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ABSTRACT

Plant-based meat alternatives are seeing considerable interest due to their potential to reduce environmental
burden and enhance population health. The food industry, therefore, seeks routes to provide the consumer with
whole-cut plant-based products that closely resemble meat products. High-moisture extrusion (HME) of plant
proteins enables the industrial manufacturing of meat-like products with highly hierarchical structural organi-
sation of fibres. The major bottleneck in serving the growing market for these products is a lack of insight into
how multiscale structures evolve during shear processing. Furthermore, it remains an open question of how two
biopolymers, one being a plant protein and the other being a polysaccharide, contribute to the anisotropic
structure formation during HME. This study shows how the complementary use of small-angle neutron scattering
(SANS) and small-angle X-ray scattering (SAXS) can add clarity to these matters, benefiting from the different
contrasts in scattering length density (SLD) encountered with each of these methods. It is demonstrated that two
biopolymers have differences in the development of structural anisotropy. The protein fibril alignment starts in
the extruder section with its further development along the cooling die. On the other hand, for polysaccharide
fibres, the strongest local alignment has been found in the transition zone.

1. Introduction

implementation rely on shear processing through high-moisture extru-
sion (HME) (40-80 % [w/w] water) (Akdogan, 1999). The process in-

Even though animal agriculture has been proven to be a major
contributor to climate change (Aiking and de Boer, 2020), meat is still a
food staple in a population’s diet. One barrier to reducing the con-
sumption of animal products is consumer habits (van den Berg, van den
Brink, Wagemakers, & den Broeder, 2022). Meat is often described as
having a unique sensory profile, being comforting and familiar (Collier
et al., 2021). The unique textural properties of animal meat are a result
of the highly hierarchical structural organisation of fibres that is not
trivial to replicate (Pette & Staron, 1990). The food industry, therefore,
seeks routes to provide the consumer with whole-cut plant-based
products that closely resemble meat.

The technological routes most amenable for industrial
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cludes a mixing and hydration step, thermo-mechanical treatment, and a
cooling step (Cornet et al., 2022). The final step is commonly seen as a
requirement for the formation of the characteristic anisotropic structure.

In HME, plant proteins and polysaccharides are typically mixed to
create meat alternatives. Although recent research suggests that using a
second biopolymer is not a prerequisite for anisotropic structure for-
mation (Wittek, Zeiler, Karbstein, & Emin, 2021b; Osen, Toelstede,
Wild, Eisner, & Schweiggert-Weisz, 2014), the additional biopolymer
phase is thought to improve texture by enhancing fracturing during
eating (van der Sman & van der Goot, 2023). That is why, besides price
considerations, the food industry commonly employs protein concen-
trates that are less refined than protein isolates. The concentrates
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additionally contain polysaccharides, mainly originating from cell wall
fragments, composed of semi-crystalline cellulose embedded into the
matrix of hemicellulose and pectin.

Despite the extensive research suggesting hypotheses for the for-
mation and evolution of structure during extrusion (Wittek, Zeiler,
Karbstein, & Emin, 2021c; Ubbink & Muhialdin, 2022; Schmid, Far-
ahnaky, Adhikari, & Torley, 2022; Guyony, Fayolle, & Jury, 2023; van
der Sman & van der Goot, 2023), the field is still at an exploratory stage.
Empirical knowledge dominates the control and design of this process,
making the actual HME process a black box (Emin & Schuchmann,
2017). The reason for this lies in the inherent difficulty of studying these
hierarchically assembled multicomponent systems alongside the sub-
stantial heterogeneity of their structures. The complex hierarchical ar-
chitecture of extrudates necessitates the use of multiple characterisation
techniques in order to elucidate the mechanism by which two bio-
polymers, one being a plant protein and the other being a poly-
saccharide, contribute to the structure formation. In this context, the
combination of small-angle neutron scattering (SANS) with small-angle
X-ray scattering (SAXS) appears to be an efficient strategy for studying
the role of both proteins and polysaccharide fibres in the anisotropic
structure formation from the nano-to submicron scale. Several studies
have already utilised the capabilities of SANS (Tian et al., 2020) and
SAXS (Goh et al., 2005; Zink et al., 2024) to gain insights into the
anisotropic structure of a product featuring a hierarchical structural
arrangement of fibres. In this study, the different contrasts in scattering
length density (SLD) between the different components with respect to
water for neutrons and X-rays unravel the nanostructural evolution of
soy proteins and polysaccharide fibres during HME by studying mate-
rials collected from different zones in the extruder barrel and cooling die
upon a dead-stop operation.

2. Materials and methods
2.1. Materials

Commercial soy protein concentrate (SPC, Alpha 8® IP, 96% DM
with 70% in dry base, 2% fat, 7% ash, 18% dietary fibre, and total
carbohydrates of 19.6%) from Solae (St. Louis, MO, USA) was used in
this work.

The fibre composition of the SPC was determined by quantitative
NMR. The analysis showed the presence of a small amount of free sugars
(sucrose, stachyose); most sugars were present as polysaccharides. The
monosaccharide composition, upon Saeman hydrolysis, showed a strong
contribution of glucose, pointing to cellulose. The other mono-
saccharides (galacturonic acid, galactose, arabinose, mannose, rham-
nose, xylose) pointed to pectin and hemicellulose that were embedded in
the fibre (cell wall) matrix. The detailed fibre composition of SPC is
demonstrated in Table S1.

2.2. Extrusion processing

Extrusion trials were performed using a co-rotating twin-screw
extruder (XTS 19, Xtrutech, UK) with a screw diameter of 19 mm and
length-to-diameter (L/D) ratio of 25. A rectangular cooling die (17 mm
(width) x 7 mm (height) x 300 mm (length)) was coupled to the extruder
through a die adapter. A breaker plate was placed before the cooling die.

The extruder barrel was segmented into four temperature-controlled
zones that were electrically heated and cooled with water-cooling in-
serts inside the barrel. The temperature in the cooling die was regulated
by tap water functioning as a cooling medium. The dry protein
concentrate was fed into the extruder with a volumetric feeder (Bra-
bender Technologie, Utrecht, Netherlands). Water was injected via an
inlet channel with the use of a constant-flow pump (Master Flex Easy
Load II, USA).

The extrusion trials were run at the screw speed of 350 rpm and
moisture content of ca. 54%. The barrel temperatures were set at 80 °C,
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120 °C, 160 °C, and 135 °C in zones 1 to 4. The die temperature was set
at 135 °C. The cooling was maintained at a temperature of 65 °C.
Extrudate samples were collected from the cooling die outlet after
reaching a steady state, as indicated by constant process responses. The
samples were immediately frozen and stored at —18 °C.

For the dead-stop operation, the extrusion process was deliberately
stopped after collecting the extrudates. The extruder barrel section was
cooled using the maximum cooling capacity, and the screws were
stopped. The temperature of the cooling water was lowered to ambient
temperature. Cold water was immediately poured on the extruder barrel
and die sections to ensure efficient machine cooling (for the small-scale
extruder, the expected time for the contents of the barrel and cooling die
to reach ambient temperature is less than a minute). The die adaptor and
the cooling die were disassembled from the extruder, and the ribbon was
expelled from the cooling die by applying water pressure. After the
dead-stop, samples were also taken from screw, transition and die zones.
The dead-stop operation was carried out twice to obtain a sufficient
number of samples. All the collected dead-stop samples were immedi-
ately frozen and stored at —18 °C. A schematic diagram of HME and
sampling procedure is presented in Fig. 1A.

2.3. Slice preparation for Small-Angle Scattering (SAS)

A schematic diagram of the slice preparation procedure for Small-
Angle Scattering measurements is displayed in Fig. 1B. The samples
were sliced at a thickness of 500 pm using a cryo-microtome (Cryostar
NX70, Thermo Fisher Scientific, Germany), which ensured high preci-
sion cutting (section thickness range is 0.5-500 pm). The sectioning was
performed at the specimen head and blade temperatures of —12 °C and
—10 °C, respectively. The bonding of the samples to the specimen holder
was ensured by embedding the materials into the Tissue-Tek® O-C.T.
Compound (Sakura Finetek, USA) embedding medium. In order to ac-
count for the existing temperature gradient in the cooling die (Wittek,
Ellwanger, Karbstein, & Emin, 2021a), skin and core slices were ob-
tained for extrudate and dead-stop ribbon samples. Only one slice was
made for dead stops taken from the screw, transition, and non-cooled die
zones. The acquired slices were sandwiched between microscope slides
covered with Ultralene thin film (Spex® SamplePrep, USA) and subse-
quently sealed. This was to ensure the stability of the product during its
further storage (at —18 °C). Note that the slides and Ultralene film were
removed for following SAS measurements. Additional extrudate skin
slices intended for contrast variation SANS experiments (subsubsection
3.1.1) were taken manually with a scalpel knife, which affected the
accuracy of thickness determination.

Transition
zone

Screw Die

‘ = Cooling die
'~ —
Ribbon Extrudate

P - ‘ “

- | \ H
Zone 1 Zone?2 Zone3 P 15 em 30 cm
B
Serew
skin

Transition zone 500 umn slice Ribbons & Extrudates

core

Die thin film —_—
Extrusion direction

Fig. 1. (A) Schematic diagram of HME. Sampling positions are represented by
grey rectangles. Yellow dots and green cylinders represent protein and poly-
saccharide fibres components of SPC powder, respectively. (B) Schematic dia-
gram of slices preparation procedure for SAS measurements. The figure is not
to scale.
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2.4. Small-angle neutron scattering (SANS)

2.4.1. Preparation of soy protein concentrate doughs

To ensure different contrast conditions with SANS, water mixtures of
different H,0/D,0 compositions were prepared. SPC doughs were ob-
tained by adding SPC powder to the water mixtures at ca. 54%, w/w,
total solids. The doughs were manually mixed using a spatula and stored
at room temperature (20 °C) for at least 12 h before SANS measure-
ments. This procedure was intended to mimic the ‘starting conditions’ of
HME during the mixing and hydration step.

2.4.2. SANS experimental procedure

SANS measurements were performed on the Larmor Instrument at
the ISIS Neutron and Muon Source (STFC Rutherford Appleton Labora-
tory, UK) (ISIS Larmor). The time-of-flight setup at ISIS allowed a
simultaneous Q range of 0.005-0.7 A~! by utilising an incident wave-
length range of 0.9-13 A. Q is the magnitude of the scattering angle
defined as:

4n

Q=—sind

7l (€8]

where 20 is the scattering angle, and 1 is the incident neutron
wavelength.

Due to the anisotropic nature of the samples, the instrument was
configured with the symmetric squared sample aperture (6 x 6 mm?).
SPC doughs, extrudates, and dead-stop samples were loaded into gel cell
sample holders with demountable quartz windows to ensure an air-tight
environment during the measurements. To enable different contrasts in
SLD, manually sliced extrudate skin samples were soaked in D;O or
H20/D20 mixtures for at least 24 h before being transferred to the
holders (note that manual slicing procedure was performed only for
contrast variation experiments, all ‘natural’ contrast experiments were
carried out with the sliced prepared according to subsection 2.3). In-
dependent neutron radiography measurements were carried out at FISH,
a thermal neutron imaging station in Delft (Zhou et al., 2018), to ensure
that the soaking time of 24 h is enough to allow the samples to come to
equilibrium. It should be noted that the swelling of extrudates does not
affect the overall multiscale structure and can be adequately described
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/
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by the Flory-Rehner theory of crosslinked polymer networks (Cornet,
Snel, Lesschen, van der Goot, & van der Sman, 2021). During the mea-
surements, extrudate and dead-stop samples were mounted with the
specific rotation angle, ¢o. The rotation angle was aimed at 45° to
exclude the possibility that anisotropic aberrations of the instrument in
horizontal and vertical directions would have an effect on the retrieved
anisotropy parameters. A schematic of sample placement and mea-
surement strategy is shown in Fig. 2A.

2.4.3. SANS data analysis

All two-dimensional (2D) scattering data were reduced using the
instrument-specific software Mantid (Arnold et al., 2014). By selecting
several wavelength bands in the data reduction, it was checked that
there were no multiple scattering effects present in the measurements.
The raw data were placed on an absolute scale (cm™ 1) by measuring the
scattering of a mixture of hydrogenous and deuterated polystyrene with
a known radius of gyration and scattering cross-section (Wignall &
Bates, 1987). The data were corrected for detector sensitivity. The
scattering background of the quartz windows was subtracted. Isotropic
2D SANS patterns were radially averaged to obtain one-dimensional
(1D) scattering profiles, I(Q). When 2D SANS data displayed anisot-
ropy, the sector averages of the width of +15° were taken parallel (||)
and perpendicular (L) to the alignment direction.

SasView software (Doucet et al., 2022) was utilised to fit radial and
sector averages using the Levenberg-Marquardt algorithm (Levenberg,
1944; Marquardt, 1963), the standard method for non-linear data
fitting. Different phenomenological models, such as a generalised
anisotropic Guinier-Porod model previously used to quantify the hier-
archical structure in fibrous calcium caseinate (Tian et al., 2020), a
model consisting of the sum of a power-law term plus Guinier-Porod
model (Hammouda, 2010), and a broad peak model Tian et al. (2020)
were considered to fit the scattering data. However, only the broad peak
model provided a good fit to the scattering data. The shape-independent
empirical broad peak model is given by:

A C
W+ B

0= T lo—0®

(2)

where A is the power-law scale factor, n is the power-law exponent, C is

90°

<180°

skin & core
slices

EEDDD

X-ray

Extrusion direction
beam

Fig. 2. (A) Schematic diagram of sample placement with respect to a neutron beam and a typical two-dimensional SANS pattern. The specific rotation angle, ¢o, was
intended to be ca. —45° throughout the measurements. (B) Schematic diagram of sample placement with respect to an X-ray beam and a typical two-dimensional (U)
SAXS pattern. Samples were placed perpendicularly to the extrusion direction. Thus, for the ribbons, the specific rotation angle, ¢o, was intended to be ca. 90°. For
the dead-stops collected from the extruder section, ¢, vary from 0° to 180° depending on the sampling position. The figure is not to scale.
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the Lorentzian scale factor, ¢ is the Lorentzian correlation length, m is
the exponent of Lorentz function, B is the flat background that accounts
for incoherent scattering from the hydrogenous material. Qg is the peak
position related to the characteristic centre-to-centre distance (D) be-
tween the scattering inhomogeneities, where D = 27/Q.

Compared to shape-dependent models, applying the broad peak
model is less likely to lead to overfitting the data due to the lower
number of fitting parameters. It is not possible to describe the meat al-
ternatives, which are complex multiphase and polydisperse systems
with shape-dependent models. These models will need a much larger
number of fitting parameters, which will lead to unrealistic in-
terpretations of the scattering data.

Additionally, insights into the nanostructure anisotropy were gath-
ered from the examination of the annular intensity averages. The aver-
aging of 2D SANS data was carried over a narrow Q range of Qpin < Q <
Qtrans, Where Qnin corresponds to the lowest accessible scattering vector
to probe the largest possible dimensions of the scatterers, and Quqns
corresponds to the transition from isotropic to anisotropic structure. The
obtained annular intensity averages were fitted with a Legendre series
expansion as described in (Burger, Hsiao, & Chu, 2010):

1(Q,¢) =Y a,Ps(cosp”) ()
=0

where ¢* = ¢ — (¢y) + %, @0 is the orientation angle, a are fitting co-
efficients, and Py, are even Legendre polynomials. From Equation (3),
the nematic order parameter, P;, was determined as:

B @

Sag

The value of P, describes the extent of nano-alignment around a certain
orientation angle, ¢o. The closer it is to zero, the more isotropic the
sample is. The maximum value of the order parameter is determined by
the scattering characteristics of a perfectly oriented structure.

2.5. (Ultra-)Small-angle X-ray scattering ((U)SAXS)

2.5.1. (U)SAXS experimental procedure

SAXS and USAXS measurements were performed on the upgraded
beamline ID02 of the European Synchrotron Radiation Facility (ESRF,
Grenoble, France) (Narayanan et al., 2022). A long evacuated detector
tube allowed an automated change of the sample-to-detector distance
(SDD) from 1 to 30.9 m, making it possible to collect SAXS and USAXS
data with the same setup. For this study, three SDDs (1, 8, and 30.9 m)
were used to cover a Q range of 0.0002-0.8 A~! with an X-ray wave-
length of 1.014 A.

Extrudate and dead-stop slices were mounted on the sample holder.
Subsequently, the holder was covered with an Ultralene film, which was
sealed with double-sided tape. This provided an air-tight environment
and only two layers of film contributed to the background. The small
beam size of 100 x 150 um? (v x h) permitted the recording of 20
measurement frames over a range of 8 mm in the direction perpendic-
ular to the extrusion direction (Fig. 2B).

2.5.2. (U)SAXS data analysis

All 2D scattering data were reduced and normalised to an absolute
scale (cm™1) using standard procedures (Narayanan et al., 2022). The
instrument-specific software SAXSutilities (Sztucki, 2021) was used for
scattering background subtraction of the Ultralene film, merging mea-
surements recorded at different SDDs and other specific operations.

In order to account for material heterogeneity, averaging was per-
formed according to the scheme displayed in Fig. 3. It was investigated if
the merged intensity curves displayed characteristic shoulder-like fea-
tures or obeyed a power-law at some Q regions.

As for the SANS data, insights into the nanostructure anisotropy were
gathered from the examination of the annular intensity averages. The
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60 radial 60 averaging 3 1
averaging over frames merging
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3 SDDs x 20 frames 3 SDDs x 20 frames 3SDDs merged for 3 SDDs

Fig. 3. Scheme of averaging procedure of (U)SAXS data.

annular intensity averages, I(¢), were obtained for each measurement
frame. The averaging was carried over a Q range of 0.025 > Q > 0.0002
A1 (i.e. at SDD of 30.9 m), where anisotropy was best observable. The
obtained annular intensity averages were fitted I(p) with a Legendre
series expansion as described above. To enable the comparison of
different samples under conditions of material heterogeneity, the order
parameter and orientation angle values were averaged over 20 mea-
surement frames.

3. Results and discussion
3.1. Small-angle neutron scattering (SANS)

3.1.1. Contrast variation in SPC doughs and extrudates

It is worth clarifying that most measurements described in this work
were carried out with food-grade materials produced with tap water and
collected directly from the extruder to have the most realistic samples.
However, some samples, namely SPC dough and extrudates, were
additionally prepared with water mixtures of different HO/D,0 com-
positions as described in subsubsection 2.4.1 and subsubsection 2.4.2.
This was intended to elucidate the contribution of the soy proteins and
polysaccharide fibres to the scattering. In this work, polysaccharide fi-
bres mainly comprise semi-crystalline cellulose in which pectin and
hemicellulose are embedded. Hence, ‘polysaccharide fibres’ represent
the whole, and the word ‘cellulose’ is used as a ‘pars pro toto’, ‘part
representing whole’. Thus, this subsection presents the results for the
samples prepared with ‘natural’ contrast (i.e. with 100% H50) and with
water mixtures of the following composition: 100% D50, 35% D50,
42.5% D,0.

As can be seen from Table 1, the neutron SLD difference (Neutron
SLDproteins - Neutron SLDp,0) between proteins and HpO is only
marginally greater than the difference between cellulose and H;0O
(SLD¢elmuiose - Neutron SLDy, o). However, given the low mass fraction of
cellulose compared to that of proteins, it is reasonable to assume that in
‘natural’ contrast SANS experiments, the greater contribution to scat-
tering is due to proteins. Nevertheless, it must be emphasised that the
contribution of cellulose to the neutron scattering intensities cannot be
completely eliminated, as evidenced by the variations in scattering in-
tensities from the doughs of SPC and soy protein isolate (SPI) (cellulose
content in SPI is negligible) (Fig. S1). As for the other H,O/D,0 com-
positions, it is expected that around 42.5% DO soy proteins will be
contrast-matched, making the scattering contrast arise primarily from
the SLD difference of cellulose relative to water. Around 35% D50, the
scattering signal is anticipated to be due to the contrast between proteins

Table 1

Theoretical neutron and X-ray SLDs for soy proteins, semi-crystalline cellulose
(Martinez-Sanz, Gidley, & Gilbert, 2015), H,O and D,0. The SLDs of soy proteins
were estimated with the SLD calculator on the website of the National Institute
of Standards and Technology (NIST) (NIST). For these calculations, the empir-
ical formula of soy proteins was determined to be C;5H;2N203 and the mass
density of 1.3 g/cm3 was used (ChemSrc).

Neutron SLD (10° cm~2) X-Ray SLD (10'° cm™?)

Soy Proteins 2.39 11.63
Cellulose (crystalline) 1.87 14.46
Cellulose (amorphous) 1.73 13.38
H,0 —0.56 9.47
DO 6.34 9.43

Contrast match point for soy proteins: 42.5% D,O Contrast match point for
crystalline cellulose: 35% D,0.
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and water. With 100% D-0, the highest intensity of the scattering data is
expected due to the greatest contrast with respect to soy proteins and/or
cellulose.

At a temperature below the melting (denaturation) temperature(s) of
the biopolymers, the dough is expected to be a random, isotropic
mixture in which immiscible biopolymers remain in separate phases. As
expected, SANS patterns of the unprocessed SPC doughs were found to
be isotropic. Thus, they were radially averaged to obtain I(Q) plots
presented in Fig. 4. In general, incoherent background scattering arising
from the hydrogenous material is predominant at the high Q region (Q
> 0.07 A1), This is less pronounced for SPC dough in 100% D50 due to
the substitution of hydrogen for deuterium. The similarity in the inco-
herent background levels between 100% H30, 35% D>0, and 42.5% D>0
is most likely caused by the nonuniform distribution of the dough
samples in the gel cell sample holders (due to the ‘crumbly’ texture of
the doughs), which affected the absolute intensities. Furthermore, it
should also be clarified that, in general, one does not expect a clear
scaling effect of the incoherent background with the amount of D20 due
to the fact that only part of the background is due to water; the rest is due
to hydrogens constituting nearly half of the atoms in proteins and
polysaccharides. Nevertheless, the highest intensity of the scattering
data is observed for the 100% D,O sample, and the lowest contrast is
provided by the doughs prepared with D,O/H20 mixtures. For all
doughs, scattering at low Q (Q < ca. 0.01 ;\’1) is dominated by power-
law behaviour, suggesting the presence of larger structures and/or
aggregate formation. An increase in scattering intensities at the low Q
region was also demonstrated for SPI dough (Fig. S1), implying that soy
proteins are responsible for this observation. In Tian et al. (2020),
similar low Q behaviour in the scattering data from unsheared caseinate
protein dispersion was also attributed to the presence of larger aggre-
gates or clusters of sub-aggregates in the protein gel. Although the cited
work examines a different protein system, the observed scattering
behaviour is fairly similar to scattering from SPC systems. However, in
the case of SPC dough, cellulose chains could additionally contribute to
the low Q behaviour. For 100% H30 and 100% D20 SPC doughs, this
power-law region is followed by a distinctive shoulder in the Q range
between ca. 0.01 and 0.08 A, In Tian et al. (2020), a similar shoulder
feature was attributed to the sub-aggregate structure of the protein
dispersion. Due to the lowered overall contrast and reduced scattering

10° ¢
Fa = Dough 100% H,0
- = Dough 100% D,0O
T * Dough35% D,0O
102 :_I 38 = Dough 42.5% D,0O
210"
g E
2
~
10° |
{""';1111 o _ji *
107 — 1
; | L L L PR |
102 107
0"

Fig. 4. Radially averaged SANS data from SPC doughs prepared with 54% w/w
moisture content for different H,O/D,0 compositions. Square symbols repre-
sent the experimental data and the line represents the fit with the broad peak
model to the 100% H,O dough SANS data.
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intensities in the 35% D»0 and 42.5% D50 SPC doughs, poor shoulder
resolution is inherent to these samples.

Similar observations were made for extruded soy proteins, unsoaked
and soaked in mixtures of different H,O/D20 compositions Fig. 5. Since
HME induces anisotropic structure formation, the circular symmetric
radial averaging, performed to generate 1D plots presented in Fig. 4, is
no longer valid. Sector averages should be taken in the directions par-
allel and perpendicular to the orientation direction. Fig. 5 displays 2D
SANS data and corresponding sector intensities for extrudate skin slices.
As for protein doughs (Fig. 4), the greatest contrast is provided by the
sample soaked in 100% D,O and the lowest scattering intensities are
observed for extrudates soaked in HyO/D20 mixtures. Apparently, the
difference in the incoherent background levels between 100% H,O
extrudate and extrudates soaked in 35% and 42.5% D,O is more obvious
compared to the dough samples as a result of increased certainty
regarding slice thicknesses. However, it should be noted that for extru-
date slices, it is also not possible to completely eliminate the chance of
some uncertainty in sample thickness determination due to manual
slicing of these samples. Interestingly, the shoulder-like feature, occur-
ring right after the power-law dominated region (Q < ca. 0.03 A™1), is
not present only in the scattering data from the extrudate soaked in
42.5% D50 (expected contrast between cellulose and water) (Fig. 5D)
(note that the shoulder shifts to the slightly lower Q-values after the
soaking (Fig. S2), which might be attributed to swelling by the water).
These findings suggest that the shoulder, observed within the Q range
between ca. 0.01 and 0.08 A=Y, can be attributed to proteins. This seems
to be in line with the observation of a more pronounced shoulder in the
scattering data from SPI dough (Fig. S1), where the scattering contrast
arises primarily from the SLD difference of soy proteins relative to water.
Although a similar shoulder feature was previously reported for bacte-
rial cellulose (Martinez-Sanz, Lopez-Sanchez, Gidley, & Gilbert, 2015),
these features were not observed in SAS data from plant cell walls
(Fernandes et al., 2011; Penttila et al., 2021). As described in (Marti-
nez-Sanz, Gidley, & Gilbert, 2016), such a difference in scattering pat-
terns from bacterial cellulose and plant cell wall systems is due to the
presence of core-shell-like regions with distinct SLD values in the
structure of bacterial cellulose. These core-shell-like regions with
different solvent accessibility and distinct SLD values are the result of
several cellulose microfibrils interacting via multiple hydrogen bonds
within cellulose ribbons (Martinez-Sanz, Lopez-Sanchez, et al., 2015). In
plant cell wall systems, cellulose microfibrils are embedded in a matrix
of pectic and hemicellulosic polysaccharides (Sandhu, Randhawa, &
Dhugga, 2009). Therefore, the formation of interfibrillar hydrogen
bonds might be inhibited by these matrix components directly inter-
acting with the cellulose microfibrils, leading to no core-shell regions
with distinct SLD values (Martinez-Sanz et al., 2016). Curiously, the
42.5% D90 extrudate is also the only sample that does not have an
anisotropic neutron scattering response (Fig. 5D), while others show the
alignment in the extrusion direction (Fig. 5A-C). The apparent differ-
ences between the degree of alignment in the samples that were
unsoaked and soaked in 100% D50 and 35% D-O are due to different
overall contrasts. Thus, these results suggest that in the extruded sam-
ples, protein structures are aligned with the extrusion direction at the
length scales above ca. 13 nm (27/Qgqns)- In contrast, polysaccharide
fibres have a more random orientation at the probed length scales.

It should be noted, however, that even though the use of contrast-
matching SANS for SPC systems was confirmed to be useful to see
some structural differences, it is hard to make any definitive conclusions
based on these results. The main concern that has to be taken into ac-
count when interpreting contrast variation results is the possible H/D
exchange of hydrogens in proteins and/or cellulose with deuterium in
D,0 (Rubinson, Stanley, & Krueger, 2008). The ability of proteins to
exchange backbone amide hydrogens and some side-chain hydrogens
may cause the theoretical SLD values (Table 1) to deviate from experi-
mentally determined values (Efimova, Haemers, Wierczinski, Norde, &
Van Well, 2007; Perkins, 1986). Nevertheless, experimentally
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Fig. 5. 2D SANS data (scattering intensities are on logarithmic scales) (left) and sector averages taken in the directions parallel (||) and perpendicular (L) to the shear
(right) for extrudate skin slices: a) unsoaked, b) soaked in 100% D50, c) soaked in 35% D-0, and d) soaked in 42.5% D,0O. Black arrows indicate extrusion direction.
Lines in a) (right) represent the fit with the broad peak model to the 100% H3O extrudate SANS data.

determined match points for proteins fall between 39% D0 and 45%
D,0, with many clustered in the 41-43% range (Perkins, 1986). The
deviation of the theoretical SLDs from experimentally determined values
was also demonstrated for cellulose (Martinez-Sanz et al., 2016). The
H/D exchange undergone by the labile cellulose hydroxyl groups when
cellulosic samples are soaked in HyO/D;0 was determined to be
responsible for this deviation. Taking into account the aforementioned
reasons and the need to ensure the most realistic food-grade samples, the
results below are presented only based on ‘natural’ contrast SANS
experiments.

3.1.2. Protein aggregation behaviour
To investigate protein aggregation behaviour during HME, the
experimental radially averaged data corresponding to the SPC dough in

100% Hy0 and sector averages corresponding to the unsoaked dead-
stops were fitted with the broad peak model (Equation (2)). The
model provided a good fit along the entire Q range and reproduced the
shoulder feature (examples of the fit are shown in Figs. 4 and 5A (right)).
For sector averages, simultaneous fitting (with fitting parameters con-
strained to be equal for both parallel and perpendicular directions)
significantly reduced fit quality as indicated by »? increased from ca. 1
(for separate fitting) to ca. 30-40 (for simultaneous fitting) (Table S2),
clearly indicating anisotropic nature of extruded SPC dough.

Although the empirical nature of the broad peak model somewhat
hinders the physical interpretation of the data, the fit still provides an
average centre-to-centre distance (D) between scattering in-
homogeneities (all other fitting parameters are presented in Table S2).
As evident from Fig. 6, D seems to change drastically when the dough
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Fig. 6. Centre-to-centre distances between scattering inhomogeneities esti-
mated from the broad peak model for the dough in 100% H,0, unsoaked dead-
stops and extrudate. Green and magenta symbols represent skin and core slices,
respectively. Note that since the 2D SANS data from the dough and screw
samples displayed no anisotropy, radially averaged intensities were fitted with
the model. For the other dead-stop and extrudate samples, sector intensities
were used for the fit.

gets subjected to the thermo-mechanical treatment in the extruder. At
the same time, it remains roughly unchanged along the extruder and the
entire cooling die in both perpendicular (1) and parallel (||) directions.
This seems to agree with existing hypotheses on protein aggregation
mechanisms during HME. Soy proteins have a strong tendency to self-
assemble into aggregates due to the high content of sulthydryl (SH)
and disulfide (SS) groups (Hou et al., 2022). In the conditions of high
moisture content, and also given the fact that the proteins present in the
commercial SPC powders are already (partially) denatured via pre-
processing (van der Sman & van der Goot, 2023), a facilitated aggre-
gation might be expected in the dough even when the thermal treatment
is not applied yet. At the next stage, the dough is subjected to
thermo-mechanical treatment through the simultaneous application of
heat and shear at elevated pressure. At the temperature above the
denaturation temperature, extensive SH/SS exchange takes place, which
promotes the formation of inter-molecular crosslinks, partially at the
expense of intra-molecular crosslinks (Morel, Redl, & Guilbert, 2002;
Osen, Toelstede, Eisner, & Schweiggert-Weisz, 2015; van der Sman &
van der Goot, 2023). Additional application of shear is deemed essential
to promote aggregation via lowering the activation energy (Sharma &
Pandey, 2021). This increase in aggregation causes the shoulder to shift
to the lower Q. According to (Wolz, Mersch, & Kulozik, 2016), the
further change in aggregate sizes is limited by the balance between the
aggregate growth and shear-induced fragmentation at the end of the
screw section. This balance, which could also be expressed by the bal-
ance between thermal and mechanical (shear) energy, determines the
size of protein aggregates that comprise the building blocks of the pro-
tein fibrils (van der Sman & van der Goot, 2023). Apparently, this is a
reason for fairly constant D values along the extruder and the cooling die
zones.

3.1.3. Evolution of protein nanostructural anisotropy

As described in (van der Sman & van der Goot, 2023), the formation
of protein fibres during HME is preceded by the alignment of protein
aggregates at the nanoscale. Therefore, it is essential to investigate the
evolution of protein nanostructural anisotropy during shear processing.
This can be done by fitting annular intensity averages with the Legendre
series expansion (Equation (3)) and calculating the nematic order
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parameter, as explained in subsubsection 2.4.3. Fig. S3 gives an example
of the goodness of the fit. Fig. 7 displays the calculated values of the
nematic order parameter. Despite the small values of the order param-
eter characteristic for amorphous biopolymer materials with the weak
alignment of nanostructural domains (Edwards, Mai, Tang, & Olsen,
2020), a significant (statistical) difference in the values of the nematic
order parameter (see also Fig. S3 for comparison of annular intensities)
makes it possible to clearly observe the nanoanisotropy development
along the extruder and the entire cooling die section at length scales of
ca. 13-125 nm.

The formation of the anisotropic structure already in the transition
zone is in agreement with the results reported in other studies. For
example, in (Yao, Liu, & Hsieh, 2004), similar dead-stop trials were
performed to study fibre formation during the HME of soy protein
isolate. There, it was also demonstrated that the anisotropic structure
formation takes place in the transition zone (i.e. right after the screw
section).

Further nanoanisotropy development is observed as the material
progresses from the extruder barrel to the cooling die. From a compar-
ison of skin and core slices, the extent of alignment is stronger in the
skin. The large temperature gradient between the cold exterior and
warm interior may account for this difference. Due to the lower tem-
perature in the skin compared to the core, a higher viscosity is achieved
in the former. In combination with the high shear stresses near the wall,
one would expect a more pronounced alignment in the skin. The dif-
ference in the extent of alignment observed between skin and core at the
nanoscale is also reflected at the macroscale, as seen in Fig. S4. This
further confirms the sensitivity of SANS to changes in nanoanisotropy
during HME.

The extent of alignment of protein fibrils slightly decreases in the
extrudate compared to the cooling die ribbons. This becomes more
obvious for the SPI dead-stop (Fig. S5). The expansion that perturbs the
structure of the ribbon, leaving the cooling die, is the most likely reason
for such a decrease. Although this expansion is minimised in the case of
HME by lowering the temperature of the hot mass below the boiling
temperature, some studies have still observed a decrease in the anisot-
ropy index as the material transitions from the cooling die to atmo-
spheric pressure (Yao et al., 2004).

3.2. (Ultra-)Small-angle X-ray scattering ((U)SAXS)

As described in subsection 2.5, SAXS and USAXS measurements were
carried out with a beam of 100 x 150 pm2 (v x h), which allowed local
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Fig. 7. Nematic order parameter, calculated from SANS data, demonstrating
nanoanisotropy evolution at length scales of ca. 13-125 nm. Note that in SANS,
the greater contribution to scattering is due to proteins.
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examinations of 20 different sample spots over a range of 8 mm. Due to
material heterogeneity, SAXS and USAXS patterns display different de-
grees of alignment at different sample spots. Examples of orientation
angles and the order parameters determined for different spots on the
skin extrudate sample are presented in Fig. S6. In order to account for
material heterogeneity, averaged scattering data were obtained ac-
cording to the scheme shown in Fig. 3. The resulting scattering profiles
are displayed in Fig. 8.

As for the SANS data, a shoulder-like feature is evident in the Q range
between ca. 0.01 and 0.05 Al (this characteristic feature is more
apparent on a Kratky plot). However, it is less defined compared to the
SANS data obtained with a ‘natural’ contrast (Fig. 5B). Table 1 indicates
that X-rays exhibit lower sensitivity towards proteins when compared to
neutrons. Given that the feature in the Q range between ca. 0.01 and
0.08 A1 is attributed to proteins (subsubsection 3.1.1), it is anticipated
that SAXS measurements would reveal a less distinct shoulder. In the
lower Q region, which was not achievable with SANS (Q < 0.005 f\‘l),
the presence of additional shoulder features is detected. Scattering in-
tensities of all samples display a faint shoulder in the Q range between
ca. 0.002 and 0.007 A1, corresponding to real-space distances of ca.
90-315 nm. Considering the corresponding size range, the origin of this
shoulder can be attributed to fibrillar structures of proteins. In Tian et al.
(2020), a similar feature was detected in the low Q SANS data from the
fibrous calcium caseinate. The lowest Q region (Q < 0.001 A’l) reveals
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law coefficients were determined in the Q range 0.0002-0.002 A~1. Data were
obtained by combining three SDDs that each covers a Q range indicated by
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substantial differences between the micron scale structures in the
extruder and cooling die samples. A decrease in the intensity of USAXS
data and a decline in the power-law coefficients are observed as the
material progresses from the extruder barrel to the cooling die. In the
extruder barrel and non-cooled die zones, scattering intensities seem to
obey the power-law. In the cooling die, the lower Q region appears to be
less dominated by the power-law, and a faint shoulder-like feature be-
comes distinguishable. Furthermore, it is evident that scattering in-
tensities and the power-law coefficients are lower in the skin compared
to the core. Since the measured USAXS intensities are proportional to the
number density of the large-scale structures, it would be reasonable to
suppose that cell wall fragments are responsible for these observations.
Indeed, the most clustered structures are expected to be formed in the
extruder barrel due to break-up and coalescence events during intensive
shearing in the extruder barrel (Tolstoguzov, 1993). Moreover, micro-
scopy results (Fig. S7) also suggest the presence of dense regions of
cotyledon tissue that have escaped much of the heating and shearing
actions in the extruder barrel. As the melt passes to the cooling die, the
dispersed polysaccharide fibre phase undergoes deformation and is
distributed more homogeneously. The breaker plate placed before the
cooling could be a reason for this. Breaker plates are known to sieve out
large particulates and ensure a homogeneous pressure distribution (van
der Sman & van der Goot, 2023). Since the deformation of the dispersed
phase is facilitated by shear flow, it is logical to assume that the core
undergoes smaller deformations compared to the skin as a result of
decreased shear forces in the latter.

Surprisingly, in contrast to SANS, the nematic order parameter
determined from USAXS data does not show an increase of alignment in
the cooling die section (Fig. 9A). Note that since the calculated values
varied significantly at different sample spots (Fig. S6), Fig. 9 A, B display
the means of 20 measurement frames. Furthermore, the results suggest
substantial anisotropy already in the screw section with its significant
increase in the transition zone (for statistical analysis see Table S3). At
the beginning of the cooling die and in the final extrudate, the probed
structures appear to be non-aligned at the submicron-to-micron scale.
This difference in anisotropic evolution determined from ‘natural’
contrast SANS and (U)SAXS data can be attributed to the different
contributions of polysaccharide fibres to the scattering intensities of
neutrons and X-rays, respectively. Although it is impossible to separate
the contributions of proteins and polysaccharides completely, it is still
evident that cellulose makes a larger contribution to (U)SAXS compared
to ‘natural’ contrast SANS (Table 1). It is this contribution of cellulose
that appears to be responsible for the strongest local alignment observed
in the transition zone. Indeed, the tensile stresses are known to have an
important role in the orientation of the dispersed polysaccharide fibre
phase (Wittek et al., 2021a). Given that the highest tensile stresses are
generated in the transition zone, one would expect the most pronounced
local alignment of polysaccharide fibres there. Furthermore, the pres-
ence of more clustered or densely packed fibres in the extruder section
may also add to the observation of substantial local alignment in the
extruder barrel. The apparent lack of polysaccharide fibre alignment in
the final extrudate would be in line then with the isotropic SANS data
from the extrudate, soaked in 42.5% D50, for which the scattering signal
is anticipated to be due to the contrast between polysaccharide fibres
and water (Fig. 5D). The expansion of the ribbon upon leaving the
cooling die could be the reason for this observation.

As evident from Fig. 9B, the alignment of cell wall fragments occurs
along with the flow in both extruder and cooling die sections. Curiously,
even though there is no significant difference between order parameters
in the skin and core slices collected from the cooling die, it is clear that
standard deviations in orientation angles are larger for the core. The
differences between the skin and core are in line with the SANS data that
showed weaker alignment in the core compared to the skin determined
for a large sample area of 6 x 6 mm? (Fig. 7). A large standard deviation
in the non-cooled die zone does not imply a random orientation of the
fibres, but, on the contrary, accurately describes the orientation with the
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Fig. 9. Nano- and microstructure evolution during HME demonstrated by nematic order parameters (A) and orientation angles (B), calculated from (U)SAXS data at
SDD of 31 m, i.e. at length scales of ca. 30 nm - 3 pm. Note that, in (U)SAXS, contribution of polysaccharide fibres is greater when compared to SANS. Results are the
means of 20 measurement frames. The calculated error bars are the result of strong heterogeneity and the existence of regions with varying alignment within the

samples. A schematic diagram of fibre orientation is presented in (C).
flow, as schematically shown in Figure Fig. 9C.
4. Conclusions

The complementary use of SANS and SAXS has been demonstrated to
be a powerful strategy for studying the role of both proteins and poly-
saccharide fibres in the anisotropic structure formation at the nano- and
submicron scale. The data collected provide evidence that two bio-
polymers have differences in the development of anisotropy.

Considering the greater contribution of proteins to the SANS signal,
it has been shown that, in the screw section, protein aggregates grow
(Fig. 10 (1 — 2)) until reaching the size that remains the same in the
subsequent extruder and cooling die sections (Fig. 10 (2 — 5)). These
protein aggregates of stable size probably constitute the building blocks
of the protein fibrils. The transition section (Fig. 10 (3)) has demon-
strated the presence of protein fibril alignment, which continues to
evolve as the dough progresses through the die (Fig. 10 (3 — 5)). Due to
the temperature gradient in the cooling die (Fig. 10 (5)), the alignment
extent gradually increases from the warm core to the cold exterior
(Fig. 10 (5, 6: skin vs core)). Upon exiting the cooling die (Fig. 10 (6)),
the extent of alignment of protein fibrils slightly decreases, which is

likely due to the expansion of the extruded material.

The fact that polysaccharide fibres make a greater contribution to the
SAXS signal compared to the ‘natural’ contrast SANS has enabled the
investigation of the role of the second dispersed biopolymeric phase in
the anisotropic structure formation. In contrast to proteins, the sub-
stantial alignment of highly clustered and/or densely packed cell wall
fragments has been observed already in the screw section (Fig. 10 (2)).
Probably due to the highest tensile stresses expected in the transition
zone, this zone demonstrates a significantly stronger preferred orienta-
tion of polysaccharide fibres (Fig. 10 (3)) compared to the non-cooled
and cooling die zones (Fig. 10 (4,5)). In the final extrudate (Fig. 10
(6)), cell wall fragments appear to be non-aligned at the submicron-to-
micron scale, which is likely due to the expansion of the extruded
material.
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