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High-moisture extrusion (HME) is widely used to produce meat analogues. During HME the plant-based materials
experience thermal and mechanical stresses. It is complicated to separate their effects on the final products
because these effects are interrelated. In this study we hypothesize that the intensity of the thermal treatment can
explain a large part of the physicochemical changes that occur during extrusion. For this reason, near—infrared
(NIR) spectroscopy was used as a novel method to quantify the thermal process intensity during HME. High-
—temperature shear cell (HTSC) processing was used to create a partial least squares (PLS) regression curve for
processing temperature under controlled processing conditions (root mean standard error of cross-validation
(RMSECV) = 4.00 °C, coefficient of determination of cross-validation (R%v) = 0.97). This PLS regression
model was then applied to HME extrudates produced at different screw speeds (200-1200 rpm) and barrel
temperatures (100-160 °C) with two different screw profiles to calculate the equivalent shear cell temperature as
a measure for thermal process intensity. This equivalent shear cell temperature reflects the effects of changes in
local temperature conditions, residence time and thermal stresses. Furthermore, it can be related to the degree of
texturization of the extrudates. This information can be used to gain new insights into the effect of various

process parameters during HME on the thermal process intensity and extrudate quality.

1. Introduction

High-moisture extrusion (HME) is commonly used to produce fibrous
plant-based products with a similar structure to animal meat (Schmid
etal., 2022). During this process, plant-based ingredients are mixed with
water, sheared, and heated in the extrusion barrel after which the ma-
terial is pushed through a long cooling die (Opaluwa et al., 2023). Even
though extrusion for meat analogue applications was developed already
approximately 50 years ago, improvements in the technology seem still
possible (Puski & Konwinski, 1976). The development of new extruded
products is now mostly based on empirical research, in which the effects
of single process parameters on the final product properties are inves-
tigated (Emin, 2022). However, the effect of the interactions with other
process parameters should be considered as well to better understand
the structure formation (Schmid et al., 2022). The hypotheses that are
currently available for the mechanisms that cause fibrous structure
formation were recently summarized by van der Sman & van der Goot
(2023) and Schmid et al. (2022).

One of the prerequisites for fibrous structure formation during HME
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is the change of physicochemical properties of the ingredients, such as
protein denaturation and aggregation or starch gelatinization and
degradation (van der Sman & van der Goot, 2023; Z. Zhang et al., 2022).
The kinetics of these changes are influenced by the thermal and me-
chanical treatment of the product inside the extrusion barrel (Pietsch
et al., 2019a; Tian et al., 2023). The reactions that take place in the
extruder barrel affect the rheological properties and the flow pattern and
therefore affect all subsequent steps in the structure formation process
(Pietsch et al., 2019b).

Several authors already investigated the effect of ingredient
composition (Q. Chen et al., 2023; Nasrollahzadeh et al., 2022; Riazi
et al., 2023) or processing conditions (Meng et al., 2022; Sun et al.,
2022; X. Zhang et al., 2022) on the changes in protein structure during
HME. However, evaluating the effect of all process parameters on the
possible reactions for all ingredients used would be extremely time-
consuming and costly. Furthermore, the effect of a single process
parameter cannot be studied in isolation since they often have inter-
linked effects on the final products, as is the case for barrel temperature
and screw speed (Schmid et al., 2022).
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Here, we hypothesize that the thermal treatment is critical to ensure
the necessary physicochemical changes in the product and thus the
required rheological properties and flow pattern to allow structure for-
mation during HME. This hypothesis relies on the premise that the shear
rates the plant-based material experiences during HME are insufficient
to initiate protein denaturation (Jaspe & Hagen, 2006), whereas it is
well-known that thermal treatment has this effect. This is further sup-
ported by the minimum texturization temperature as established by
Hogg & Rauh (2023), which confirms that thermal treatment is the most
important factor for HME structuring. However, it should be noted that
shear stresses can lower the activation energy for protein denaturation
and affect protein aggregation (Pommet et al., 2004; Quevedo et al.,
2020; Sharma & Pandey, 2021; Wolz & Kulozik, 2015). A rapid method
to determine the combined effect of multiple extrusion parameters on
the thermal process intensity would therefore be desired.

An attempt to develop a rapid method to assess the overall effect of
process intensity on extruded pea protein has been already made by Ben-
Hdech et al. (1993). They successfully used near-infrared (NIR) spec-
troscopy in combination with principal component analysis (PCA) to
rapidly classify extruded pea protein into different categories based on
process intensity. NIR spectroscopy is a rapid and non-destructive
measurement technique that relies on the absorption of NIR radiation
by CH, OH and NH bonds (Ozaki & Morisawa, 2020). The technique has
previously been used to successfully assess the end point temperature of
sausages (J. P. Wold et al., 2020), paté (O Farrell et al., 2011) and fish
products (Skara et al., 2014; Uddin et al., 2002, 2005, 2006; J. P. Wold,
2016). This applicability of NIR spectroscopy for the measurement of
thermal effect mainly relies on the effect of protein denaturation and
changes in the protein-water interaction on the NIR spectra (Ellekjaer &
Isaksson, 1992; Uddin et al., 2002). NIR measurements of powdered
extrudates were previously correlated to the specific mechanical energy
input (SME) during cereal extrusion (Guy et al., 1996). However, to the
best of our knowledge, NIR has not been applied for the measurement of
process intensity of meat analogue products processed by HME yet. This
study therefore aims to use NIR spectroscopy to quantify the overall
thermal process intensity on products during high-moisture extrusion.

To circumvent the complex interrelated process parameters and high
sample amount during HME, high-temperature shear cell (HTSC) pro-
cessing was used to create a calibration model for thermal process in-
tensity. In this study NIR spectra of HTSC products produced at different
processing temperatures were used to create a calibration model for the
thermal process intensity using partial least squares (PLS) regression.
The influence of processing time (2.5-10 min) on the performance of the
calibration model was also quantified, because heating time is known to
influence protein denaturation and the NIR spectra of heated protein
systems (Skara et al., 2014). Then, the same calibration model was
applied on the NIR spectra of HME extrudates that were produced at
different screw speeds (200-1200 rpm), barrel temperatures
(100-160 °C) and with two different screw profiles. This method was
used to calculate the equivalent shear cell temperature of these extru-
dates. Subsequently, the effects of these processing parameters on the
equivalent shear cell temperature and thus the extent of thermal pro-
cessing were evaluated. Finally, the relationship between the thermal
process intensity and the degree of texturization of the extrudates was
explored. This study thus describes a method that quantifies how pro-
cessing variables influence NIR spectra of HTSC products and extru-
dates, how these results can be used to generate new insights on the
development of inline processing optimisation methods for better
quality control of plant-based meat analogues.

2. Materials and methods
2.1. Materials

ALPHA® 8 IP functional soy protein concentrate (SPC) was pur-
chased from Solae, LCC (St. Louis, MO, USA). The dry matter content of
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the SPC was 93.9 wt% and protein content as measured with the Dumas
combustion method 62.0 wt% (Nx5.71) based on dry matter.

2.2. High temperature shear cell processing

To prepare the high-temperature shear cell (HTSC) products, first 39
wt% SPC (on dry matter basis) was manually mixed with demineralized
water. The mixture was subsequently hydrated at room temperature for
30 min. The hydrated SPC was then thermo-mechanically treated in an
in-house developed HTSC (Grabowska et al., 2016), driven by a Haake
PolyLab QC system (Thermo Fisher Scientific, Waltham, MA, USA), at
varying conditions. Prior to the thermo-mechanical treatment, the shear
cell was pre-heated to the desired processing temperature using an oil
bath. After the heat treatment, an additional oil bath was used to cool
the product to 50 °C. After complete cooling to room temperature, the
products were stored at —20 °C until further usage.

Two different groups of HTSC products were produced by varying
processing temperature or time. Firstly, products were produced using a
temperature range from 90 to 160 °C with steps of 10 °C at a constant
rotational speed of 30 rpm and processing time of 15 min to create the
partial least squares (PLS) regression model for processing temperature.
Secondly, processing time was varied from 2.5-15 min with steps of 2.5
min at a constant temperature (140 °C) and rotational speed (30 rpm) to
evaluate the effect of time on the predicted temperature.

2.3. Extrusion

The extrusion experiments were carried out using a TwinLab-F 20/
40 (Brabender GmbH & Co KG, Duisburg, Germany) co-rotating twin
screw extruder with a modular cooling die (300 x 25 x 7 mm) (Brabender
GmbH & Co KG, Duisburg Germany). The extruder was controlled by
MetaBridge software (Brabender GmbH & Co KG, Duisburg, Germany).
For all experiments, a screw with a diameter of 20 mm and length-to-
diameter ratio of 40 was used. Two different screw profiles (A/B)
depicted in Fig. 1 were used. Screw profile A consisted of conveying
elements (SE) only. In screw profile B, three types of screw elements
were used: SE, a tooth mixing element (Z), and kneading elements
(KBW). SE and KBW elements were built in forwarding (R) and reverse
directions (L).

The extrusion barrel was divided into four temperature-controlled
zones. Each heating zone was heated separately by an electric car-
tridge heating system and cooled by a water-cooling system (Weinreich
WTD 2es, Weinreich Industriekiihliung GmbH, Liidenscheid, Germany).
A modular cooling die (300x25x7 mm) was cooled using a refrigerated
water circulator set at 25 °C. The extruder responses, including melt
temperature, load (%), and pressure were recorded.

The dry powder was fed into the extruder at a feed rate of 4.5 kg/h
and the feed moisture content was fixed at 61 wt% (i.e., 39 wt% SPC
content). The temperature in the final heating zone (°C) and screw
profile were varied according to the experimental design shown in
Table 1. For every temperature profile the screw speed was varied from
200-1200 rpm with steps of 200 rpm.

Sample collection was performed when the extruder had reached a
constant melt temperature for at least 2 min. The collected samples were
stored at —20 °C before further analysis.

2.4. Near-infrared (NIR) measurements

NIR spectral measurements were performed by a Hi-Res, ASD Lab-
Spec spectrometer (Malvern Panalytical, Malvern, United Kingdom).
The measurements were performed using an area scan probe (Hi-Brite
probe) with a spot size of 10 mm. The probe was placed in a tripod and
placed above the sample as close as possible without touching the HTSC
product or extrudate. Before measurement the HTSC product or extru-
date was completely thawed and the measurement was performed at
room temperature. The NIR spectra of the HTSC products were
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Fig. 1. Overview of the screw profiles used during HME. Screw profile A without kneading or reverse screw elements and screw profile and B with kneading and

reverse screw elements.

Table 1
Temperature profiles applied for screw profile A and B during high-moisture
extrusion (HME).

Temperature (Heating zone 1|2|3]4 °C) Screw profile (A/B)

40/80/100/100 A B
40[80|110|110 B
40(80|110|120 AB
40/80|110/130 B
40|80|110|140 A B
4080|110|150 B
40(80|110|160 A B

measured in the middle of the HTSC product radius. NIR-spectra of the
extrudates were taken at three different locations within one extrusion
sample. The probe had an inbuilt 6.5 W halogen light source for illu-
mination and optical fibres were used to capture the reflected light. The
instrument was controlled using the Indico Pro software (Malvern
Panalytical, Malvern, United Kingdom). The integration time was
automatically optimized by the Indico Pro software and was initially set
at 15 ms. Each measurement was an average of ~ 5 consecutive mea-
surements automatically performed by the Indico Pro software. The
radiometric calibration with white and dark reference was performed by
the Indico Pro software automatically.

2.5. NIR data analysis

2.5.1. Pre-processing

NIR spectra in the wavelength range of 400-2200 nm were used for
further data analysis. To reduce the effect of colour changes and the high
moisture content of our products the use of a reduced wavelength range
of 800-1400 nm was also explored. Prior to analysis of the NIR reflec-
tance spectra were transformed to absorbance using a —log trans-
formation. Subsequently, scattering in the NIR reflectance spectra was
reduced using standard normal variate (SNV) correction. In SNV
correction, each spectrum is centred and divided by its standard devi-
ation, resulting in a common scale for all spectra (Barnes et al., 1989).
Finally, the absorbance data was smoothened using the Savitsky-Golay
(SAVGOL) (Savitzky & Golay, 1964) algorithm and the 1st derivative
was estimated to reveal underlying peaks. A window size of 51 was used
for smoothening.

2.5.2. Partial least squares regression

Partial least squares (PLS) regression modelling is a commonly used
chemometric technique for the interpretation of NIR spectral data (S.
Wold et al., 2001). In this study PLS regression was applied to the HTSC
products for which the set heating temperature was the independent
variable. Of each processing condition, HTSC experiments of SPC sam-
ples were performed in triplicate, yielding three independent HTSC
products. NIR spectra of two of these HTSC products were used as

calibration set (total of 16 samples), and the third set of samples was
served as cross-validation set (total of 8 samples). PLS regression was
implemented with MATLAB’s default ‘plsregress’ function (MATLAB
R2021b, Natick, WA, USA). A default leave-one-out cross-validation was
integrated for optimising the latent variables (LVs). The LVs were then
selected by identifying the inflection point. The LV selection results can
be found in Fig. S1. PLS regression modelling was performed for both the
complete (400-2200 nm) and smaller wavelength range (800-2200 m).
The calibration and prediction results were analysed in terms of the root
mean standard error of calibration (RMSEC), root mean standard error
of the cross-validation (RMSECV), coefficient of determination of cali-
bration (Rg), coefficient of determination cross-validation (Rgv) and
prediction bias.

2.5.3. Equivalent shear cell temperature

The PLS regression model for the processing temperature of HTSC
products based on the reduced wavelength range of 800-1400 nm was
used to calculate the equivalent shear cell temperature from the pre-
treated NIR spectra of the extrudates. This equivalent shear cell tem-
perature was used as an indicator of the overall thermal process in-
tensity. It indicates the temperature at which a HTSC product would
need to be sheared at 30 rpm for 15 min to achieve a similar thermal
process intensity as the extrudate that was measured.

2.5.4. Cutting test for extrudates

The force required for cutting the extrudates was measured using a
texture analyser with a load cell of 50 N (TA.XT plusC, Stable Micro
Systems, Godalming, Surrey, UK) with a guillotine edge blade (HDP/
BS). The thawed extrudates were cut to have approximate size of 24 x
24 mm. Before measurement the texture analyser was set to an initial
height of 10 mm. Subsequently, the squared extrudates were com-
pressed to 90 % of its original thickness at a cutting speed of 1 mm/s.
The maximum cutting force (Fmax) was measured in both parallel and
perpendicular direction to the extrusion flow in the cooling die. The
degree of texturization was calculated using Eq. (1).

€8]

Degree of texturization = F | / Fax)|

In which, Fpqy is the maximum cutting force in perpendicular direction
(N) and Fpqy,| the maximum cutting force in parallel direction (N).

3. Results and discussion
3.1. High-temperature shear cell products
3.1.1. Absorbance spectra
High-temperature shear cell (HTSC) processing was used to study the

effect of processing temperature during thermomechanical structuring
on the near-infrared (NIR) spectra of the resulting products. Fig. 2 shows
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Fig. 2. Absorbance spectra in the full (400-2200 nm) (A) and reduced (800-1400 nm) (B) spectral range of HTSC products treated at temperatures ranging from 90-
160 °C, as indicated by colours ranging from light to dark blue, at a constant rotational speed (30 rpm) and processing time (15 min).

the average absorbance spectra in the wavelength ranges of 400-2200
nm and 800-1400 nm of HTSC products that were treated at a tem-
perature ranging from 90-160 °C.

In the visual wavelength range (400-750 nm) the absorbance in-
creases with an increasing processing temperature (Fig. 2A) especially
for samples processed at 150 °C and 160 °C. This is in line with the
darkened colour of these samples as compared to samples processed at a
lower temperature (Fig. S2). The formation of the brown colour could be
attributed to Maillard reactions (Taghian Dinani et al., 2023) and/or
sugar caramelization (Schmid et al., 2022). Nevertheless, in some pre-
vious studies on high-moisture extrusion (HME) and HTSC processing,
Maillard reaction products were not detected in obtained products,
which could be due to the low amount of reducing sugars in the in-
gredients used in these studies and the high moisture content that sup-
presses these reactions (Osen et al., 2015; Wehrmaker et al., 2022).

The main peaks in the absorbance spectra occur around 980, 1200,
1450, and 1930 nm (Fig. 2A). This corresponds with the third overtone
of OH, the second overtone of CH, the second overtones of CH, CONH,
and ROH and the first overtone of OH and CONH; respectively (van
Staveren, 2020). These peaks were expected because the products con-
sisted of water, protein, and carbohydrates mainly.

A higher absorbance at around 980 nm was observed when a higher
HTSC processing temperature was applied (see Fig. 2A), which sug-
gested an increase in water content of the HTSC products. However, this
was not confirmed by measuring the moisture content of the products
after processing in the HTSC, expect for products produced at 160 °C,
which had a lower moisture content (Fig. S3). Furthermore, an increase
in absorbance was not observed in the 1st (1900-1960 nm) and 2nd OH
overtone (1400-1450 nm) bands. The higher absorbance at around 980
nm at higher processing temperature can be related to a change in the
state of the water or it could be a spectral artefact.

At around 1200 nm, the wavelength corresponding to the 2nd
overtone of CH bonds, the absorbance increased with an increasing
processing temperature. This indicates that the carbohydrate structure
changed due to thermal processing, which was also previously suggested
for HME extrudates (De Angelis et al., 2023; Pietsch et al., 2019¢).

In addition, we observed an increase of absorbance at 1450 and
1930 nm (which both correlated to CONH; bonds) when increasing the
processing temperature from 90 °C to 130 °C, which indicated the for-
mation of additional peptide bonds and thus protein aggregation.
Interestingly, a further increase of the processing temperature from
130 °C to 160 °C led to a decrease in absorbance at 1450 and 1930 nm,
indicating a decrease in the number of peptide bonds. We suspect that
changing processing temperature of HTSC process influenced

protein—protein interactions of soy protein concentrate (SPC) through a
complex mechanism: protein aggregation was induced by the heat
treatment, while the peptide bonds broken down when the temperature
was further increased. This could be due a shift in the balance between
disulphide bonds, hydrophobic and electrostatic interactions which all
contribute to thermal aggregation (Ju et al., 2023; Liu & Hsieh, 2007).
However, Pietsch et al., 2019¢ and Wittek et al. (2021) did not find a
change in protein-protein interactions upon heating during HME at a
melt temperature of 100-160 °C or 124/135 °C respectively.

Alternatively, the changes in absorbance at 1930 nm can be attrib-
uted to the changes in the carbonyl groups of the protein. Previous
research has shown a correlation between the carbonyl groups of whey
protein isolate and their NIR spectra because of protein oxidation
following thermal treatment (Bordignon et al., 2023). Protein oxidation
also occurs during HTSC processing as found by Duque-Estrada et al.
(2020) and Wehrmaker et al. (2022). It can therefore be concluded that
protein oxidation is one of the physicochemical changes induced by
HTSC processing reflected by the NIR absorbance spectra.

To reduce the effect of colour changes and the high water content of
our HTSC products on the partial least squares (PLS) regression model
for processing temperature, the use of a reduced wavelength range of
800-1400 nm was also explored (Fig. 2B). Thus, the visual wavelength
range of 400-750 nm and the strong NIR absorption bands associated
with water around 1400-1440 nm and 1900-1950 nm were not
included in the PLS regression model (Biining-Pfaue, 2003). The reduced
wavelength range resulted in a clearer trend with processing tempera-
ture compared to the complete spectra at wider wavelength ranges
(Fig. 2). Furthermore, principal component analysis (PCA) analysis
showed that the largest part of the variation in these spectra can be
related to changes in the processing temperature (Fig. S4).

Summarizing, the effect of temperature on the absorbance spectra
indicates that the thermal process intensity indeed affects the protein
and carbohydrate properties during the HTSC and HME processes, and
that NIR is a suitable technique to capture this effect.

3.1.2. Partial least squares (PLS) regression models

The result of the PLS models based on the complete and reduced
wavelength ranges for the processing temperature in the HTSC of
products processed at 30 rpm for 15 min are shown in Fig. 3. For both
wavelength ranges it was possible to create a PLS model (root mean
standard error of calibration (RMSEC) = 1.05 and RMSEC = 3.65) with a
low error of cross-validation (root mean standard error of cross-
validation (RMSECV) = 4.47 and RMESCV = 4). This indicates that
NIR spectroscopy is a suitable technique for the quantification of
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Fig. 3. PLS regression calibration model for processing temperature in the HTSC based on standard normal variate (SNV) + 1st derivative NIR absorbance of the full

(400-2200 nm) (A) and reduced (800-1400 nm) (B) spectral range.

thermal effects during HTSC processing. The required number of latent
variables (LVs) was higher for the complete spectrum compared to
number needed when using the reduced wavelength range. Further-
more, the prediction bias of the model based on the reduced wavelength
range was lower (0.89 instead of —2.22). Finally, the difference between
the RMSEC and RMSECV was larger for the complete wavelength range
compared with the reduced wavelength range which is an indication for
overfitting (Shen et al., 2011). For these three reasons the PLS model
based on the reduced wavelength range was selected for further analysis
of HTSC products and extrudates. This gives an additional advantage
being that colour changes and small changes in the water content have a
smaller effect on the outcome of the calibration model.

The regression coefficient of the model for the reduced wavelength
range is shown in Fig. 4 to better understand which wavelengths and
chemical components influence the PLS model for HTSC processing
temperature the most. These three wavelengths were 945, 1138 and
1028 nm respectively, as indicated by the high absolute values of the
regression coefficient. These wavelengths correspond to the 3rd over-
tone of OH, the 2nd overtone of CH3 and 3rd overtone of RNH5 bonds
respectively. Because the main effect of protein denaturation on the NIR
spectra is a result of changes in protein confirmation and protein-water

interactions, it is not surprising that the overtones related to OH and
NH; groups contributed most to the regression coefficient. The impor-
tance of the 2nd overtone of CH3 confirms the relevance of the CH bonds
for the prediction of processing temperature (De Angelis et al., 2023;
Pietsch et al., 2019c¢). The results described in this section show that NIR
spectroscopy is a suitable technique to measure the thermal effect on the
different components in plant-based meat analogues.

3.1.3. Effect of processing time in HTSC on predicted temperature

Processing time is an important difference between HTSC processing,
for which the standard processing time is 15 min, and HME, for which
the residence time ranges between 2-5 min (Cornet et al., 2022). Pro-
cessing time also affects the thermal process intensity, as it influences
the extent of protein denaturation, in addition to the heating tempera-
ture. Correspondingly, Skara et al. (2014) reported changes in NIR
absorbance of surimi because of both heating temperature and heating
time. For this reason, the effect of shorter HTSC processing times
(2.5-10 min) on the absorbance spectra and predicted temperature was
measured.

The absorbance spectra of the HTSC products produced at shorter
processing times showed a similar pattern compared to the HTSC
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Fig. 4. Regression coefficient PLS regression model for processing temperature in the HTSC based on the reduced (800-1400 nm) spectral range. The highest peaks

are annotated with wavelength number.



N. Kollmann et al.

products on which the PLS regression was based, with peaks around 980
and 1200 nm (Fig. 2 and Fig. 5A). This was expected because the
products had the same composition. Nevertheless, the processing time
during HTSC processing influenced the absorbance spectra of HTSC
products (Fig. 5A). At wavelengths above 1300 nm the absorbance
spectra of HTSC products processed for 7.5-15 min were very similar.
This indicates that for these processing times the protein-water in-
teractions and protein bonds that are formed are very similar, because
this wavelength range is linked to NH and OH overtones (van Staveren,
2020). However, at shorter wavelengths the absorbance increases with
increasing processing times from 7.5-15 min.

When applying the PLS regression model for processing temperature
it can be observed that shorter processing times resulted in a lower
predicted processing temperature (Fig. 5B). The predicted processing
temperature stabilizes at processing times > 7.5 min, which implicates
that physicochemical changes induced by heating mainly occur within
the first 7.5 min of the process. This indicates that, to a certain extent,
the NIR measurement reflects the time dependency of the reactions that
take place during HTSC processing in addition to the effect of temper-
ature and could therefore be used as to quantify the intensity of thermal
processing. The typical residence time during HME ranges from 2.5-5
min (Cornet et al., 2022) and residence time is therefore expected to be
reflected in the thermal process intensity as measured with NIR spec-
troscopy with the approach presented in this study.

3.2. Application to extrudates

3.2.1. Absorbance spectra

The average absorbance spectra of extrudates produced with screw
profile A (without kneading or reverse screw elements) at 100-160 °C
and 200-1200 rpm are shown in Fig. 6. The absorbance spectrum of
these HME extrudates shows peaks at similar locations as HTSC products
(Fig. 2 and Fig. 6), which was expected given their similar composition.
Temperature had a limited effect on the absorbance of these extrudates.
However, screw speed resulted in a slight decrease in the absorbance,
though this effect is reduced by the applied pre-processing (Fig. S5).

The average absorbance spectra of extrudates produced with screw
profile B (with kneading elements) at 100-160 °C and 200-1200 rpm are
shown in Fig. 7. These absorbance spectra showed a similar pattern to
those of extrudates produced with screw profile A (Fig. 6). However,
here, the screw speed affected the NIR spectra of extrudates more. This
was not surprising as an increase in screw speed when using screw B will
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result in a larger increase in the shear stresses and thus in a larger
temperature increase caused by viscous dissipation compared to screw
profile A (Ellwanger et al., 2023). It should be noted that both an in-
crease in screw speed and temperature resulted in a decreased absor-
bance, which is opposite to the trend that was observed for the
processing temperature for HTSC products (Fig. 2). However, this dif-
ference which is most likely caused by baseline shifts is solved by the
pre-processing steps applied to the spectra (SNV and 1st derivative) and
therefore does not affect the applicability of the PLS regression model
(Fig. S6).

It should be noted that pre-processing of the spectral data is crucial
for the applicability of the PLS regression model, as it reduces scattering
effects caused by structural differences between HTSC products and
extrudates. Furthermore, both HTSC and HME products were measured
under the same measurement conditions in this study. However,
changes in measurement conditions or instrument changes can affect the
measured NIR spectra. This should therefore be considered when
applying this approach on an industrial scale, for example by stan-
dardization of the NIR spectra (J. Zhang et al., 2019).

3.2.2. Equivalent shear cell temperature of extrudates

The calibration curve created for the processing temperature during
HTSC processing was applied to the NIR spectra that were measured for
the extrudates, to calculate the so-called “equivalent shear cell tem-
perature”. This equivalent shear cell temperature indicates at which
processing temperature a product would need to be processed in the
HTSC for 15 min at 30 rpm to achieve an equivalent thermal process
intensity as during HME. This indicator for thermal processing intensity
thus gives insights in the overall process intensity of HME. Thermal
process intensity is commonly quantified by the temperature that is
measured just before the protein melt enters the cooling die (Ellwanger
et al., 2023). For this reason, the equivalent shear cell temperature was
plotted versus the measured melt temperature to verify the correlation
between these two parameters (Fig. 8).

The equivalent shear cell temperature rose with increasing barrel
temperature and screw speed (Fig. 8), which is caused by heating from
the barrel wall and viscous dissipation (Mateen et al., 2023). The
equivalent shear cell temperature showed a correlation with the
measured melt temperature (Table 2). The coefficient of determination
of the prediction (Rg) when all temperatures were included was higher
for screw A (Rg = 0.78) than screw B (Rg = 0.61). Moreover, the cor-
relation between the melt temperature and shear cell temperature
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Fig. 5. NIR absorbance spectra of HTSC products produced at varying processing time (A) and the predicted processing temperature of these products (B). Dotted line
indicates the set processing temperature. The blue point indicates the processing time that was part of the calibration set of the PLS regression model for processing
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Fig. 6. Absorbance spectra of HME extrudates produced with screw profile A at screw speeds of 200-1200 rpm as indicated by colours ranging from light to dark blue

at a barrel temperature of 100 (A), 120 (B), 140 (C) or 160 °C (D).

depended on the barrel temperature that was used and was highest at
100 °C for screw profile A (R% = 0.92) and 130 (RgscrewB = 0.82) and
140 °C (Rf,screwA = 0.85, Rf,screwB = 0.81) for both screw profiles.
Whereas the RS was lower at barrel temperature > 140 °C. This can be
explained by the limited effect of the screw speed on the melt temper-
ature when the barrel temperature is set to > 140 °C, while this is not the
case for the equivalent shear cell temperature. This effect is most
prominent for screw profile B. A similar influence of barrel temperature
on interaction between screw speed and melt temperature was described
by Mateen et al. (2023). They showed that a screw speed increase from
300 to 900 rpm had more effect when the barrel temperature wat set to
110 or 130 °C compared with set temperature 150 °C. Pietsch et al.,
2019b also observed that screw speed did not significantly contribute to
the melt temperature at a barrel temperature of 155 °C, but it did at 100
and 125 °C.

Contrarily to the melt temperature, the equivalent shear cell tem-
perature increased with screw speed at barrel temperatures > 140 °C
(Fig. 8). This difference between melt and shear cell temperature is
probably caused by the fact that melt temperature only provides infor-
mation about the thermal process intensity at one position in the pro-
cess. The shear cell temperature, on the other hand, reflects the total
effect of the thermal treatment during HME process and therefore also
includes the effect of local temperature maxima. This makes the

equivalent shear cell temperature a relevant indicator for overall ther-
mal process intensity, which provides more information than the melt
temperature.

Notably, when plotted against melt temperature, the slope of the
equivalent temperature increases exponentially with rising barrel tem-
peratures, which is particularly noticeable for extrudates produced at a
barrel temperature above 130 °C using screw B. This suggests that me-
chanical deformation has larger effect on the thermal process intensity
than suggested by the melt temperature. This difference can be
explained by the influence of local temperature changes resulting from
viscous dissipation as was previously described. Additionally, shear
stresses could accelerate reactions in the extruder, such as the aggre-
gation and degradation of proteins, as shown for gluten and
p-lactoglobulin because shear forces can lower activation energy
(Pommet et al., 2004; Quevedo et al., 2020). These changes in chemical
properties influence NIR spectra and therefore the equivalent shear cell
temperature. However, it should be noted that shear on its own most
likely does not cause protein denaturation (Jaspe & Hagen, 2006), but
rather reinforces the thermal treatment.

The equivalent shear cell temperature was on average 45 °C lower
than the melt temperature for screw A and 30 °C for screw B. The dif-
ference between the equivalent shear cell temperature and melt tem-
perature increased with an increase in barrel temperature, which was
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Fig. 7. Absorbance spectra of HME extrudates produced with screw profile B at screw speeds of 200-1200 rpm as indicated by colours ranging from light to dark blue
at a barrel temperature of 100 (A), 110 (B), 120 (C), 130 (D), 140 (E), 150 (F) or 160 °C (G).

clearest for screw A. The lower equivalent shear cell T compared to the
barrel temperature can probably be attributed to the shorter residence
time in the extruder (2-5 min) compared with the HTSC (15 min)
(Cornet et al., 2022). This aligns with the effect of processing time on the
predicted processing HTSC processing temperature (Fig. 5B). Interest-
ingly, the smaller difference between melt temperature and equivalent
shear cell temperature for screw B suggests that the product underwent a
more intensive process, probably due longer residence time for extru-
dates processed with this screw and higher temperature due to viscous
dissipation in the kneading zones (Ellwanger et al., 2023). The effect of
residence time is not reflected in the melt temperature, which makes the
equivalent shear cell temperature a valuable additional parameter for
comprehensively studying thermal treatment.

Summarizing, the melt temperature and mechanical deformation
influence the equivalent shear cell temperature. Because these param-
eters both influence the rheological properties of the SPC, they also have

an influence on the pressure measured at the die entrance (Pietsch et al.,
2019c). This explains why the equivalent shear cell temperature corre-
lates with the barrel pressure (Fig. S7). A schematic overview of the
relation between the processing parameters that were varied in this
study and the intermediate processes that finally lead to a change in the
equivalent shear cell temperature is shown in Fig. 9.

3.2.3. Effect of thermal process intensity on the structural properties of
extrudates

The use of the equivalent shear cell temperature as an indicator for
thermal process intensity, rather than the melt temperature, may offer
an advantage by providing more information on complete effect of
thermal processing on the final product properties. To verify this hy-
pothesis the relation between the melt and equivalent shear cell tem-
perature and the degree of texturization of the extrudates produced in
this study was explored (Fig. 10). Similar plots for other textural
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Table 2

Overview residual mean square error of prediction (RMSEP), Prediction bias and
R?p for equivalent shear cell temperature plotted against melt temperature of
extrudates.

Barrel temperature Screw profile A Screw profile B

RMSEP  Bias R3 RMSEP  Bias R3
All temperatures 3.92 0.00 0.78 7.25 0.00 0.61
100 °C 1.98 0.00 092 502 0.00  0.75
110 °C - 4.55 -0.03 071
120 °C 2.67 000 077  3.14 0.00 073
130 °C - 3.16 0.00  0.82
140 °C 2.28 0.00 085 348 0.00  0.81
150 °C - 7.18 0.00  0.44
160 °C 1.95 0.00 062 541 0.00  0.55

properties (e.g., hardness or cutting strength) can be found in Fig. S8-13.
The degree of texturization is calculated as the ratio between the peak
cutting force in the perpendicular direction and the parallel direction. A
degree of texturization-value larger than 1 indicates alignment, whereas
a degree of texturization smaller than 1 indicates an isotropic material
without a fibrous or layered structure (Shrestha et al., 2024).

The degree of texturization showed a positive correlation with the
melt and shear cell temperature (Fig. 10). Surprisingly, the linear

Process
parameters

Intermediate processes

correlation between temperature and degree of texturization was higher
for the melt temperature (R? = 0.72) than the equivalent shear cell
temperature (R2 = 0.65). When the data of the two screws are split the
linear correlation with shear cell temperature for screw A (R2 = 0.73)
was slightly higher than that with the melt temperature (R?> = 0.76).
However, this was not the case for screw B. The increasing effect of
temperature on the degree of texturization was previously reported for
HME of soy protein isolate (SPI) as well (F. L. Chen et al., 2010; Maung
et al., 2021). This effect of temperature on fibrous structure formation
can be explained by two effects. Firstly, temperature directly influences
the physicochemical changes in of the material in the extrusion barrel (e.
g. protein denaturation and aggregation). And secondly, temperature
indirectly influences the flow profile in the cooling die, which results
from these physicochemical changes (Wittek et al., 2021).

Hogg & Rauh (2023) found a minimal texturization temperature of
117.7 °C for HME extrusion of the same type of SPC (Alpha 8) under
similar conditions as were used in this study. This is close to the tem-
perature at which the linear trendline for the melt temperature is equal
to 1 (119 °C). However, the minimal melt temperature above which all
extrudates produced in this study had a texturization index above 1,
indicated with the blue dotted line in Fig. 10, is higher (134 °C). It
should be noted though that when this temperature is used as target
temperature for fibrous structure formation, part of the samples
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Fig. 9. Schematic overview of the effect of barrel temperature, screw speed and kneading elements on the intermediate processing conditions and the equivalent
shear cell temperature. Green arrows indicate a positive relationship, red arrows indicate a negative effect and black arrows effects that can be positive or negative

depending on the conditions.
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produced at lower temperature would be rejected unjustified, because
these are fibrous. When using the minimal shear cell temperature
(95 °C), fewer products were rejected unjustified and a better separation
between products with higher and lower texturization indices was
achieved. This indicates that the shear cell temperature is more suitable
to find the minimal thermal process intensity required for fibrous
structure formation than the melt temperature. A likely explanation for
this difference is the fact that the equivalent shear cell temperature re-
flects the overall effect of processing on thermal process intensity, while
melt temperature only captures the thermal process intensity just before
the die. Thus, shear cell temperature is more representative for the
required physicochemical changes.

Fig. 10 shows that extrudates produced with screw A had a higher
degree of texturization compared with extrudates produced with screw
B at a similar equivalent shear cell temperature. This implies that the
physicochemical changes as measured with NIR spectroscopy do not
completely explain the structural properties at a larger length scale.
However, a degree of texturization slightly above 1 using screw A was
only achieved at two processing conditions. A similar trend was
observed for the perpendicular cutting strength and other textural
properties (hardness, cohesiveness etc.), which indicated stronger
products were produced with screw A at temperatures below the mini-
mal temperature for structure formation (Fig. S8-13). We hypothesize
that the presence of kneading elements is required to achieve a sufficient
thermal process intensity for fibrous structure formation. However, at
temperatures below the minimal equivalent shear cell temperature for
structure formation, kneading elements can lead to a reduction of the
size of the protein aggregates formed in the extruder barrel as was hy-
pothesized by van der Sman & van der Goot (2023). This aggregate size
reduction, in turn reduces the degree of texturization, because the cut-
ting force perpendicular to the flow direction decreases (Fig. S9). This
effect of the screw configuration indicates that thermal process intensity
is not the only factor that determines the structure formation during
HME. Interestingly, this effect was only observed when plotting the
structural properties against the equivalent shear cell temperature and
not the melt temperature. This is an additional indication that the
equivalent shear cell temperature provides better insights in the factors
influencing fibrous structure formation during HME.

3.2.4. Future application

This study demonstrates that NIR in combination with HTSC mea-
surements can be used to get more insight in the processing conditions
during HME extrusion of meat analogues. It should be noted though that
in this study only a simple formulation consisting of SPC and ~ 61 wt%

10

water was studied. The method can potentially be extended to products
that contain more ingredients. To apply this method to these multi-
ingredient products, it is necessary to include these formulations in
the calibration step and the influence of product homogeneity on the
NIR spectra should be considered. This probably means that NIR spec-
troscopy is interesting for online applications to ensure constant pro-
cessing conditions during the extrusion process. NIR spectroscopy was
already successfully applied online during the extrusion of cereal
products (Dodds & Heath, 2005; Evans et al., 1999). Recalibration under
processing conditions is required for these in-line measurements.
Additionally, the equivalent shear cell temperature is a promising
screening tool to find processing conditions that could result in fibrous
structures. This is particularly relevant during upscaling from pilot-plant
to factory size extruders, as the influence of barrel temperature on the
thermal process intensity strongly decreases with larger barrel di-
ameters. In large extruders, heating through viscous dissipation becomes
more relevant, while the melt temperature becomes a less accurate
measure for the temperature of the product inside the extruder. How-
ever, when applying the equivalent shear cell temperature to measure
the process intensity of extrudates the NIR measurement conditions of
the HTSC products and extrudates should be similar. Finally, NIR
spectroscopy can be used as a tool to measure the textural properties of
the extrudate in a similar manner as the use of NIR spectroscopy for
measurement of the textural properties of animal meat (Schreuders
et al., 2021).

4. Conclusion

In this study near-infrared spectroscopy in combination with partial
least squares regression was successfully used to create a calibration
curve for the processing temperature of high-temperature shear cell
(HTSC) products under controlled processing conditions. This model
was then used to calculate the equivalent shear cell temperature to
assess the thermal process intensity during high-moisture extrusion
(HME). The equivalent shear cell temperature reflected the combined
effects of shear stresses, (local) temperature effects and the effect of
residence time on the thermal process intensity. It was found that the
degree of texturization of the extrudates was correlated with the
equivalent shear cell temperature. By following a systematic approach
this study provides insight into the effect of interrelated processing pa-
rameters (e.g., barrel temperature and screw speed) on the thermal
process intensity during HME. The knowledge gained could contribute
to further optimization of processing conditions to achieve the desired
meat analogue products.
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