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er colloidal states in liquid feeds
on extrudability and textural attributes of high-
moisture meat alternatives†
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and Lutz Grossmann *a

The incorporation of lipids in the extrusion process to produce composite protein–lipid high-moisture meat

alternatives is a major challenge due to slip conditions induced by the oil phase. This study investigates the

impact of non-emulsified and emulsified liquid feeds – using soy protein isolate and Quillaja saponin as

two different emulsifiers – at 6% oil content on the extrudability, visual appearance, textural and structural

properties of a soy-based meat alternative. Homogenization pressures from 20 MPa to 140 MPa were

used to achieve d4,3 droplet sizes ranging from 1053 nm to 117 nm, respectively. The emulsions stabilized

by soy protein isolate exhibited a larger droplet size at low pressures and a smaller droplet size at higher

pressures compared to the emulsions containing Quillaja saponin (1053 nm vs. 659 nm at 20 MPa and

117 nm vs. 243 nm at 140 MPa, respectively). The addition of any kind of lipid feed resulted in a lower

specific mechanical energy input compared to the standard with no oil. Non-emulsified oil reduced the

directional protein fiber formation and enhanced the protein cross-linking into bulk strips, which resulted

in significantly lower mechanical anisotropy compared to the standard. Emulsions stabilized by Quillaja

saponin were able to resemble the degree of anisotropy with the smallest mean oil droplet size (243 nm)

yielding a slightly higher anisotropic index than the control. Microstructural analyses revealed embedded

oil droplets between protein fibers, which increased the visual fibrousness. However, only minor changes

in the color measurements were observed among all treatments. The results demonstrate the potential of

using emulsified liquid feeds to manufacture high-moisture meat alternatives with an incorporated oil

phase by extrusion processing without losing the anisotropic character due to oil slip.
Sustainability spotlight

Plant protein extrusion stands as a pioneering method that meets the urgent need for structuring technologies of sustainable food ingredients. This innovative
process not only addresses the growing demand for plant-based protein sources but also enables the production of meat alternatives with a signicantly lower
ecological footprint compared to traditional livestock farming. One crucial aspect that enhances the sustainability prole of plant protein extrusion is the
strategic inclusion of lipids – a key factor for consumer acceptance. The incorporation of lipids has been extremely challenging, which ultimately prevents the
development of novel meat alternatives that have a higher consumer acceptance and deliver the desired avor, texture, and nutritional properties. Under-
standing how lipids can be included in a continuous extrusion process will be crucial to further advance the development of meat alternatives and ultimately
lower the emissions generated by the food system.
1. Introduction

The rising demand for novel plant-based brous foods results
in (renewed) interest for novel processing solutions to deliver
meat-like textures to consumers.1,2 On the consumer side, the
reasons for this interest are concerns about animal welfare as
f Massachusetts, 100 Holdsworth Way,

nn@umass.edu

itute of Food Science and Biotechnology,

ermany

tion (ESI) available. See DOI:

the Royal Society of Chemistry
well as environmental sustainability and health concerns
related to the current way the food system operates.3–6 At
present, methods to create textures that resemble the aniso-
tropic structures of meat tissue with non-animal proteins are
limited to extrusion processing, shear cell technologies, addi-
tive manufacturing, and biomanufacturing (i.e., fungi cultiva-
tion).7 Among these techniques, high moisture extrusion
processing has become the most popular method to produce
meat alternative products (or part of its ingredients) from plant
proteins due to its exibility, availability, and scalability.8,9 The
basic process design of this technology involves dosing a plant
protein powder (concentrate or isolate) and water into the
Sustainable Food Technol., 2024, 2, 1569–1582 | 1569
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heated barrel section (typically highest T between 130–160 °C)
followed by tempering the protein melt in the cooling die where
the anisotropic structure forms as a consequence of phase
separation and laminar ow.10,11

There are, however, limitations to the extrusion process, which
prevent further advancements. These include off-avors in the
nal products, lack of anisotropy, high thermal load, and limited
dosing capabilities for heat-sensitive ingredients as well as
lipids.12–14 Especially the absence of lipid phases in the extruded
structures results in predominantly chicken-like products being
released to the market. Since lipids impart several critical prop-
erties to the quality characteristics of ameat product,15 the low-fat
content of meat substitutes results in reduced juiciness and
tenderness, which negatively impacts consumer acceptance.16

The current limitation of extrusion processing to replicate the
lipid phase is due to the lubricating effect of lipids which results
in the slipping of the protein melt in the extrusion barrel.17,18

Consequently, the specic mechanical energy (SME) input and
wall shear stress decrease, which ultimately reduces protein
polymerization and anisotropic structure formation.13,19

One potential approach to overcome this problem is the
injection of emulsions instead of pure oil. In emulsions, the oil
droplets are covered with a layer of emulsier, which potentially
could decrease the lubricity of the oil. Indeed, it was recently
shown that twice the amount of oil (4% vs. 8%) can be injected
into the barrel section when an oil-in-water emulsion stabilized
by soy protein isolate is used instead of pure oil.20 Moreover, this
new method of oil addition entails the advantage of introducing
fat-soluble avor compounds or nutrients into extruded products
while improving their thermal stability.21 However, the thermal
and shear stresses during the extrusion process are very high,
which is why the behavior of various emulsiers still needs to be
investigated in more detail. Aer all, there are very limited
studies assessing the concept of emulsion addition to extruded
products, and the effects of different parameters on the extrud-
ability (i.e., process parameters of the extrusion process) and on
the properties of the obtained composite plant protein structure
(i.e., textural and visual properties) are not well understood.

Hence, the present work aimed to evaluate the concept of
lipid incorporation into a soy-based high-moisture extrudate
through the addition of oil-in-water emulsions and its impact
on the extrudability and overall properties of the meat alterna-
tive structure. To achieve a range of textures, emulsions were
prepared with two different emulsiers – soy protein isolate
(SPI) and Quillaja saponin (QS) – at different homogenization
pressures. The emulsiers were chosen because of their
compatibility with the protein matrix (SPI) and high heat
stability (QS), respectively.22 We hypothesized that smaller
droplets in the feed and during the extrusion process result in
improved extrudability and textural attributes.

2. Material and methods
2.1. Material

For extrusion processing, a soy protein concentrate (SPC) with
a protein content of 66.1% (according to the manufacturer) was
kindly donated by ADM (Decatur, IL, USA). Pure canola oil (B&G
1570 | Sustainable Food Technol., 2024, 2, 1569–1582
Foods Inc., Parsippany, NJ, USA) was purchased at a local
supermarket and stored at 4 °C until use. The emulsiers used
for the emulsions were soy protein isolate (SPI) with a protein
content of 93.1% (ADM Decatur, IL, USA) and Quillaja saponin
(Q-Naturale 200V) with a surfactant concentration of 14%
(Ingredion Incorporated Westchester, IL, USA). The oil was later
dispersed in aqueous solutions of the two emulsiers. All other
chemicals used in the study were of reagent grade.
2.2. Methods

2.2.1. Emulsion preparation. To prepare the oil-in-water
(O/W) emulsions, SPI and QS were solubilized in deionized
water to obtain protein and surfactant concentrations of 3.0%
(w/w) and 0.1% (w/w), respectively. The amount of emulsier
used was based on preliminary experiments in which these
concentrations were determined for the preparation of visually
stable emulsions, i.e., no creaming occurred. The solutions were
adjusted to pH 7 and stirred on a magnetic stirring plate at 4 °C
overnight. Before emulsication, the pH was checked again and
readjusted to 7. A primary emulsion was prepared using a high-
shear blender (VWR 250 homogenizer, VWR International,
Radnor, PA, USA) at 26 000 rpm for 2 min. To obtain different
particle sizes, the primary emulsions were homogenized at 20,
50, 90, and 140 MPa for 3 cycles in two different high-pressure
homogenizers with different pressure ratings (APV 1000, APV
Homogenizers AS, Albertlund, Denmark, and M-110P, Micro-
uidics Corporation, Newton, MA, USA). Emulsions were
formulated with an oil content of 9.6% (w/w), which resulted in
a nal oil content of 6% (w/w) in the high-moisture meat
alternatives (HMMA) aer the extrusion process (Table 1). The
emulsions were used for the extrusion process on the same day.

2.2.2. Emulsion characterization. The effect of homogeni-
zation pressure and type of surfactant was determined by
measuring the droplet size distribution of the emulsions using
a laser diffractometer (Mastersizer 3000, Malvern Instruments
Ltd, Worcester, UK; refractive index: 1.465). The results are re-
ported as volume-based frequency distributions based on the
Mie theory and the d4,3 droplet mean size was computed by the
device according to eqn (1).

d4;3 ¼
P

d4

P
d3

(1)

Further, the rheological properties of the emulsions were
evaluated by measuring the viscosity using a stress-controlled
rheometer (MCR 302e, Anton Paar, Graz, Austria) equipped
with a double gap geometry. The shear rate was increased from
10 to 100 s−1 at constant temperature of 25 °C and the apparent
viscosity was calculated from the slope of the shear stress vs.
shear rate diagram.

2.2.3. Extrusion process. The extrusion was performed on
a co-rotating, intermeshing twin-screw extruder (ZE 12 HMI,
Three-Tec GmbH, Seon, Switzerland) with a screw diameter of
12 mm and a length-to-diameter ratio of 40. The barrel con-
sisted of 7 individually heated sections, with the rst section
consistently water-cooled at 10 °C to prevent baking of the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Composition of the emulsions and soy-based extrudates preparedwith no oil (standard), non-emulsified oil (control), non-emulsified oil
plus soy protein isolate (control + SPI) or Quillaja saponin (control + QS), and oil emulsions stabilized by soy protein isolate (SPI) or Quillaja
saponin (QS). The SPI or QS was dissolved in the water to reach final concentrations of 3.0% and 0.1%, respectivelya

Sample

Emulsion (%) Extrudate (%)

Water/surfactant solution Oil Water/surfactant solution Oil SPC

No oil
Standard — — 60 — 40

Non-emulsied oil
Control 100 — 57 6 37
Control + SPI/QS 100 — 57 6 37

Emulsied oil
SPI/QS 90.4 9.6 57 6 37

a The symbol (—) denotes for the component being not present in the emulsion/extrudate.
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protein powder feed to the inlet section. A temperature ramp of
80, 100, 100, 120, 140 and 160 °C was operated for the
remaining barrel sections. Approximately the rst 30% of the
total screw length consisted of xed forward conveying
elements with a pitch of 12 mm and a higher conveying volume
to facilitate the powder feed. The remaining screw conguration
was set as follows: 3 forward conveying elements (12 mm pitch),
1 mixing/reverse conveying element (12 mm pitch), 4 forward
conveying elements (12 mm pitch), 2 kneading elements (60
and 90°), 7 forward conveying elements (12 mm pitch), 1
forward conveying element (9 mm pitch) and 1 forward
conveying element (12 mm pitch) – each element had a length
of 18 mm (Fig. 1). A conical ange with a plate insert containing
13 holes of 3.2 mm in diameter – so called “breaker plate” –

attached a cooling die (length: 300 mm; width: 15 mm; height: 4
mm) to the end section of the barrel. To allow for proper tex-
turization, the cooling die was temperature-controlled by
a 1740 W recirculating chiller (DuraChill®, VWR, Radnor, PA,
USA) at 40 °C. The total throughput was set to 1 kg h−1 at a screw
speed of 300 rpm and the process was allowed to stabilize for at
least 5 min before samples were taken.
Fig. 1 Extruder design and operating parameters for the extrusion pro
operated for the standard are underlined in red, the feeding rates for the
the non-emulsified oil samples are underlined in green.

© 2024 The Author(s). Published by the Royal Society of Chemistry
Table 1 shows the four different extrudate formulations: (1)
Standard: SPC and water with no oil feed; (2) Control: SPC and
water with non-emulsied oil feed; (3) Control + Emulsier:
Composition similar to (2) plus emulsier (SPI or QS) solu-
bilized in the water feed; (4) Emulsied treatments: SPC and
emulsion feed. The SPC powder was fed into the rst barrel
section using a volumetric screw feeder (ZD 9 FB-C-1M-DN80,
Three-Tec GmbH, Seon, Switzerland). The water and emul-
sion feed, respectively, were injected through a liquid port
into the second barrel section using a peristaltic pump
(Three-Tec GmbH, Seon, Switzerland). For processing
formulations (2) and (3), the non-emulsied oil feed was
pumped into the third barrel section using a high-pressure
piston pump (AZURA P 4.1S, KNAUER Wissenschaliche
Geräte GmbH, Germany).

All treatments were formulated to achieve a consistent water-
to-protein ratio of 1.5 (Fig. 1) and thereby a proper protein
hydration was ensured, also for formulations in which a portion
of the water phase was replaced with oil. Consequently, the
standard treatment comprised 40% (w/w) SPC and 60% (w/w)
water, while the remaining treatments contained 37% (w/w)
cess of composite high moisture meat alternatives. The feeding rates
emulsified oil samples are underlined in blue and the feeding rates for

Sustainable Food Technol., 2024, 2, 1569–1582 | 1571
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SPC, 57% (w/w) aqueous SPI or QS solution, and 6% (w/w)
canola oil (Table 1). Finally, the extruded HMMA samples
were cooled to room temperature, packed in sealed plastic bags,
and stored at 4 °C until further analysis.

2.2.4. Extrudability. The process characterizing parameters
were documented to evaluate the extrudability of the different
treatments. Therefore, the temperature prole for each barrel
section (2 to 7) and the cooling die, the pressure at the end of
the last barrel section (7, see Fig. 1), and the torque together
with the rotational speed of the screw were monitored and
recorded every second. Representative values for the die pres-
sure and screw torque were obtained by averaging all measured
values over the time period in which samples were taken. The
SME was calculated using eqn (2):23

SME ¼ P
cm
¼ uM

cm
¼ 2pnM

cm
(2)

Here, P is the motor power in kJ s−1, _m is the total throughput in
kg min−1, u is the angular velocity in s−1, M is the screw torque
in N m, n is the screw rotation speed in rpm.

2.2.5. Texture analysis. To determine the textural proper-
ties of the HMMA treatments, a tensile test was performed using
a texture analyzer (TA-XT-PLUS, Stable Micro Systems Ltd,
Surrey, UK) equipped with a 5 kg load cell and serrated tensile
grips (TA-96BW). The distance between the bottom and top grip
was set to 4 mm at the starting position and the strain rate was
0.1 mm s−1. 10 samples were tested for both parallel and
perpendicular to the ber direction and cut to a length of
50 mm and 30 mm, respectively.

As a parameter quantifying the deformation behavior, the
maximum stress was identied for each treatment and the
corresponding anisotropy index (AIs) was calculated using
eqn (3).24

AIs ¼ spara

sperp

(3)

where spara is the maximum stress recorded for tension exerted
parallel to the ber direction and sperp is the maximum stress
for tension exerted perpendicular to the ber direction.

From the linear (elastic) deformation, the Young's modulus
(E) was calculated based on eqn (4) as a measure for the stiffness
of the material. Further, the elastic anisotropy index (AIE) was
dened as the ratio between the parallel and perpendicular
Youngs's modulus (eqn (5)):25

E ¼ Ds

Dg
(4)

AIE ¼ Epara

Eperp

(5)

Ds is the change in tensile stress within the linear region, Dg is
the change in tensile strain within the linear region, Epara is the
Young's modulus determined for deformation parallel to the
ber direction, and Eperp is the Young's modulus determined for
deformation perpendicular to the ber direction.

2.2.6. Microstructure and visual appearance. The micro-
structure of the samples was revealed using a confocal laser
1572 | Sustainable Food Technol., 2024, 2, 1569–1582
scanning microscope (Nikon D-Eclipse C2+, Nikon, Melville,
NY, USA). The samples were put in the freezer for 1 h at −20 °C
and thinly sliced to ensure optimal resolution quality. The
protein phase was stained with 0.5 mg mL−1

uorescein iso-
thiocyanate and the oil phase was stained with 0.5 mg mL−1

Nile red (Sigma-Aldrich, St. Louis, MO, USA) dissolved in 95%
ethanol (Fisher Science Education, Nazareth, PA, USA). Images
were captured using a 20× objective lens with excitation wave-
lengths of 488 and 561 nm and analyzed using an image anal-
ysis soware (NIS-Elements, Nikon, Melville, NY, USA).

Photos of the surface and inside – torn in parallel and
perpendicular direction to the ber formation – were taken to
compare the visual appearance and brousness of all
treatments.

2.2.7. Color evaluation. The surface color of 12 samples
from each HMMA treatment was determined with a colorimeter
(ColorFlex EZ 45/0-LAV, HunterLab, Reston, Virginia, USA)
using a D65 illuminant and 10° standard observer. Values were
expressed according to the Commission Intl. de l'Eclairage (CIE)
system and reported as L* (lightness), a* (redness) and
b* (yellowness) values.26 Additionally, color difference (DE*) was
calculated using the Euclidean distance to quantify the inter-
actions of the color parameters.27

2.2.8. Statistical analysis. The experiment was designed
with 2 separate replications. Statistical analysis was performed
using SPSS statistics V25 (IBM Corp., Armonk, NY, USA). A one-
way ANOVA with a Duncan post hoc test was carried out to
evaluate statistically signicant differences (a-level of 0.05).
Data was graphed using Origin Pro (OriginLab Corp., North-
ampton, MA, USA) with error bars indicating the standard
deviation.

3. Results and discussion
3.1. Effect of homogenization pressure and surfactant
properties on emulsion characteristics

The experiment involved two emulsiers that are commonly
used in the production of composite foods but rely on different
properties to control the interfacial behavior. SPI is a large
biopolymer with a high compatibility for incorporation into
a protein-based matrix, whereas QS is a small and heat-stable
amphiphilic molecule. These properties might also have
a substantial impact on the processing, texture, and visual
appearance of soy-based HMMA. Therefore, the emulsifying
efficacy under high pressure homogenization of both surfac-
tants was evaluated to understand the potential effect on the
properties of HMMA samples.

It is well known that the applied pressure is inversely
correlated with the droplet size.28 As expected, the droplet size
decreased with higher homogenization pressures for both
emulsiers (Fig. 2). At a low homogenization pressure of
20 MPa, the SPI-stabilized emulsion exhibited a larger droplet
size than the QS-stabilized emulsion (1053 nm vs. 659 nm).
However, this trend was reversed for homogenization at 90 MPa
and 140 MPa, as the oil droplets in the QS-stabilized emulsions
were signicantly larger (279 and 243 nm) compared to the SPI-
stabilized emulsions (155 and 117 nm) (Table 2). Low-molecular
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Volume-based particle size distribution and the corresponding mean particle size d4,3 of emulsions homogenized at four different
pressures (20, 50, 90 & 140 MPa) and stabilized by soy protein isolate (SPI) addition (a) and Quillaja saponin (QS) addition (b), respectively.
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weight emulsiers tend to adsorb faster to interfaces and lower
the interfacial tension faster than high-molecular weight
emulsiers.28 The faster adsorption results in more efficient
droplet disruption and stabilization in QS-stabilized emulsions
Table 2 Effects of homogenization pressure and corresponding
volume-based mean particle size (d4,3) on the extrudability of soy-
based extrudates prepared with no oil (standard), non-emulsified oil
(control), non-emulsified oil plus soy protein isolate (control + SPI) or
Quillaja saponin (control + QS), and oil emulsions stabilized by soy
protein isolate (SPI) or Quillaja saponin (QS). Oil concentration in the
final extrudate was at 6%a

Treatment d4,3 (nm) Die pressure (MPa) SME (kJ kg−1)

No oil
Standard — 1.33 � 0.01b 326 � 8d

Non-emulsied oil
Control — 1.22 � 0.08 ab 293 � 16c

Control + SPI — 1.25 � 0.06 ab 278 � 15abc

Control + QS — 1.23 � 0.05 ab 266 � 15ab

Emulsied oil
SPI 20 MPa 1053 � 53e 1.15 � 0.08a 293 � 19c

SPI 50 MPa 380 � 17c 1.19 � 0.09ab 288 � 8bc

SPI 90 MPa 155 � 6a 1.26 � 0.02 ab 279 � 3abc

SPI 140 MPa 117 � 1a 1.19 � 0.02ab 294 � 18c

QS 20 MPa 659 � 3d 1.24 � 0.05ab 267 � 5ab

QS 50 MPa 361 � 3c 1.15 � 0.18a 268 � 11abc

QS 90 MPa 278 � 19b 1.29 � 0.06ab 258 � 7a

QS 140 MPa 243 � 4b 1.33 � 0.02b 259 � 5a

a a–eMeans (n = 2) ± standard deviation, within a column followed by
different superscripts are signicantly different (P < 0.05). For volume-
based mean particle size (d4,3), the symbol (—) denotes for no
observations as no homogenization was performed for these
treatments.

© 2024 The Author(s). Published by the Royal Society of Chemistry
already at lower pressures. In particular, QS has been shown to
be a very efficient emulsier compared to larger biopolymer
emulsiers.22 Still, the chosen QS concentration of 0.1% may
not have been sufficient to fully adsorb and cover the generated
oil–water interface at higher pressures, resulting in larger
droplet sizes compared to SPI-stabilized emulsions.

To further characterize and understand the ow behavior of
the emulsions, the viscosity was analyzed (see ESI†). Interest-
ingly, the droplet size had no effect on the measured viscosity.
In such diluted emulsion systems, the viscosity is mainly
inuenced by the viscosity of the continuous phase, and thus
the particle size had no signicant impact on the measure-
ments.29 The viscosity of the QS-stabilized emulsions was 1.41±
0.09 mPa s at all shear rates, i.e., higher than that of pure water
(around 1 mPa s). In contrast, the SPI-stabilized emulsions
showed shear thinning behavior, but no correlation between
viscosity and droplet size was found. Nevertheless, these
differences may have important implications for the extrusion
process. The high shear conditions in the extruder – which can
reach several hundred s−1 – can affect the viscosity of shear-
thinning materials.30 Low viscosities, in turn, reduce the SME
and can decrease the degree of protein polymerization in the
extruder, which changes the textural properties of the HMMA.31
3.2. Emulsion colloidal state and its effect on extrudability
of composite HMMA

To compare the effects of lipid phase injection (non-emulsied
and emulsied) during the extrusion process of HMMA
production, the die pressure, screw speed, and torque were
recorded and averaged for each sample. The screw speed and
torque were used to calculate the SME using eqn (2).23

The addition of non-emulsied oil to the barrel section of the
extrusion process did not have a signicant effect on the die
Sustainable Food Technol., 2024, 2, 1569–1582 | 1573

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4fb00096j


Sustainable Food Technology Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
A

ug
us

t 2
02

4.
 D

ow
nl

oa
de

d 
on

 3
/1

0/
20

26
 5

:5
3:

54
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
pressure compared to the standard with no oil addition (Table
2). Here, the lubricating effect of an oil feed in the extrusion
process did not result in a reduced die pressure, which is in
contrast to reported literature.17,18 Presumably, the oil was
sufficiently incorporated into the matrix so that no lm formed
on the barrel surface. On the other hand, the SME showed
a signicant decrease for treatments with bulk oil addition
compared to the standard. This effect was pronounced for the
non-emulsied control plus QS (Table 2). The SME reects the
required energy input based on material resistance and process
conditions, and is therefore inuenced by material properties
such as degree of polymerization and viscosity. In the controls
with emulsiers added to the water feed, less energy was
required to transport and knead the matrix in the barrel.
Emulsiers, particularly QS, are known to efficiently reduce the
interfacial tension which promotes the spreading and wetta-
bility of surfaces by increasing the surface energy.32 Therefore,
the emulsiers most likely facilitated the spreading of the bulk
oil in the barrel during the conveying and kneading, which
promoted the wetting of the inner barrel surface and conse-
quently decreased the SME. The fact that there was no signi-
cant difference between the control without emulsier and the
control with SPI addition could be attributed to the fact that SPI
does not inhibit the cross-linking and, unlike QS, can be
incorporated into the network. Due to their chemical structure,
proteins form covalent and non-covalent bonds which deter-
mines the texture of the extrudates.33 The chemical structure of
the small saponin molecules differs fundamentally from that of
proteins.34 The saponins might interact with the protein phase
and negatively affect their crosslinking,35 but more studies are
needed to conrm this.

In contrast to the non-emulsied oil samples, the SPI 20 MPa
and QS 50 MPa treatments resulted in signicantly lower die
pressures (1.15 MPa for both treatments) compared to the
standard without oil (1.33 MPa; Table 2). For the SPI 20 MPa
treatment, the reduction in die pressure might be related to the
large droplet size in the emulsion. Kendler et al.13 found that
adding oil at an earlier point of the barrel reduced the die
pressure compared to a point closer to the extrusion die.
However, the distance between the two addition points reported
in this study was greater than in our experimental setup. If the
emulsion has similar properties like the bulk oil due to large
droplets, further investigation is needed to prove the inuence
of the slightly earlier addition point in our case. The other
emulsion treatments did not show a signicant difference in die
pressure to either the standard or the non-emulsied controls.
This might be related to the fact that the die is relatively large
(cross-sectional area) and the breaker plate has 13 holes with
a diameter of 3.2 mm. Therefore, the build-up of a high back
pressure is not likely and the effect of a change in composition
might be negligible.

Interestingly, the SME showed the opposite trend. All treat-
ments with emulsied oil resulted in signicantly lower SME
values compared to the standard. However, the SPI-stabilized
emulsion treatments showed no signicant difference to the
respective control treatments, while most QS-stabilized emul-
sion treatments had a signicantly lower SME input compared
1574 | Sustainable Food Technol., 2024, 2, 1569–1582
to the non-emulsied control without emulsier addition
(Table 2). This is most likely a direct result of reduced inter-
brillar protein cross-linking caused by the embedment of the
small QS-stabilized oil droplets within the ber network. Only
a slight, non-signicant reduction in SME was seen for the SPI-
stabilized emulsion which means the SPI most likely desorbs
from the oil interface and gets incorporated into the protein
network. This supports protein network formation, which may
accelerate or enhance matrix polymerization and increases the
SME by increasing the melt viscosity compared to QS-stabilized
samples and counteracts the slipping induced by the oil
phase.31
3.3. Deformation behavior and mechanical anisotropy in
composite HMMA

To evaluate the mechanical properties of the HMMA, a tensile
test was performed exerting tension parallel and perpendicular
to the ber direction of the samples. Fig. 3 shows the maximum
tensile stress in parallel (spara) and perpendicular direction
(sperp) as well as the calculated tensile stress anisotropy index
(AIs) for treatments formulated with emulsions stabilized by SPI
and QS, respectively, compared to the standard without oil and
the respective non-emulsied controls with added oil.

Among the SPI treatments, no signicant differences in
maximum tensile stress were observed for both parallel and
perpendicular testing (Fig. 3A). Still, the highest values for spara
(371 kPa) and sperp (261 kPa) were obtained for the control with
SPI addition. Here, the oil phase might have facilitated and
assisted in the phase separation, while the SPI was easily
incorporated into the continuous protein matrix. Both effects
led to the formation of a stronger andmore pronounced protein
network reected in the higher values. Still, no increase in the
degree of anisotropy was observed as higher values were
measured for both parallel and perpendicular testing, but
rather a slight drop in AIs compared to the standard. Interest-
ingly, the SPI-stabilized emulsied feed also did not show
a signicant increase in stress-based AIs even though the
particle size obtained in the emulsion was smaller compared to
the QS-stabilized emulsions. However, SPI-stabilized emulsions
are also less heat stable compared to QS-stabilized emulsions
and start to break down at elevated protein concentrations at
around 75 °C,22,36 which probably led to emulsion breakdown in
the barrel section of the extruder at higher temperatures. In
addition, the remaining droplets can crosslink the individual
bers because the interface is coated with SPI, which can induce
protein–protein crosslinks (Fig. 4a). This resulted in a signi-
cantly lower value for the SPI 50 MPa treatment compared to the
standard with no oil (Fig. 3A).

Emulsied treatments using QS also showed no signicant
differences in spara values (Fig. 3B), but in contrast to SPI-
stabilized treatments, a clear trend in sperp values was
observed, i.e., the higher the homogenization pressure the
lower the maximum tensile stress for perpendicular tension
(Fig. 3B). The perpendicular tensile strength of the QS 140 MPa
treatment (111 kPa) substantially declined by almost 50%
compared to the non-emulsied control without emulsier
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Maximum tensile stress in parallel (spara) and perpendicular direction (sperp) to the fiber orientation as well as the calculated stress-based
anisotropy index (AIs) of soy protein-based high-moisture meat alternatives prepared with no oil (standard), non-emulsified oil (control), non-
emulsified oil plus soy protein isolate (control + SPI) orQuillaja saponin (control + QS), and oil-in-water emulsions homogenized at 20, 50, 90, or
140MPa and stabilized by the addition of SPI (A) or QS (B). Error bars indicate the standard deviation (n= 2). a–cBars with different superscripts are
significantly different (P < 0.05).
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addition (209 kPa). Here, the emulsied oil droplets were able to
separate the individual bers and thereby reduce the inter-
brillar cross-linking (Fig. 4b). This trend further affected the AIs
values with higher indices the higher the homogenization
pressure (Fig. 3B). The signicantly lowest AIs was revealed by
the non-emulsied control with QS addition. This is related to
© 2024 The Author(s). Published by the Royal Society of Chemistry
the relatively low tensile strength of the HMMA in the parallel
direction. As described in the previous paragraph, the non-
emulsied bulk oil amplies the phase separation which
strengthened the protein network but not necessarily promoted
the directional protein ber formation expanding into a single
spatial dimension, i.e., the denition of mechanical
Sustainable Food Technol., 2024, 2, 1569–1582 | 1575
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Fig. 4 Schematic illustration depicting the microstructure and oil
droplet embedding into the continuous protein matrix of high-mois-
ture meat alternatives prepared with a soy protein isolate (SPI) stabi-
lized emulsion feed (a); prepared with aQuillaja saponin (QS) stabilized
emulsion feed (b); prepared with a non-emulsified oil feed (c).
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anisotropy.14 Moreover, the oil in combination with the QS
accelerated the wetting and lubrication of the protein layers,
which reduced the force required to pull the protein bers in
the parallel direction and reduced the tensile strength in the
parallel direction, but to a lesser extent in perpendicular
direction.

To get a more comprehensive understanding of the texture
formation in the HMMA treatments, the mechanical properties
under elastic deformation were analyzed. In contrast to the
analysis at maximum tensile strength right before the texture
fractures, the protein bers are still intact within the linear
region of the stress–strain diagram and are only elastically
stretched.

A remarkable trend in the parallel (Epara) and perpendic-
ular Young's modulus (Eperp) was observed for the SPI-
stabilized (Fig. 5A) as well as for the QS-stabilized treat-
ments (Fig. 5B): the addition of non-emulsied oil resulted in
the lowest values, while the emulsied treatments were able to
resemble the standard with no oil. A higher Young's modulus
has been previously correlated with a higher degree of
brousness in HMMA,13,37 which means that the incorpora-
tion of non-emulsied oil resulted in a pronounced and soer
protein network – due to the phenomena stated above – but
less directional protein structure formation (Fig. 4c). On the
other hand, introducing emulsied oil into the extrusion
process yielded stiffer and more brous HMMA samples.
However, these ndings were only substantiated by the elastic
anisotropy indices (AIE) of the treatments including QS. Here,
the treatments with the highest homogenization pressures of
90 MPa and 140 MPa resulted in signicantly higher AIE
values (1.25 & 1.31) compared to the non-emulsied oil
treatment plus QS (0.82) (Fig. 5B). No signicant differences
in the AIE values were seen for SPI-stabilized treatments
(Fig. 5B). This might be associated with a stronger inter-
brillar cross-linking induced by the SPI and therefore atten-
uating the direction-dependance of the deformation behavior
(Fig. 4A).
1576 | Sustainable Food Technol., 2024, 2, 1569–1582
3.4. Morphology of the oil phase and its impact on the visual
appearance of composite HMMA

The identication of possible differences at the microstruc-
tural level between all treatments was achieved through visu-
alization via CLSM imaging. For the non-emulsied controls,
all images revealed an oil lm that was spread throughout the
samples with some visible isolated patches embedded between
the protein networks (Fig. 6). This supports the conclusions
drawn from the texture analysis that bulk oil intensies the
phase separation and leads to the formation of more
pronounced protein segments within the HMMA. On the other
hand, CLSM analysis of the emulsied treatments showed
visible intact oil droplets dispersed within the surrounding
continuous protein network. Regardless of the emulsier used,
the incorporated oil droplets were bigger than expected and
substantially larger than the droplets in the initial emulsion
(Fig. 2). Most of the droplets embedded in the HMMA were in
the size range of a few mm (5–10 mm) with clear signs of coa-
lescence. It can be assumed that the emulsions were destabi-
lized by the extrusion process and the fat droplets coalesced
due to the high temperature.38 In the case of SPI, this is favored
by the denaturation of the protein, which changes the
conformation and thus also the emulsifying properties.39

Further, the SPI might have been incorporated into the protein
network and thus cannot act as an emulsier anymore. The
remaining amount of SPI is no longer sufficient to stabilize
smaller oil droplets. QS, on the other hand, is not affected by
the high temperature during extrusion.22,40,41 The smaller
droplet size in the samples with QS-stabilized emulsions
compared to the ones with SPI may be related to the fast
adsorption rate of QS to the interface, which stabilizes the
coalesced droplets again when being sheared in the extruder.42

Reichert et al.43 also reported that interfaces consisting of QS
showed a higher viscoelastic stability than interfaces consist-
ing of pea protein. It can therefore be assumed that the QS-
stabilized droplets are less affected by shearing in the
extruder than the SPI-stabilized droplets due to their
mechanical stability. Consequently, the smaller droplets in the
emulsied QS samples might be responsible for the enhanced
directional protein ber formation and prevent the inter-
brillar protein cross-linking, which resulted in a higher
mechanical anisotropy index – elastic and stress-based –

compared to the non-emulsied controls (see Section 3.3).
Visual macroscale brous structures were formed for all non-

emulsied oil samples, with the brousness appearing higher
compared to the standard without oil (Fig. 7b and c). It must be
pointed out that the visual assessment of brousness is only
useful in direct and descriptive comparison of the samples and
can hardly be used as a standardized method.44 The presence of
oil might enhance the formation of visual bers by preventing
the cross-linking of larger protein strings aer separation in the
breaker plate, which fosters the visual appearance of brous-
ness. As hierarchy and compartmentation play a crucial role in
the anisotropic properties of HMMA,14 this visual brousness is
not reected in themeasuredmechanical anisotropy of the non-
emulsied treatments because of the more pronounced
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Young's moduli with tension exerted in parallel (Epara) and perpendicular direction (Eperp) to the fiber orientation as well as the calculated
elastic anisotropy index (AIE) of soy protein-based high-moisture meat alternatives prepared with no oil (standard), non-emulsified oil (control),
non-emulsified oil plus soy protein isolate (control + SPI) orQuillaja saponin (control + QS), and oil-in-water emulsions homogenized at 20, 50,
90, or 140 MPa and stabilized by the addition of SPI (A) or QS (B). Error bars indicate the standard deviation (n = 2). a–cBars with different
superscripts are significantly different (P < 0.05).
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reduction in tensile stress in the parallel direction (Fig. 3A),
which results in a more isotropic substructure, i.e., non-
directional protein cross-linking. Such phenomena have also
been observed by other authors, who reported extensive visual
brousness that was not reected in tensile test measure-
ments.45 Similarly, all the emulsied treatments exhibited
a higher visual brousness compared to the standard, but on
© 2024 The Author(s). Published by the Royal Society of Chemistry
a visibly smaller length scale than the non-emulsied controls
(Fig. 7b and c). The addition of emulsions may have promoted
anisotropic structure formation through an induced spatial
separation that prevents cross-linking between individual
protein bers based on the reduction of extensive non-
directional intermolecular polymerization and protein–protein
interaction.14 However, the HMMAs with injected emulsions all
Sustainable Food Technol., 2024, 2, 1569–1582 | 1577
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Fig. 6 Microstructure of the high-moisture meat alternatives prepared with no oil (standard), non-emulsified oil (control), non-emulsified oil
plus soy protein isolate (control + SPI) orQuillaja saponin (control + QS), and oil-in-water emulsions homogenized at 20, 50, 90, or 140 MPa and
stabilized by the addition of SPI or QS. Structures were visualized through confocal laser scanning microscopy (CLSM) with the oil phase stained
red and the protein matrix stained green. Samples were cut perpendicular to the fiber direction.
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showed a slight oil lm on the surface, so it can be assumed that
the emulsion was destabilized during the extrusion process
(Fig. 7a). Such effects have also been observed by other authors,
who reported extensive visual anisotropy that was not reected
in tensile test measurements.45
1578 | Sustainable Food Technol., 2024, 2, 1569–1582
3.5. Color evaluation

The addition of non-emulsied bulk oil resulted in higher L*-,
lower a*-, and lower b*-values compared to the standard
without oil (Table 3). However, only the control with QS showed
signicant differences to the standard for all three parameters,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Images of high-moisture meat alternatives prepared with no oil (standard), non-emulsified oil (control), non-emulsified oil plus soy
protein isolate (control + SPI) or Quillaja saponin (control + QS), and oil-in-water emulsions homogenized at 20, 50, 90, or 140 MPa and
stabilized by the addition of soy protein isolate (SPI) or Quillaja saponin (QS). Effect on visual fibrousness of the surface (a) and inside when torn
parallel (b) or perpendicular (c) to the fiber orientation.
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while for the control and the control with SPI only differences in
the a*-value and b*-value were of signicance, respectively. The
uniqueness of the control with QS might be related to the good
© 2024 The Author(s). Published by the Royal Society of Chemistry
emulsifying ability of saponins due to their small molecule size,
which favors the formation of small droplets and, consequently,
light scattering. This increases the brightness of the samples
Sustainable Food Technol., 2024, 2, 1569–1582 | 1579
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Table 3 Effects of homogenization pressure and corresponding volume-based mean particle size (d4,3) on surface color (L* = lightness, a* =
redness, b* = yellowness, DEstandard = color difference to standard, DEcontrol = color difference to control, DEcontrol emul = color difference to
control plus respective surfactant) of soy-based extrudates prepared with no oil (standard), non-emulsified oil (control), non-emulsified oil plus
soy protein isolate (control + SPI) or Quillaja saponin (control + QS), and oil emulsions stabilized by soy protein isolate (SPI) or Quillaja saponin
(QS). Oil concentration in the final extrudate was at 6%a

Treatment d4,3 (nm) L* a* b* DEstandard DEcontrol DEcontrol emul

No oil
Standard — 30.8 � 0.6a 10.8 � 0.8b 19.7 � 0.9d — 2.6 2.3 (SPI)/5.8 (QS)

Non-emulsied oil
Control — 33.3 � 1.3cd 10.7 � 0.5b 19.0 � 0.6cd 2.6 — 1.5 (SPI)/4.0 (QS)
Control + SPI — 32.2 � 0.1abc 10.3 � 0.4b 18.0 � 0.9bc 2.3 1.5 —
Control + QS — 34.5 � 0.7d 9.2 � 0.4a 15.5 � 0.8a 5.8 4.0 —

Emulsied oil
SPI 20 MPa 1053 � 53e 32.8 � 0.8abcd 8.9 � 0.4a 18.1 � 1.1b 3.2 2.1 1.5
SPI 50 MPa 380 � 17c 31.9 � 0.1abc 9.1 � 0.4a 18.8 � 0.9bcd 2.2 2.1 1.4
SPI 90 MPa 155 � 6a 32.3 � 1.7abc 9.0 � 0.4a 18.4 � 0.4bcd 2.8 2.0 1.4
SPI 140 MPa 117 � 1a 32.7 � 0.2abcd 8.7 � 0.2a 18.0 � 0.7bc 3.3 2.3 1.7
QS 20 MPa 659 � 3d 31.9 � 0.5abc 8.8 � 0.1a 17.8 � 0.0bc 3.0 2.6 3.5
QS 50 MPa 361 � 3c 32.9 � 0.3bcd 8.5 � 0.1a 17.3 � 0.2b 3.9 2.8 2.5
QS 90 MPa 278 � 19b 31.1 � 1.1ab 8.9 � 0.1a 17.9 � 0.2bc 2.7 3.0 4.1
QS 140 MPa 243 � 4b 31.2 � 1.2ab 8.9 � 0.2a 18.5 � 0.3bcd 2.3 2.8 4.4

a a–eMeans (n = 2) ± standard deviation, within a column followed by different superscripts are signicantly different (P < 0.05). The symbol (—)
denotes for no data available.
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and promotes a whiter appearance. Surprisingly, the QS-
stabilized emulsied treatments resulted in lower L* values,
i.e. a darker surface, compared to the non-emulsied QS
sample. In addition, the emulsied samples showed an increase
in the b*-value, indicating a color shi toward yellow. For the
SPI treatments, the addition of the emulsied feed to the
extrusion process resulted in only modest changes in color
values, signicantly affecting only the a*-values (Table 3). This
indicates that the samples appeared less red when the SPI-
stabilized emulsions were added to the liquid feed instead of
bulk oil, which might be due to the scattering effects of the oil
droplets. Still, the overall impact of the droplet size of the SPI-
stabilized emulsions on the appearance of the HMMA was
very small. This is in contrast to the study of Wang et al.,20 in
which a SPI-stabilized emulsied feed was also incorporated
into an HMMA production process. From a comparison of
photos, samples obtained in that study appeared much lighter
compared to the HMMA treatments in the present study at
similar oil concentrations. This might be related to a later
injection point (4th barrel section in the study by Wang et al.20).
Injection of the emulsion into the barrel section closer to the
cooling die may have prevented excessive destabilization of the
emulsion and thus more intact oil droplets may have been
present. This could have increased light scattering which
resulted in a brighter appearance (higher L*-value). However, no
color measurements were performed in this comparative study
making it difficult to quantify the difference.

The color difference DE between all samples containing non-
emulsied oil and the standard without oil was greater than 2.3,
which is close to the threshold (2.5) of the JND (just-noticeable
difference) rang in the CIELAB color space for the untrained
1580 | Sustainable Food Technol., 2024, 2, 1569–1582
observer.46 While the value of the control with SPI showed only
a minor difference to the control without the emulsier (1.5),
the control containing QS showed a distinct color difference to
the control (4.0) and the standard (5.8). Because only minor
changes in L*-, a*-, and b*-values were seen for the emulsied
treatments, the color differences DE to the standard were also
relatively low. Since the samples with DE exceeding 2.5 occurred
randomly among all emulsied treatments, no clear trend could
be identied.
4. Conclusions

In summary, this study aimed to elucidate the different effects of
adding bulk oil and emulsied oil feeds with different droplet
sizes on an HMMA process and compare the product properties
to the standard prepared with no oil addition. The results show
that the emulsication – especially when using QS – lowered the
die pressure and SME evenmore than bulk oil addition compared
to the standard. However, this reduction did not reect in the
texture formation of the HMMA treatments as QS-stabilized
emulsion samples were able to resemble both stress-based and
elastic anisotropy indices of the standard. Therefore, the use of
emulsied oil feeds with heat-stable surfactants can help to
overcome the challenge in extrusion processing of extensive slip
through bulk oil addition and thereby loss of anisotropic struc-
ture formation. The visual brousness was most pronounced for
non-emulsied oil treatments due to intensied phase separation
and reduced cross-linking between protein strings. Therefore,
future studies should focus on two main aspects to advance the
production of composite HMMA: (a) determine the impact of
mechanical anisotropy and visual brousness on resemblance of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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meat-like tissue; (b) reveal the lubricating effects of emulsied vs.
bulk oils in such protein matrices at different oil concentrations
by using heat-stable emulsiers.
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