates 
developed layered structures in different orientations. The extrudate 
with 55 wt% moisture showed layers perpendicular to the extrusion flow 
direction. At 45 wt% moisture, the extrudates exhibited a harder texture 
and either a disordered structure or layers perpendicular to flow direc
tion. Overall, the SPI-CP blend with a 9:1 ratio and 50 wt% moisture 
content produced the most anisotropic structure.

The mesostructure of SPI-CP extrudates with different ratios of CP 
addition is shown in Fig. 3. The protein appears red after labeling with 
Rhodamine B, while cricket fragments containing chitin appear blue or 
grey after labeling with Calcofluor white. The extrudate without CP 
consisted primarily of protein, which Calcofluor white cannot stain. CP 
with chitin was dispersed in the protein matrix, and their area fraction 
increased with increasing CP addition. These images also showed cracks, 
indicating week spots that were easily damaged during cryosectioning. 
The extrudates with 10% CP displayed a V-shape laminar structure. 
When the CP content was increased to 20% and 30%, the structure with 
filaments became more disordered. Higher CP additions (40% and 50%) 
resulted in a crumbled structure without filaments. Overall, low con
centrations of CP (10–20%) in extrudates acted as dispersed phase and 
enhanced filament formation, while high concentrations of CP 
(30–50%) damaged the structural integrity.

3.4. Tensile properties of extrudates

The macrostructure and mesostructured of extrudate revealed that 
the addition of CP to SPI enhanced anisotropic structure formation 
(Figs. 2 and 3). To evaluate the mechanical strength and anisotropy of 
the extrudates, fracture stress (σ) and strain (ε) were measured in both 
parallel and perpendicular directions (Fig. 4). In the absence of CP, the 
SPI extrudate showed little anisotropy, with an anisotropic index (AI) of 
1.1 for σ and 0.8 for ε, consistent with its homogenous macrostructure 
(Fig. 1). Replacing 10% SPI with CP, increased the AI of σ to 1.4 and ε to 
1.1.

When 20% CP was added, the AI of σ and ε decreased to 0.8 and 1.2, 
respectively, and the σ value decreased significantly in both parallel and 
perpendicular direction compared to the extrudate with 10% CP. This 
trend aligned with findings by Smetana et al. (2018a). who reported that 
a significant reduction in the shear force of extrudates with increased 
cricket protein in both parallel and perpendicular directions to extru
sion. These reduced values suggested that adding CP diminished the 
cohesion of extrudates due to the presence of insoluble components in 
CP. With 30% CP addition, the AI of σ and ε further decreased to 0.7 for 
both, which was attributed to higher σ and ε values in the perpendicular 

Fig. 1. A) Time sweep measurements (80%, 10 Hz) at 140 ◦C and B) temper
ature sweep measurements during heating (40–140 ◦C), isothermal (140 ◦C), 
and cooling processes (140–80 ◦C) for SPI-CP blends with weight ratios of 10:0, 
9:1, 8:2, 7:3, 6:4 and 5:5.
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direction compared to the parallel direction. Similar trends were 
observed in extrudates with 60 wt%, 55 wt% and 45 wt% moisture (data 
shown in Fig. S1), which correlated with the observation of the layers 
orientation seen in Fig. 2B. For the extrudate with 40% CP, no significant 
anisotropy in σ and ε was noted, and the extrudate with 50% CP lacked 
sufficient coherence for tensile testing. These changes in mechanical 
anisotropy at CP levels above 10% were consistent with the morpho
logical observation (Figs. 2 and 3), likely linked to macroscopic sepa
ration due to the insoluble fraction and lipid present in CP.

3.5. Flavor compounds in extrudates

Flavor compounds and their intensities in SPI and SPI-CP extrudates 
(SPI-CP ratio of 9:1) were analyzed using GC/O/MS (Table 2). Fourteen 
flavor compounds were identified in the SPI extrudates, including 

aldehydes (n = 5), alcohols (n = 3), ketones (n = 3), a furan (n = 1), a 
hydrocarbon (n = 1), and a thiophenes (n = 1). Thirteen flavor com
pounds were identified in the SPI-CP extrudates, consisting of aldehydes 
(n = 6), an alcohol (n = 1), pyrazines (n = 2), ethers (n = 2), a furan (n 
= 1), and a phenol (n = 1). The SPI extrudates contained aldehydes, 
alcohols and thiophene, contributed to a stronger green and astringent 
flavor, leading to a beany or off-flavor. With the addition of CP, more 
pyrazines and ethers were detected, giving the extrudate a burnt and 
baked flavor. Moreover, the lipids in CP led to the formation of inter
mediate lipid oxidation products, such as benzaldehyde and 4-ethylben
zaldehyde. Therefore, adding antioxidants during extrusion could be 
recommended for future applications to not only improve the flavor 
profile but also enhance the storage stability of meat analogs (Yuan 
et al., 2023).

CP has garnered increasing attention not only for its high nutritional 

Fig. 2. Macrostructure of SPI-CP extrudates: A) Extrudates with 50 wt% moisture and varying CP content (SPI-CP ratios of 10:0, 9:1, 8:2, 7:3, 6:4 and 5:5); B) 
Extrudates with 10% CP and varying moisture content (60 wt%, 55 wt%, 50 wt% and 45 wt%).

Fig. 3. CLSM images of SPI-CP extrudates with weight ratios of 10:0, 9:1, 8:2, 7:3, 6:4 and 5:5. Red indicates protein; blue/grey indicates cricket fragments with 
chitin. This perpendicular direction is the edge of the extrusion die.
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content but also for its influence on the sensory attributes of food 
products (Carrera et al., 2018). The incorporation of CP in formulations 
significantly impacts taste and flavor, due to the presence of 
flavor-active compounds such as pyrazines and ethers (Kröger et al., 
2022). These compounds contribute to roasted, nutty, and earthy 
aromas, enhancing the sensory appeal of protein-based extrudates. For 

example, pyrazines develop via the Maillard reaction during 
high-temperature processes like extrusion, resulting in desirable toasted 
and savory flavor notes (Sun et al., 2022). These flavor characteristics 
are especially beneficial for improving the taste of SPI extrudates, which 
are often considered bland or unappealing (Yılmaz and Gökmen, 2017).

However, while cricket protein introduces complex and favorable 
flavors, its effect on taste must be carefully controlled. Higher concen
trations of CP can lead to the development of bitter or metallic notes, 
which may negatively affect the overall sensory experience. Research 
indicates that the optimal flavor enhancement occurs when CP is 
included at approximately 10% in SPI-based extrudates. At this con
centration, the desirable roasted and baked flavors from CP are maxi
mized without introducing off-flavors or compromising the structural 
integrity of the product. Above this threshold, insoluble components in 
CP may cause sensory defects, such as overly earthy or bitter tastes, 
potentially reducing consumer acceptance. Thus, precise optimization of 
CP levels is critical for achieving a balance between flavor enhancement 
and overall product quality.

4. Conclusion

The addition of CP enhances anisotropic structure formation, with 
varying effects on structural and mechanical properties depending on 
the CP concentration. Lower concentration of CP (10%) improved 
structural and mechanical anisotropy, whereas higher concentrations 
(20–50%) reduced mechanical strength and coherence, primarily due to 
insoluble components and large crack formation. In terms of flavor, the 
addition of CP introduced more pyrazines and ethers, contributing to a 
desirable burnt and baked flavor profile. These findings indicated that 
CP could enhance the textural properties of SPI-based meat analogs. 
Further optimization of processing technology, including dehydration 
and purification, incorporation levels in SPI blends and extrusion pro
cessing conditions are essential to balance its addition and maximized its 
benefits in improving the textural and mechanical properties of SPI- 
based extrudates.

CRediT authorship contribution statement

Zhaojun Wang: Writing – original draft, Methodology, Formal 
analysis. Qian Deng: Experimental work, Investigation, Data curation, 
Formal analysis, Visualization, Writing – original draft. Yuliang Zhou: 
Experimental work. Xinyue Qi: Data curation, and proofreading. Lee
how Lau: Writing and Proofreading. Yuqiao He: Formal analysis, and 
Figure organization. Zhiyong He: Resources. Maomao Zeng: Re
sources. Qiuming Chen: Resources. Jie Chen: Resources. Hui Ye: 
Writing – review & editing, Conceptualization, Supervision.

Fig. 4. A) Fracture stress and B) fracture strain of SPI-CP extrudates deformed in parallel and perpendicular directions. The ratio of the averaged values measured in 
the parallel and perpendicular directions was used as an indication of the mechanical anisotropy (AI) of the samples.

Table 2 
Flavor compounds and intensity in extrudates.

Compounds Odor 
description

Chemical 
classification

Odor intensity 
of extrudates

SPI SPI- 
CP 
(9:1)

Hexanal Grassy 
aroma

Aldehydes 2.66 2.33

Octanal Lemon scent 3 ns
2-Hexenal, 2-ethyl- Steamed 

aroma
4 3.67

Nonanal Lemon scent 4.33 ns
2-Octenal, (E)- Fatty taste 3 3.33
Benzaldehyde, 4-ethyl- Fatty taste ns 3
2-n-Butylacrolein Spicy aroma ns 3.67
Benzaldehyde Almond 

aroma
ns 2

1-Adamantanol Mushroom 
fragrance

Alcohols 3 2.67

1-Octen-3-ol Moldy taste 4.33 ns
n-Heptadecanol-1 Waxy taste 3 ns

2-Cyclopenten-1-one, 2,3- 
dimethyl-

Roasted 
aroma

Ketones 3.33 ns

trans-3-Nonen-2-one Unripe taste 4 ns
Ethanone, 1-(3- 

butyloxiranyl)-
Floral aroma 2.67 ns

Pyrazine, trimethyl- Bean 
fragrance

Pyrazines ns 2.33

Pyrazine, 3-ethyl-2,5- 
dimethyl-

Toasted 
fragrance

ns 5

Allyl n-octyl ether Sweet 
fragrance

Ethers ns 2.67

Benzeneacetic acid 1-meth
ylethyl ester

Sweet 
fragrance

ns 3.67

Furan, 2-pentyl- Roasted 
flavour

Furans 2.33 2.67

4-[[3-(3,5-Dimethyl-pyrazol- 
1-yl)-[1,2,4]triazol-4- 
ylimino]methyl]-2- 
ethoxy-phenol

Spicy aroma Phenols ns 3

Heneicosane Waxy taste Hydrocarbons 2 ns
Thiophene, 2-pentyl- Bean odor Thiophenes 3.33 ns
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