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A B S T R A C T

Over recent decades, consumer demand has driven meat analogue development. While alternatives to minced 
meat products (e.g. patties and sausages) are widely available, replication of whole-cut meat products remains 
challenging due to their complex structure and composition including muscle fiber bundles as well as fat-rich 
connective tissue, which largely determine appearance, flavor, and texture. In this study, the applicability of 
novel a bi-stream breaker plate system in high-moisture twin-screw extrusion was investigated for the production 
of structurally complex, multi-phase meat analogues. An inline external gelation approach was employed using 
CaCl2-containing protein-mass to solidify alginate-based binders. Protein-mass temperature (100, 120, 140 ◦C), 
binder flow fraction relative to the extrudate (0, 4, 7, 13 wt%), and dispersed oil content in the binder (0, 10, 
20 wt%) were varied independently. Samples were optically assessed (tearing analysis, Cryo-SEM, CLSM) and 
mechanical testing (texture profile analysis, cutting tests). Additionally, the rheological behavior of the protein- 
mass was characterized in dependence of temperature and CaCl2 concentration. Results show predominantly 
homogeneous binder distributions up to protein-mass temperatures of 120 ◦C. Increasing binder fraction did not 
affect its distribution across the extrudate width. Mechanical analysis revealed a continuous decrease in chew
iness (up to 48 % reduction), while anisotropy increased by 40 % upon initial binder incorporation. Increasing 
the dispersed oil fraction reduced chewiness (up to 17 % reduction). Microstructural analysis confirmed that 
binder layers spatially separated protein strands, thereby inhibiting their recombination. This scalable extrusion- 
based process thus represents a promising alternative to 3D-printing, combining protein-rich and oil-rich layers 
into complex structures.

1. Introduction

In recent years, significant progress has been made in the develop
ment of meat product substitutes. As noted by McClements & Grossmann 
(2021), the industry has successfully mastered the production of formed 
products, such as patties, nuggets, and sausages. However, the devel
opment of whole-muscle meat products remains considerably more 
challenging (McClements & Grossmann, 2021; Younis et al., 2023).

Among current processing technologies, extrusion has become the 
dominant industrial method for producing structured plant proteins 
(Vallikkadan et al., 2023). In particular, high-moisture extrusion enables 
the formation of anisotropic protein structures. Several hypotheses have 
been proposed to explain structure formation during this process. These 

include flow-induced alignment of protein molecules and aggregates 
under thermomechanical treatment, phase separation phenomena 
within the protein-mass, as well as gel fracture and subsequent healing 
mechanisms occurring under shear. In addition, water migration pro
cesses such as syneresis during cooling are thought to contribute to the 
stabilization of the final anisotropic structure (van der Sman & van der 
Goot, 2023).

However, despite its effectiveness in generating fibrous structures, 
extrusion-based products often fail to fully replicate the textural prop
erties of real meat, with Mateen et al. highlighting innovative die design 
as a potential strategy to address this limitation (Mateen et al., 2023). 
Sha and Xiong noted the limiting factor in replicating the complex hi
erarchical organization of animal muscle, as well as the associated 
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sensory properties, including the characteristic juiciness perceived 
during consumption (Sha & Xiong, 2020). Dekkers et al. highlight 
bottom-up approaches as having a higher potential to resemble the hi
erarchical meat structure, but also point towards top-down strategies 
(such as extrusion) in terms of robustness, scalability, and resource ef
ficiency (Dekkers et al., 2018). To combine both objectives, recent 
research has increasingly focused on the controlled formation of hier
archical structures during extrusion-based processing (Pernice et al., 
2025; Zheng et al., 2024). Building on this concept, Pernice et al. 
introduced Hybrid Extrusion Printing (HEP), a co-extrusion-based pro
cess utilizing a novel bi-stream breaker plate system designed for the 
continuous production of multi-phase meat analogues (Pernice et al. 
(manuscript under review)). In this configuration, the protein-mass is 
divided into individual streams, while a gelatin-based binder is simul
taneously delivered through dedicated channels between the protein 
streams. This setup not only replicates the length scales of muscle fiber 
bundles but also emulates the functional role of the intermediate con
nective tissue layer. By preventing recombination of adjacent protein 
strands downstream of the breaker plate, the binder promotes the for
mation of a pronounced anisotropic structure while enabling controlled 
release of liquids. HEP therefore offers a combination of advantages. It 
maintains the scalability and throughput of high-moisture extrusion, 
while simultaneously enabling the generation of complex, multi-phase 
structures approaching the spatial precision of 3D printing, thereby 
enhancing both structural anisotropy and liquid release in the resulting 
meat analogues.

While Pernice et al. demonstrated the potential of HEP technology 
for meat analogue production using gelatin as a thermally gelling binder 
(Pernice et al. (manuscript under review)), to the best of our knowledge, 
no study has yet investigated the application of ionically gelling agents 
as a binder within a co-extrusion setup for meat analogues.

Ionically gelling agents such as alginates and pectins are widely used 
in food engineering, representing a particularly relevant class of hy
drocolloids in the context of vegan nutrition. When applied as binders, 
these systems are expected to provide improved process stability, as 
their gelation mechanism is largely independent of temperature gradi
ents. This decoupling is particularly relevant in extrusion processing, 
where temperature strongly governs texturization of proteins. More
over, ionically gelling binders may also contribute to enhanced cooking 
stability, which can be attributed to the same temperature-decoupled 
gelation mechanism.

The present work therefore aims to explore how HEP can be used as a 
novel continuous processing route to generate, for the first time, bi- and 
multiphase extrudates consisting of spatially separated protein-rich 
domains and ionically gelled alginate-based domains. To this end, soy 
protein isolate (SPI) is combined with the divalent cation Ca2+ to induce 
in-process ionic gelation of an alginate-based binder.

To access processing characteristics, pressure during extrusion, 
rheological properties of the protein-mass as well as optical investiga
tion of the spatial distribution of binder between the protein strands was 
used. Product structure is characterized at both the macroscopic and 
microscopic levels using optical methods, including tear images, 
confocal laser scanning microscopy (CLSM), and cryogenic scanning 
electron microscopy (Cryo-SEM). Furthermore, the mechanical proper
ties of the extrudates are investigated using texture profile analysis 
(TPA) to determine chewiness and cutting tests to assess mechanical 
anisotropy.

Guiding this study, we hypothesize that ionically gelling alginate- 
based binders can be uniformly distributed between the protein 
strands and subsequently stabilized via external gelation through 
diffusion of calcium ions from the protein strands. We further propose 
that increasing the binder flow fraction reduces the chewiness of the 
extrudates, while the initial incorporation of the binder enhances 
structural anisotropy. Notably, further increases in the binder flow 
fraction are expected to have only a minor effect on anisotropy, as the 
protein strands are already spatially separated. Finally, the addition of 

oil as a dispersed phase to the alginate-based binder, stabilized with 
Tween 20, is expected to act as an inactive filler, reducing chewiness 
while having little impact on the overall anisotropic structure.

1.1. Background regarding the alginate gelation mechanism

Gelation mechanisms may be classified as either physical or chemical 
in nature, with ionic interactions responsible for alginate gelation being 
categorized as a form of physical crosslinking (Hecht & Srebnik, 2016).

Depending on its source, alginate consists of homopolymeric blocks 
of α-L-guluronate (G blocks) or β-D-mannuronate (M blocks), as well as 
heteropolymeric alternating blocks (MG blocks), with the relative pro
portions of these blocks varying between sources. G blocks are primarily 
responsible for ionic gelation via the egg-box model, first proposed by 
Grant (Grant et al., 1973). This process involves the incorporation of 
multivalent cations, such as calcium ions, and is facilitated by the stiff, 
buckled conformation of the G-block chains (Draget & Taylor, 2011).

The alginate sol/gel transition per se is considered temperature- 
independent (Draget et al., 1997). However, the diffusion coefficient 
in solutions is proportional to temperature (Pilling & Seakins, 2007). 
Consistently, Jeong et al. demonstrated that lowering the gelation 
temperature reduces the diffusion rate of calcium ions, further affecting 
the gelation kinetics (Jeong et al., 2020). With respect to the extrusion 
trials involving inline gelation of alginate upon contact with a hot 
protein-mass, this may contribute to an enhanced gelation process 
compared to gelation at room temperature.

2. Materials and methods

2.1. Materials

SPI (90 wt% protein content, dry basis; moisture < 6 %; pH (5 % 
slurry) = 6.9–7.4; fat < 1 %; ash < 5 % according to the manufacturer) 
was obtained from Solae LLC (St. Louis, MO, USA) and used as the 
protein source. Sodium alginate (Carl Roth GmbH + Co. KG, Karlsruhe, 
Germany; molecular weight 300–350 kDa, mannuronic acid 50–60 %, 
guluronic acid 40–50 %) served as the ionically gelling hydrocolloid for 
the binder (viscosity data shown in Fig. A18). Tap water from Stadt
werke Karlsruhe (Karlsruhe, Germany; 3.2 mmol/l CaCO3) was used 
throughout all experiments. Oil-in-water emulsions were prepared using 
canola oil (Brökelmann + Co. – Ölmühle GmbH + Co., Hamm, Germany) 
and Tween 20 (Carl Roth GmbH + Co. KG) as emulsifier, with Nile Red 
(Carl Roth GmbH + Co. KG) employed to stain the oil phase. Polyvinyl 
alcohol (Mowiol, Carl Roth GmbH + Co. KG) was used for sample fix
ation, and FSC 22 Frozen Section Medium (Leica Biosystems GmbH, 
Nussloch, Germany) for sectioning prior to analysis. Calcium chloride 
(CaCl2⋅2H2O, Carl Roth GmbH + Co. KG) was applied to induce alginate 
gelation. The food colorant E 131 (Indigo Carmine, Schumann & Sohn 
GmbH, Karlsruhe, Germany) was used to color the alginate solution 
during extrusion.

2.2. Binder preparation

The binder formulations were prepared with rapeseed oil concen
trations of 0, 10, and 20 wt% relative to the total binder mass for the 
extrusion trials as well as for gelation of binder samples as standalone 
gels. In the binder intended for extrusion trials, the rapeseed oil was 
additionally stained with Nile Red at a concentration of around 
0.00002 wt% for analysis via confocal laser scanning microscopy 
(CSLM).

For the oil-containing formulations, Tween 20 (5 wt% relative to the 
total binder) was first dissolved in water. A pre-emulsion was subse
quently formed using an Ultra-Turrax (T25 digital, IKA-Werke GmbH & 
Co. KG, Germany) in a 500 ml beaker at 5200 rpm for 5 min. To obtain a 
fine emulsion, this mixture was further processed in a high-pressure 
homogenizer (Shear-Jet HL60 V2, Dyhydromatics LLC, USA) in a 
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single-pass configuration at 345 bar using a Y-unit. In the final step, 
sodium alginate was incorporated. For the 10 and 20 wt% oil formula
tions, alginate was added to the emulsion, whereas for the oil-free 
control, it was added to water. In all formulations the alginate concen
tration relative to the water phase was 2.6 wt%. The compositions of the 
binder formuations are summarized in Table A1. All formulations were 
subsequently mixed using an Ultra-Turrax T25 digital high-speed ho
mogenizer in 500 ml beakers at 8000 rpm for 10 min to ensure homo
geneous distribution of the alginate.

2.3. Extrusion trials

For the extrusion trials, a co-rotating twin-screw extruder (Process 
16, Thermo Fisher Scientific GmbH, Karlsruhe, Germany) was used. The 
extrusion adapter, equipped with a pressure sensor, was followed by the 
bi-stream breaker plate system and a cooling die with a length of 
320 mm. The bi-stream breaker plate system used in this work repre
sented a scaled-up version of the system previously described by Pernice 
et al. (Pernice et al. (manuscript under review)). It comprised a plate 
carrier housing a first breaker plate (plate 1) for distributing the protein- 
mass, and a second plate (plate 2) for introducing and distributing the 
binder as illustrated in Fig. A13. Fig. 1 shows plate 2, illustrating the 
hole and channel arrangement relative to the cooling die flow area 
(28 mm in width and 6 mm in height). Binder distribution channels 
(light grey) guided the binder to predefined positions between the 
protein holes (red, 1 mm in diameter), while dedicated binder holes 
(blue, 0.5 mm in diameter) enabled its discharge into the downstream 
cooling die, the flow area of which is indicated in dark grey.

In all trials, a constant screw speed of 100 rpm was applied using a 
manufacturer-recommended standard high-moisture screw configura
tion. To achieve predefined protein-mass temperatures of 100, 120 and 
140 ◦C, the first four segments of the screw section were set to 30, 50, 70 
and 90 ◦C, respectively, while the subsequent segment temperatures, 
including the adapter set temperature, were adjusted individually for 
each operating condition. The cooling die temperature was maintained 
at 50 ◦C using a recirculating thermostat (Glacier G50, Thermo Fisher 
Scientific, Karlsruhe, Germany). Samples were vacuum-sealed directly 
after extrusion and frozen in a static freezer.

The protein-mass processed in the extruder consisted of 0.78 kg h− 1 

of SPI, dosed gravimetrically using a twin-screw feeder (DDSR20, Bra
bender Technologie GmbH, Duisburg, Germany), and 1.22 kg h− 1 of a 
salt solution containing 1.7 wt% CaCl2, supplied via a peristaltic pump 
(Masterflex L/S, Cole-Parmer, Vernon Hills, IL, USA). The binder was 
introduced into the breaker plate using an eccentric screw pump 

(3VHD12, ViscoTec Pumpen-und Dosiertechnik GmbH, Töging a. Inn, 
Germany) at flow rates of 0.08, 0.15, and 0.3 kg/h. With a density of 
1010 kg m− 3 for the alginate solution, these flow rates correspond to 4, 
7, and 13 wt% of the final extrudate.

2.4. Rheological measurements

Rheological measurements were performed to characterize the 
protein-mass regarding the influence of a varied CaCl2 content and 
temperature on the complex modulus. Evaporation of water could be 
suppressed performing the measurements under pressure by utilizing a 
closed cavity rheometer (CCR) (RPA Elite, TA Instruments Inc., New 
Castle, DE, USA). Prior to the measurements, aqueous CaCl2 solutions 
were prepared and subsequently mixed with SPI to achieve a constant 
water-to-SPI ratio of 56 to 44, with CaCl2 concentrations of 0, 1, and 2 wt 
% in the final mixtures. For protein hydration, the mixtures were 
vacuum-sealed and incubated at 4 ◦C for a minimum of 12 h. The 
temperature-dependent data were obtained via amplitude sweep tests 
conducted at a constant frequency of 5 Hz over a deformation range of 
1–200 %. The reported data were collected at a strain amplitude of 4 %, 
ensuring that all measurements remained within the linear viscoelastic 
regime.

2.5. Mechanical analysis

2.5.1. Cutting test and inference of anisotropy
For the cutting tests, a modified method based on Osen et al. and 

Chen et al. was applied (F. L. Chen et al., 2010; Osen et al., 2014). Prior 
to testing, extrudates were thawed and cut to a length of 28 mm to 
obtain a uniform, square cross-section in top view. Measurements were 
performed using a ZwickiLine Z2.5 TX (ZwickRoell, Ulm, Germany) 
equipped with a 3 mm thick aluminium blade featuring a bevel angle of 
33.4◦. The samples were subsequently cut at a constant speed of 
2 mm s− 1, with the blade oriented both orthogonal and parallel to the 
extrusion direction up to a deformation of 85 %, with six replicates 
performed for each orientation. Maximum forces of both testing di
rections were evaluated (Fmax, orthogonal and Fmax, parallel). The anisotropy 
index (AI) was then calculated as the ratio of both quantities according 
to Equation (1): 

AI=
Fmax,orthogonal

Fmax,parallel
Equation 1 

2.5.2. TPA and derivation of chewiness
The measurements were performed using a rheometer (HAAKE 

Fig. 1. Schematic illustration of plate 2 in the bi-stream breaker plate system seen from the screw section side.

L. Pernice et al.                                                                                                                                                                                                                                  Food Hydrocolloids 184 (2027) 113280 

3 



MARS 60 Rheometer, Thermo Scientific Inc., Karlsruhe, Germany) 
equipped with a parallel plate geometry, with six replicates per condi
tion. Cylindrical samples (15 mm in diameter) were punched from the 
center of thawed extrudates. A double compression test was conducted 
at a crosshead speed of 0.25 mm/s. Each compression cycle was per
formed to 25 % strain relative to the sample height at the beginning of 
the respective compression, with a 2 s interval between the first 
decompression and the second compression. Chewiness was calculated 
according to Equation (2), where Fmax,1 denotes the maximum force 
during the first compression. Moreover, the areas under the force-time 
curves for the first and second compression (Ac,1 and Ac,2) and decom
pression cycles (Ad,1 and Ad,2) as well as the durations of the first and 
second compression (tc,1 and tc,2) were taken into account. The applied 
Equation (2) is in accordance with the one described by Dunne et al. 
(Dunne et al., 2025). 

Ch= Fmax,1

(
Ac,2 + Ad,2

)
tc,2

(
Ac,1 + Ad,1

)
tc,1

Equation 2 

2.5.3. Determination of Young's modulus of standalone binder gels
Binder formulations containing 0, 10, and 20 wt% oil were gelled via 

external gelation. To this end, two filter papers were soaked in a pre- 
prepared CaCl2 solution (approx. 18 wt%) for 5 min and placed in a 
Petri dish (10 cm in diameter). Subsequently, 40 g of each binder 
formulation was poured into the Petri dish and allowed to gel for 2.5 h. 
After this initial gelation period, the filter papers were removed and the 
released syneresis water was decanted. The samples were then incu
bated for an additional 1.5 h to ensure complete gelation.

Subsequently cylindrical samples (9 mm in diameter) were punched 
out. Compression trials were carried out via a rheometer (HAAKE MARS 
60, Thermo Fisher Scientific GmbH, Karlsruhe, Germany) equipped with 
a plate–plate geometry. The compression speed was 0,5 mm/s. Young's 
modulus was calculated from the strain ranging from 0.1 to 0.2 using a 
linear fit.

2.6. Optical analysis

To investigate the samples structural properties, tear analysis, Cryo- 
SEM, and CLSM were applied.

2.6.1. Tearing analysis
Thawed extrudates were cut to samples of 30 mm length and the top 

layer of protein strands was removed from the sample. Images of the 
revealed structure were captured in top view. For the variation in binder 
flow fraction, the mean color was quantified by analyzing the images 
using Fiji software (Fiji (ImageJ), NIH, Bethesda, MD, USA) in the 
CIELAB color space. Additionally, for each extrusion condition, an in
dividual protein strand was photographed to reveal its shape and 
macroscopic morphology.

2.6.2. Cryo-SEM
Cryo-SEM imaging was carried out to gain an even deeper insight on 

the microstructure of the extrudates. For top-view analysis along the 
extrusion direction the top layer of each of selective extrudates was 
removed with forceps. Further sample preparation involved cutting the 
sample into small pieces of approximately 80 x 80 × 40 mm, and gluing 
them onto a plane cryo transfer shuttle with a 1:1-mixture of colloidal 
graphite (Agar Scientifc Ltd., Rotherham, UK) and Tissue-Tek O.C.T. 
compound (Sakura Tissue Tek, Tokyo, Japan). For “front view” analysis 
the extrudate stripes were cut into thin slices with a thickness of 
approximately 2 mm and mounted with the cross-section on top onto the 
shuttle. After plunge-freezing in nitrogen slush (T = − 210 ◦C), each 
sample was instantly transferred to the pre-cooled (T = − 135 ◦C) Polar 
Prep 2000 cryo preparation system (Quorum Technologies, Laughton, 
UK) and sublimated for 15 min at − 90 ◦C in order to remove residual ice 
contamination on the surface and to reveal the morphological features of 

protein and binder phase. After being sputter-coated with platinum in an 
Argon atmosphere for 30 s (10 mA current) and final transfer to the also 
pre-cooled cryo-stage inside the Quanta 250 FEG SEM (FEI, Brno, Czech 
Republic), imaging was carried out at − 135 ◦C with an acceleration 
voltage of 10 kV under high vacuum (~3 ⋅ 10− 7 mbar). The analysis of 
each extrudate was carried out in duplicate and at least five fields per 
protein and/or alginate phase were viewed with varying magnifications 
from 50× up to 5 000x.

2.6.3. CLSM
Prior to analysis, thin slices (60 μm) were prepared from extrudate 

samples containing 20 wt% oil in the binder in top view using a cryo- 
microtome (Leica Biosystems GmbH, Nussloch, Germany) at − 20 ◦C. 
Samples were mounted on the specimen holder using a sectioning 
medium.

The obtained slices were subsequently fixed on glass slides using 
Mowiol and covered with cover slips. The prepared samples were then 
analyzed using a confocal laser scanning microscope (TCS SP5, Leica 
Microsystems GmbH, Wetzlar, Germany) equipped with a UV laser 
diode with 405 nm excitation and an argon laser, of which the 516 nm 
excitation line was used. For the localization of the protein phase, 
fluorescence was detected between 400 and 500 nm, whereas the oil 
phase fluorescence was detected between 600 and 700 nm. With a 10×
objective, z-stacks with 2.39 μm slice thickness were recorded and 
reconstructed into three-dimensional images using Fiji software (Fiji 
(ImageJ), NIH, Bethesda, MD, USA).

2.7. Statistical analysis

For statistical analysis of the presented data, a one-way ANOVA 
followed by Tukey's post hoc test (p < 0.05) was performed using Ori
ginPro 2023 (OriginLab Corporation, Northampton, MA, USA).

3. Results and discussion

The aim of the present study is to incorporate an ionically gelled 
binder into protein systems to form bi- or multi-phase, complex struc
tured extrudates. For this purpose, different weight ratios of binder to 
protein-mass were investigated. Additionally, binders containing vary
ing contents of dispersed oil were examined. The samples were char
acterized with respect to their structure as well as their mechanical 
properties. Chewiness was used as a measure to describe texture. Cutting 
forces and the resulting AI were used to quantify the directional 
dependence of the mechanical properties. Prior to investigating the ef
fects of varying binder flow rates and dispersed oil fractions, the protein- 
mass temperature was selected as a key process parameter. Based on 
previous findings, this parameter was identified as critical for extrusion 
process stability. Therefore, the study begins with an investigation of 
protein-mass temperature and its impact on extrusion stability and 
visible structure at a constant binder flow fraction.

3.1. Variation of protein-mass temperature

Fig. 2 shows extrudates in top view, with the upper row depicting 
samples whose surface layer was removed to expose the internal struc
ture, and the bottom row presenting manually isolated individual pro
tein strands. The protein-mass temperature was set to 100, 120 and 
140 ◦C, while the binder flow fraction was kept constant at 13 wt%.

At all temperatures, individual protein strands are clearly visible and 
the manual separation from the extrudates was possible. At 100 and 
120 ◦C, the extrudates display a largely homogeneous distribution of the 
blue-stained binder surrounding the protein strands across the entire 
cross-sectional width. In contrast, at 140 ◦C a pronounced in
homogeneity is observed, characterized by the absence of binder in the 
central region of the extrudate.

A possible explanation for the inhomogeneity observed at 140 ◦C 
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may be the obstruction of binder holes and distribution channels in the 
radial center of plate 2 of the bi-stream breaker plate geometry by the 
protein-mass. One reason for the facilitated intrusion of protein-mass 
into these binder pathways at 140 ◦C compared to 100 and 120 ◦C 
could be the decreasing viscosity with increasing temperature. This 
rheological behavior of SPI-water systems has been extensively inves
tigated for SPI–water systems by various authors like (Ellwanger et al., 
2025; Wittek, Ellwanger, et al., 2021). However, no data are available 
for concentrated SPI-water systems with CaCl2 added to the mixture. 
Therefore, additional rheological experiments were conducted to 
investigate the influence of varying CaCl2 content on rheological 
behavior of the protein-mass. All extrusion trials however were con
ducted with the protein-mass containing 1.1 wt% CaCl2.

Fig. 3 shows the complex modulus as a function of protein-mass 
temperature for samples containing 0, 1, and 2 wt% CaCl2. Data 
points were derived from amplitude sweep tests. A strain of 4 % was 
identified within the linear viscoelastic regime and used for data eval
uation. The experiments were conducted at 100, 120 and 140 ◦C.

The results suggest a lowered complex modulus for increased 
protein-mass temperature as expected. However this effect became less 
pronounced with raised CaCl2 concentration.

The observed behavior can be attributed to enhanced protein ag
gregation with increasing Ca2+ concentration. A major contributing 
factor is the increased electrostatic screening of repulsive surface 
charges at higher ionic strengths, which diminishes intermolecular 
repulsion and facilitates molecular association (Müller et al., 1996). 

Furthermore, divalent calcium ions could promote ion bridging between 
negatively charged functional groups of neighboring protein molecules. 
Both mechanisms could contribute in the mitigation of the 
temperature-induced viscosity reduction. Similar calcium-mediated 
crosslinking mechanisms are employed in tofu manufacturing, where 
divalent cations induce protein gelation (Kohyama et al., 1995). In 
summary, the rheological experiments demonstrate a decrease in vis
cosity with increasing temperature, even in the presence of salt, indi
cating reduced flow resistance.

Consequently, the intrusion of the protein-mass into the binder holes 
and distribution channels is likely facilitated at elevated temperatures. It 
could be argued that the obstruction of the binder holes is a consequence 
of pressure build-up at the location of the breaker plate system, which 
could no longer be handled by the eccentric screw pump. However, in 
the extrusion trials conducted at elevated protein-mass temperatures, a 
lower pressure drop is expected during passage through the extruder 
adapter, the bi-stream breaker plate, and the cooling die. This trend is 
reflected in the pressure measured in the adapter during the extrusion 
trials (Fig. A14), which decreases from 10 bar at 100 ◦C to 7.5 bar at 
140 ◦C. Moreover, even the highest measured pressure of 10 bar remains 
well below the manufacturer-specified maximum pressure rating of the 
pump (25 bar). However, it should be noted that the pressure measured 
in the adapter is influenced by several interacting factors and cannot be 
attributed solely to the rheological behavior of the protein-mass. 
Instead, these factors could include the gelation kinetics of the 
alginate-based binder and lubrication effects arising from the presence 
of the binder phase between the cooling die wall and the protein strands. 
In particular, spatial variations in binder coverage of the protein might 
reduce lubrication efficiency and increase frictional resistance. 
Furthermore, higher protein-mass temperatures at the adapter are ex
pected to enhance heat transfer to the cooled die walls. This effect would 
result in a gradual convergence of viscosity and flow behavior between 
the protein streams of different inlet temperatures along the cooling die. 
The final explanation considered here can be regarded as a combination 
of the mechanisms discussed above. Due to the fastest cooling occurring 
directly at the die wall, temperature gradients across the flow cross- 
section may develop downstream of the breaker plate system, result
ing in locally varying flow properties. The larger the temperature dif
ference between the cooling die and the protein-mass temperature, the 
more pronounced the initial temperature gradient is expected to be. 
These inhomogeneous temperature and flow conditions, with lower- 
viscosity protein-mass streams flowing in the radial center, could lead 
to preferential obstruction of the binder holes in the radial center of the 
bi-stream breaker plate. According to the law of continuity, the binder 
flow would consequently be redirected towards the available channels 
in regions with a greater distance from the radial center of the flow 
cross-section of the breaker plate system. This effect could become self- 
amplifying, potentially resulting in a situation where little to no binder 
is distributed in the radial center of the cooling die flow cross-section. To 
determine whether one of the proposed mechanisms described here, or 
an alternative mechanism, is the predominant one, further dedicated 
studies are required.

Concluding, across all tested temperatures, an alginate-based binder 

Fig. 2. Top-view images of the extrudates, with the top layer removed (top row) and an isolated protein strand (bottom row), showing protein-mass temperatures of 
100, 120 and 140 ◦C. The binder flow fraction was maintained at 13 wt%, with no oil incorporated into the binder. The extrusion direction is from left to right.

Fig. 3. Complex modulus |G*| at different protein-mass temperatures (100, 
120, and 140 ◦C) for samples containing 0 wt% CaCl2 (black squares), 1 wt% 
CaCl2 (green triangles), and 2 wt% CaCl2 (blue circles). (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web 
version of this article.)
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could be introduced via the bi-stream breaker plate and subsequently 
solidified in the cooling die through external ionic gelation. At 100 ◦C 
and 120 ◦C, the binder was predominantly distributed uniformly be
tween the protein strands across the extrudate cross-section. Thus, the 
initial hypothesis is confirmed, with the qualification that at 140 ◦C the 
binder distribution was inhomogeneous across the extrudate cross- 
section, leaving the radial center devoid of binder. Temperature 
related viscosity reduction and thereby facilitated intrusion of protein- 
mass to the binder holes is proposed as possible explanation. For the 
variation of the ratio of the binder flow rate to the total extrudate flow 
rate, a protein-mass temperature of 120 ◦C was used.

3.2. Variation of the binder flow fraction

Fig. 4 shows extrudates in top view, with the upper row depicting 
samples with the surface layer removed to expose the internal structure, 
and the bottom row presenting a manually isolated individual protein 
strand. The binder flow fraction varied from 0 (control) to 4, 7 and 13 wt 
%.

At all binder flow fractions from 4 to 13 wt%, the binder exhibited a 
gelled state at the outflow of the cooling die which is further supported 
by trials on the gelation kinetics (Appendix 4.1). As expected, a distinct 
color change of the extrudates is visible and is quantified in Table A2. 
The control sample exhibits a reddish-yellowish appearance. This color 
shifts over green to a blue with increasing binder stream concentration. 
Moreover, a homogeneous distribution of the binder between the pro
tein strands was observed for all binder flow fractions. No pronounced 
changes in the winding morphology of the individual protein strands 
were detected. Remarkably, however, the strands in the control sample 
appeared to exhibit sharper edges along their winding structure.

Flow instabilities of the protein strands appear to be only weakly 
influenced by the binder flow fraction. Even in the control sample, 
which served as reference, winding structures were observed. This 
suggests that the underlying behavior is likely dominated by effects 
unrelated to the binder. One explanation, previously discussed in our 
work (Pernice et al. (manuscript under review)), is the relaxation 
behavior of the protein-mass, where non-relaxed material may experi
ence elastic recoil upon exiting the holes of the breaker plate. Another 
possible mechanism is gel fracture upon entering the protein holes of 
plate 1, as previously reported by Ellwanger et al. for similar optical 
phenomena observed in capillary rheology experiments (Ellwanger 
et al., 2025). Subsequent recombination of gel fragments in a rear
ranged or irregular manner after passing through the bi-stream breaker 
plate could explain the uneven, winding surface of the strands. The 
sharper edges observed in the windings can be attributed to the 

buffering effect of the binder during changes in strand direction. In the 
absence of the binder, these edges would accordingly appear more 
pronounced.

To evaluate the effect of the variation of the binder flow fraction 
variation on mechanical properties, a TPA was conducted. Chewiness 
was used as the evaluation parameter and calculated according to 
Equation (2). The results are presented in Fig. 5 for varied binder frac
tions from 0 to 13 wt%.

The results show a continuous, statistically significant decrease in 
chewiness of up to 48 % with increasing binder content. This can be 
explained by the higher proportion of the binder to protein strands, the 
mechanically weaker component of the extrudate.

Moreover, mechanical anisotropy was calculated from the cutting 
forces measured orthogonal and parallel to the extrusion direction ac
cording to Equation (1). The results are depicted in Fig. 6. Initial 
incorporation of the binder led to a significant reduction in cutting force 
orthogonal and perpendicular to the extrusion direction. However, 
further increases in the binder flow fraction did not result in additional 
decreases in cutting force. Accordingly, despite the relatively high 
standard deviations, the AI showed a noticeable increase upon the initial 
incorporation of the binder by 40 %, with no further increase observed 
at higher binder flow fractions.

Fig. 4. Top-view images of the extrudates, with the top layer removed (top row) and an isolated protein strand (bottom row), showing binder flow fractions of 0, 4, 7, 
and 13 wt%. The protein-mass temperature was maintained at 120 ◦C, with no oil incorporated into the binder. The extrusion direction is from left to right.

Fig. 5. Chewiness for binder flow fractions from 0 to 13 wt%. The protein-mass 
temperature was maintained at 120 ◦C, with no oil incorporated into the 
binder. Statistically significantly different groups are indicated by lower
case letters.
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The reduction observed upon initial binder incorporation is attrib
uted to an increased spatial separation of protein strands, which likely 
inhibits their reconnection via gel-healing mechanisms, which are 
known to play a critical role in the structuring of high-moisture meat 
analogues (van der Sman & van der Goot, 2023). The reduced 
inter-strand reconnection indicated here is consistent with the findings 
of Pernice et al., where we reported similar effects when using gelatin as 
a thermally gelling binder (Pernice et al. (manuscript under review)). 
The absence of pronounced changes at higher binder flow fractions 
further agrees with our recent observations, suggesting that the under
lying mechanism is largely independent of the specific hydrocolloid 
used. Instead, the dominant factor appears to be the physical separation 
of protein strands by the binder, an effect determined not by the 
chemical nature of the binder but by its presence as a distinct spatial 
phase. This principle, where the major effect is governed by the spatial 
presence of the binder rather than its quantity, applies not only to the AI 
but also to the extrusion pressure in the adapter, for which the most 
pronounced pressure drop was observed between 0 and 4 wt% binder 
flow ratio, as shown in Fig. A15 across varying binder flow fractions. It 
can be concluded that a binder layer surrounding the outer protein 
strands reduces friction at the inner wall of the cooling die channel. The 
slight further decrease in pressure loss observed at higher binder flow 
fractions can be explained by the assumption that the lubricating effect 
is expected to be most pronounced in the still-liquid, ungelled state. This 
is attributed to the formation of a thicker binder layer between the outer 
protein strands and the inner wall of the cooling die, which delays 
gelation and therefore reduces friction over a longer distance down
stream of the breaker plate system compared to lower binder flow 
fractions. Apart from reduced inter-strand reconnection due to spatial 
separation induced by initial binder incorporation, a possible explana
tion for the reduction of the AI upon binder addition is the cooling of the 
protein streams upon contact with the binder. The binder inlet tem
perature is close to room temperature and is therefore substantially 
cooler than the protein-mass. This might induce local cooling effects that 
are expected to affect protein mobility and inter-strand interactions. 
Furthermore, this could explain the seemingly minor influence of binder 

type, as similar temperature differences were also present in the study by 
Pernice et al. (Pernice et al. (manuscript under review)). Despite gelatin 
being introduced at moderately elevated temperature (50 ◦C), this was 
still well below the protein-mass temperatures.

We further propose that increasing the binder flow fraction reduces 
the chewiness of the extrudates, while the initial incorporation of the 
binder enhances structural anisotropy. Notably, further increases in the 
binder flow fraction are expected to have only a minor effect on 
anisotropy, as the protein strands are already spatially separated.

In conclusion, our hypothesis regarding the variation of the binder 
flow fraction can be largely confirmed. Chewiness decreased progres
sively with increasing binder flow fraction, while the cutting forces were 
primarily influenced by the initial incorporation of the alginate binder. 
Although no definitive conclusion can be drawn regarding the AI due to 
the high standard deviations, the initial incorporation of the binder 
showed a tendency towards a higher AI value.

3.3. Variation of dispersed phase ratio

Fat content is widely recognized as an important factor in food 
processing, particularly in meat and meat analogues, where it contrib
utes to flavor development and perceived juiciness. In meat, lipids are 
primarily located within the connective tissue between muscle fiber 
bundles. We therefore investigated how oil dispersed in the binder phase 
affects the response of the resulting extrudates to mechanical stresses as 
indicated by chewiness and mechanical anisotropy. Addtionally, the 
overall structure of the resulting extrudates was visually evaluated and 
the impact of an oil-containing binder phase on process stability was 
monitored.

Fig. 7 shows extrudates in top view, with the upper row depicting 
samples whose surface layer was removed to expose the internal struc
ture, and the bottom row presenting a manually isolated individual 
protein strand. The dispersed phase fraction was varied from 0 to 20 wt 
% in increments of 10 wt%.

At dispersed phase contents of 10 and 20 wt%, no additional staining 
of the binder was required, as the dispersed phase itself imparted a 
whitish coloration. For all dispersed phase fractions, the binder was 
distributed largely homogeneously between the protein strands across 
the width of the extrudate. However, slight inhomogeneities were 
observed, with somewhat higher binder concentrations in the peripheral 
regions of the extrudates.

The whitish color of the binder creates a contrast between the protein 
strands and the binder, resulting in a visually marbled appearance. In 
animal meat, marbling primarily occurs between muscle fiber bundles 
due to lipid deposition in the connective tissue surrounding the bundles 
(perimysium) (Lawrence et al., 2012). Based on the qualitative inspec
tion of the samples shown in Fig. 7, process stability appeared to be only 
marginally affected by the addition of the dispersed phase, likely 
because the oil was incorporated within the binder and therefore did not 
come into direct contact with either the inner wall of the cooling die or 
the protein strands. These findings are supported by the extrusion 
pressure measured in the adapter, where no clear impact of varied oil 
content on the pressure measured in the adapter could be seen 
(Fig. A16).

Chewiness, presented in Fig. 8 for varying oil contents in the binder, 
decreased significantly as the oil fraction increased from 0 to 20 wt% by 
approximately 17 %. Although minor structural changes in binder dis
tribution with increasing oil content were observed (Fig. 7), these effects 
were comparatively small. Therefore, the reduction in chewiness is more 
likely caused by changes in binder composition, specifically the oil 
fraction, rather than by alterations in spatial distribution.

To further investigate this effect, an additional experiment was 
conducted using pre-gelled binder material, prepared as separate 
standalone gels. Compression tests were performed on these materials 
containing 0, 10, and 20 wt% oil relative to the total binder. Fig. A19
presents the Young's modulus as a function of the oil content in the 

Fig. 6. Orthogonal and parallel cutting forces (Fmax, dark and light green col
umns, respectively) and the resulting AI (red points) are plotted against the 
binder flow fraction. The binder flow fraction was varied from 0 to 13 wt%. The 
protein-mass temperature was maintained at 120 ◦C, with no oil incorporated 
into the binder. Statistically significantly different groupsare indicated by 
lowercase letters for orthogonal measurements and by lowercase letters with a 
prime (′) for parallel measurements. (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of 
this article.)
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binder.
It is well established that droplets with non-reactive interfaces tend 

to reduce gel strength. Droplets embedded in this manner are often 
referred to as inactive fillers (Dickinson & Chen, 1999; Van Vliet, 1988). 
In our experiment, a consistently significant reduction of the Young's 
modulus with increasing oil content in the binder was observed. We 
therefore conclude that the rapeseed oil droplets in our binder gel, sta
bilized by Tween 20 and dispersed within an alginate gel matrix, 
behaved as inactive fillers. This conclusion is further supported by Chen 
et al., who reported a decrease in fracture force with increasing oil 
content in Tween 20-stabilized, alginate-based gels and attributed this 
behavior to the oil droplets acting as inactive fillers (H. Chen et al., 
2021). It is important to note that the gelation conditions of the stand
alone gels presented in Fig. A19 substantially differ from those of the 
inline gelation process occurring during the extrusion experiments. 
Therefore, direct comparisons between the mechanical properties of the 
standalone gels and the extrudates are not appropriate. The results ob
tained from the standalone gels can only be used to compare the relative 
differences in Young's modulus among the different gel formulations 
equal gelling conditions. In conclusion, the response of the binder to 
mechanical stress can be modulated via the addition of a dispersed 
phase, thereby further affecting the chewiness of the binder-containing 
extrudates.

The cutting tests shown in Fig. 9 revealed no significant differences 
in the maximum forces parallel and orthogonal to the extrusion direc
tion. Being calculated from these values, the AI shows no clear trend 
with varying dispersed phase fraction.

Minor variations observed in the AI are attributable to measurements 

parallel to the extrusion direction, where differences in dispersed phase 
content seem to have a slight effect. In contrast, when cutting orthogonal 
to the extrusion direction, the force-bearing elements of the material are 
the protein strands, whose cumulative cross-sectional area theoretically 
remains constant due to an unchanged binder flow fraction.

In conclusion, the addition of dispersed oil had no clear impact on 
mechanical anisotropy while changing chewiness towards lower levels 
which was attributed to the oil having a network weakening effect in the 
binder.

3.4. Microstructural observations

The overall properties of foods largely depend not only on their 
overall composition but also on the spatial distribution. To investigate 
the spatial distribution and microstructure of the protein matrix, algi
nate binder and oil within this binder, Cryo-SEM and CLSM was 
employed. Additional Cryo-SEM as well as SEM data sets are published 
as separate open-access data publication on the OpenAgrar repository 
(Hetzer & Pernice, 2026).

Fig. 10 presents Cryo-SEM images of control samples (0 wt% binder 
flow fraction) as a three-step magnification series, with top views 

Fig. 7. Top-view images of the extrudates, with the top layer removed (top row) and an isolated protein strand (bottom row), showing dispersed phase fractions of 0, 
10 and 20 wt%. The protein-mass temperature was maintained at 120 ◦C and the binder flow fraction at 13 wt%. The extrusion direction is from left to right.

Fig. 8. Chewiness for varied oil contents in binder from 0 to 20 wt%. The 
protein-mass temperature was maintained at 120 ◦C and the binder flow frac
tion at 13 wt%. Statistically significant differences are indicated by lower
case letters. Fig. 9. Orthogonal and parallel cutting forces (Fmax, dark and light green col

umns, respectively) and the resulting AI (red points) are plotted against the oil 
content in the binder. The dispersed phase fraction was varied from 0 to 20 wt% 
oil. The protein-mass temperature was maintained at 120 ◦C and the binder 
flow fraction at 13 wt%. Statistically homogeneous groups are indicated by 
lowercase letters for orthogonal measurements and by lowercase letters with a 
prime (′) for parallel measurements. (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of 
this article.)
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showing the upper layer of protein strands removed (left) and cross- 
sectional front views revealed by cutting (right). In the overview, gaps 
running transverse to the flow direction can be observed within the 
winding protein strands. These gaps may originate from water-rich re
gions within the protein matrix, a phenomenon previously described by 
Wittek et al. in the context of morphology development (Wittek, 
Ellwanger, et al., 2021; Wittek et al., 2021). In front view, material 
bridges connecting individual strands are visible, indicating partial 
recombination of protein strands after extrusion. Higher magnification 
images highlight the compact appearance of the extruded protein, 
consistent with observations reported in previous studies using SPI 
under high-moisture extrusion conditions (Deng et al., 2023; Wang 
et al., 2022; Zang et al., 2025).

In contrast to the control samples shown in Figs. 10 and 11 presents 
extrudates containing an alginate binder between the protein strands.

In the overview (top row), sheet-like layers of alginate clearly 
separate the protein strands. At higher magnifications focusing on the 
binder phase, the alginate network becomes increasingly visible, 
revealing structures that in the frozen state were filled with ice; this 
exposure is likely facilitated by sublimation during Cryo-SEM sample 
preparation. The transition from a thin alginate sheet to the exposed 
network is particularly apparent on the left side of the top-view image, 
where both features are present, with higher magnification in Fig. A17. 
At the highest magnification of the front view, a distinct directional 
orientation of the alginate network was observed. Although liquid ni
trogen slush was used to freeze the samples prior to analysis, these 
orientations could be artefacts arising from the initial alignment of ice 
crystals during freezing or potentially from subsequent rearrangements 
within the frozen state.

To visualize the microstructure of extrudates containing dispersed oil 

Fig. 10. Cryo-SEM images presented as a three-step magnification series of control samples (0 wt% binder flow fraction, protein-mass temperature of 120 ◦C), shown 
in top view with the upper layer of protein strands removed (left) and in front view revealed by cutting (right).
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in an alginate-based binder, Fig. 12 presents a CLSM image (top row) of 
a sample with 20 wt% oil in the binder. A z-stack analysis was applied to 
resolve the three-dimensional distribution of the oil phase. The protein 
matrix is shown in green, while the stained oil phase appears in red. In 
the bottom row, a Cryo-SEM image provides a magnified view of the 
microstructural embedding of the oil within the alginate network.

The images indicate that the oil is predominantly located within the 
interstitial spaces between protein-rich regions. This is complementary 
to the findings of previous studies, such as Opaluwa et al., who reported 
oil encapsulation directly within the protein matrix when oil was 
incorporated in the screw section of the extruder (Opaluwa et al., 2024). 
The Cryo-SEM image confirms the encapsulation of oil droplets within 
the gel network. The distribution of dispersed and encapsulated oil 
within the alginate network, together with its spatial separation from 

protein-rich regions observed in the present study, could contribute to 
enhanced initial liquid release during consumption and, consequently, 
an improved perception of juiciness in high-moisture meat analogues. 
To evaluate this hypothesis, future studies should focus on a detailed 
investigation of how the composition of the binder phase influences 
compressive liquid release and perceived juiciness.

4. Conclusion

In this study, an alginate-based binder stream was successfully 
introduced into high-moisture extruded protein-mass to spatially sepa
rate strands of SPI. In order to do so, a novel bi-stream breaker plate 
system was employed. The breaker plate broke up the concentrated 
protein-mass and allowed for the dosing of binder streams at different 

Fig. 11. Cryo-SEM images of extrudates, presented as a three-step magnification series, with the binder accounting for 13 wt% of the overall extrudate. The protein- 
mass temperature was 120 ◦C and no oil was incorporated into the binder. Samples are shown in top view with the upper layer of protein strands removed (left) and 
in front view revealed by cutting (right).
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flow fractions into the voids between the protein-mass streams. Gelling 
of the alginate binder streams was induced by diffusion of calcium ions 
from the protein matrix into the alginate phase. To evaluate process 
robustness with respect to spatial and temporal binder distribution 
within the extrudate, the protein-mass temperature (100, 120, and 
140 ◦C) was varied. In addition, the binder fraction in the extrudate (0, 
4, 7, and 13 wt%) and the oil content within the binder as a dispersed 
phase (0, 10, and 20 wt%) were systematically adjusted. Samples were 
characterized in terms of their optical properties (tearing Images, SEM, 
and CLSM) as well as their mechanical properties (chewiness and AI). 
Furthermore, rheological measurements were performed to determine 
the dependence of the complex modulus on temperature and CaCl2 
concentration in the protein-mass.

A predominantly homogeneous binder distribution between protein 
strands was achieved at protein-mass temperatures up to 120 ◦C, while 
processing the protein-mass to 140 ◦C led to strongly limited binder 
distribution in the radial center of the extrudate. Increasing binder 
incorporation reduced chewiness to a maximum difference of approxi
mately 48 % (control vs. 13 wt% binder in extrudate), whereas 

mechanical anisotropy was primarily established upon initial binder 
addition (around 40 % increase) and remained largely unaffected by 
further increases. The incorporation of dispersed oil into the binder had 
only a minor effect on anisotropy but led to a further decrease in 
chewiness (17 % reduction for 20 wt% compared to 0 wt% oil), sug
gesting a network-weakening effect of the oil phase as it acts as an 
inactive filler. Microstructural analysis confirmed a spatial separation of 
protein and binder phases. Cryo-SEM analysis indicated the presence of 
oil within the alginate network, which was further confirmed by CLSM 
imaging.

This study demonstrates the application of a bi-stream breaker plate 
system for the incorporation of ionically gelling binders into conven
tional high-moisture extrusion processing. The ability to combine pro
tein- and oil-rich layers into complex structures that effectively modify 
mechanical properties such as anisotropy and chewiness, as well as 
optical attributes such as visible marbling, highlights the significant 
potential of HEP technology. Consequently, the presented findings 
establish a foundation for future research on the co-extrusive creation of 
complex, multi-phase meat analogues. Given that the extrusion process 
is highly scalable and widely prevalent in the relevant industrial sectors, 
HEP technology moreover offers a viable pathway for the medium-term 
integration of next-generation meat analogues into existing production 
lines, as a complementary approach to conventional 3D-printing.

CRediT authorship contribution statement

Laurids Pernice: Conceptualization, Formal analysis, Funding 
acquisition, Investigation, Methodology, Validation, Visualization, 
Writing – original draft. Luca Dennig: Formal analysis, Investigation, 
Methodology, Validation. Birgit Hetzer: Formal analysis, Methodology, 
Writing – review & editing. Eric Gottwald: Formal analysis, Method
ology, Writing – review & editing. Ulrike S. van der Schaaf: Resources, 
Supervision, Writing – review & editing. Nico Leister: Conceptualiza
tion, Supervision, Writing – review & editing.

Use of generative AI

During the preparation of this work the author(s) used ChatGPT 
(OpenAI) to support language editing, grammatical correction, and 
improvement of writing style. After using this tool, the author(s) 
reviewed and edited the content as needed and take full responsibility 
for the content of the published article.

Funding

L.P. gratefully acknowledges financial support by the Scholarship 
Program of the Deutsche Bundesstiftung Umwelt (DBU).

Declaration of competing interests

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Fig. 12. Three-dimensional CLSM image (top row) of a sample prepared by 
cryo-sectioning and mounted on a glass slide, together with a corresponding 
Cryo-SEM image (bottom row) providing a magnified view of the binder gel 
phase of the same extrudate. The extrudate contained a binder with 20 wt% 
dispersed oil, with a total binder content (including oil) of 13 wt%. The protein- 
mass temperature was 120 ◦C.
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APPENDIX

Fig. A13. Schematic illustration of the bi-stream breaker plate system, composed of a plate carrier, a sealing ring, plate 1, and plate 2, and its integration in the 
extrusion setup.

Table A1 
Composition of the binder used in the extrusion trials and the standalone gels.

water/wt.% oil/wt.% tween/wt.% alginate/wt.%

97 0 0 2,6
83 10 5 2,2
73 20 5 2,0

Fig. A14. Adapter pressure measured for protein-mass temperatures of 100, 120, and 140 ◦C, using a binder flow fraction of 13 wt %. No oil was incorporated into 
the binder. Lowercase letters indicate statistically significantly different groups.
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Fig. A15. Adapter pressure measured for binder flow fractions of 0, 4, 7 and 13 wt% at 120 ◦C protein-mass temperature. No oil was incorporated into the binder. 
Lowercase letters indicate statistically significantly different groups.

Fig. A16. Adapter pressure measured for dispersed phase fractions of 0, 10 and 20 wt% in binder at 120 ◦C protein-mass temperature and 13 wt% binder flow 
fraction. Lowercase letters indicate statistically significantly different groups.
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Fig. A17. Cryo-SEM image of the binder phase in an extrudate containing 13 wt% binder (relative to the total extrudate) illustrating partial ice sublimation from the 
alginate network. No oil was incorporated into the binder and the protein-mass temperature was 120 ◦C.

Table A2 
Quantification of mean extrudate color on the Lab scale for binder-stream flow ratios between 0 and 13 wt%. The protein-mass temperature was 120 ◦C and 
no oil was incorporated into the binder.

0 wt% (control) 4 wt% 7 wt% 13 wt%

L* 53.058 53.369 51.956 46.774
a* 1.882 − 23.843 − 25.207 − 22.076
b* 4.160 5.573 − 7.527 − 15.085
interpretation minor redminor yellow green-minor yellow green-minor blue green-blue

Fig. A18. Viscosity curves for 20 ◦C (black) and 90 ◦C (green) of shear rates from 1 to 1000 s − 1.
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Fig. A19. Young's Modulus for varied oil contents in the standalone binder gel blocks from 0 to 20 wt%. Lowercase letters indicate statistically significantly 
different groups.

Gelation kinetics

Method
To estimate the gelation kinetics resulting from the diffusion of CaCl2 ions from the protein strands, a separate experimental series was conducted. 

Extrudates of the control sample (extruded without binder at 120 ◦C) were cut into pieces of 70 mm. The samples were then immersed in an alginate 
solution containing 2.6 wt% alginate and left to gel for 3000 s (50 min) at room temperature. During this period, samples were withdrawn at eight 
different time points. Alginate uptake was determined gravimetrically. Using the known surface area of the extrudates, the thickness of the alginate gel 
layer was estimated.

Result and discussion
Fig. A20 shows the calculated gel layer thickness as a function of the gelation time with lines indicating theoretical binder layer thickness and 

theoretical residence time of the extruded material within the cooling die.
At a binder flow fraction of 13 wt%, the residence time of the extrudate within the 320 mm cooling die was calculated to be approximately 92 s. The 

theoretical binder layer thickness of 0.17 mm was derived based on the assumption that the protein strands deform into a rectangular cross-sectional 
shape and exhibit a linear arrangement in the axial direction. Under this assumption, the protein strands are separated by a homogeneous binder layer 
of constant thickness across the cooling die flow cross-section.

It can be observed that, even at room temperature, the residence time within the cooling die of approximately 92 s is sufficient to form a gel layer 
exceeding the theoretical thickness of the binder layer distributed within the extrudate. This estimation does not account for the fact that the binder 
layer within the extrudate can undergo gelation from more than one side, particularly in regions where the binder is located between two adjacent 
protein strands. This simplification further supports the assumption that the residence time within the cooling die is sufficient for complete gelation 
under the investigated process conditions. 
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Fig. A20. Calculated alginate layer thickness at different residence times. The green dashed line indicates the theoretical binder layer thickness in extrudates with a 
binder flow fraction of 13 wt%, while the shaded green area represents the calculated residence time of the extrudate within the cooling die. Lowercase letters 
indicate statistically significantly different groups.

Data availability

Corresponding SEM and Cryo-SEM data sets are published as sepa
rate open-access data publication on the OpenAgrar repository (Hetzer 
& Pernice, 2026). Further data is available on request.
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