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Meat analogues are predominantly composed of a pre-structured form of protein called textured vegetable
protein (TVP) that is designed to mimic the fibrous structure of animal muscle meat. Limited information is
available regarding the link between structural characteristics of TVPs and their functional properties. This study
investigated the relationships between the structural characteristics of commercial TVPs and (a) their rehydra-

Microstructure . . . . . . o
Porosity tion behaviour, as well as (b) the mechanical properties and serum release (cooking loss and expressible liquid)
Texture of patties prepared from these TVPs. The micro- and macrostructural features of thirteen commercial TVPs were

quantified using X-ray microtomography. Apparent density (205-1042 kg m™>), porosity (27.1-80.9%), pore size
(251-4790 pm), wall thickness (108-657 pm), and wall density (597-1515 kg m™>) varied largely across sam-
ples. In the early stages of water absorption, thicker walls promoted the absorption of larger volumes of water. In
contrast, the maximum water absorption capacity as well as water holding capacity were higher for TVPs with
thinner walls and higher porosity, highlighting the impact of structural features of TVPs on water absorption
during rehydration. Significant positive correlations between cooking loss and expressible liquid indicated that
patties with higher serum release during cooking also tended to release more during compression. TVPs with
thicker walls resulted in stiffer patty batters, and TVPs with smaller pores resulted in stiffer grilled patties. We
conclude that the structural characteristics of TVPs influence their rehydration behaviour and various functional
properties of patties made with them.

1. Introduction designed to mimic the appearance, texture, and nutritional content of real
meat products” (Chiang et al., 2021). Such products will be crucial for
facilitating the protein transition, especially in Western countries

(Elzerman et al., 2011; Hoek et al., 2011). Despite recent improvements

The consumption of plant-based meat products has strongly
increased over the last years due to growing awareness and concerns

about environmental, health-related and animal welfare issues related
to meat consumption (Attwood & Hajat, 2020; Cheah et al., 2020;
Dagevos & Voordouw, 2013; De Backer & Hudders, 2014; European
Commission, 2005; Hoek et al., 2011; Lacroix & Gifford, 2019; Mayfield
et al., 2007; McEachern & Schroder, 2002; Steinfeld et al., 2006). As a
result, consumers are increasingly willing to decrease meat consumption
and try out plant-based alternatives, although this transition is still slow
(Cheah et al., 2020; Dagevos & Verbeke, 2022). This has led to ad-
vancements in the development of meat analogues in recent years. Meat
analogues (also referred to as fake meat, imitation meat, mock meat or
meat substitutes (Ismail et al., 2020; Joshi & Kumar, 2015)) are
“meat-like food products made from plant-based ingredients, and are
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in texture and flavour, the sensory characteristics of meat analogues are
often still suboptimal (Boukid, 2020).

The majority of meat analogues typically consist of 60% protein in a
pre-structured form, so-called textured vegetable protein (TVP) (Kyr-
iakopoulou et al., 2021). For products such as sausages and burger
patties, TVP is rehydrated and mixed with fat and binding agents to
create structures that mimic meat products (Kyriakopoulou et al., 2021).
Serum release properties of meat analogues are very important, as they
encompass the liquid expelled during cooking and consumption, and
thereby impact sensory properties. These product properties are greatly
influenced by the water absorption capacity (WAC) and water holding
capacity (WHC) of TVP (Hong et al., 2022; Tuohy, 1980). Insights into
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the relationships between TVP structural properties and WAC and WHC
are lacking, since studies that included characterisation of the micro-
structure of TVP did not investigate water absorption, and vice versa (Yu
et al., 2013; Zhou et al., 2021). We hypothesize that water absorption
capacity (WAC) and water holding capacity (WHC) of TVPs are related
to the structural characteristics of TVPs.

The structural characteristics of TVPs are mostly determined by the
low-moisture extrusion (LME) process that is used to produce them.
During low-moisture extrusion, protein flours, concentrates or isolates
are structured by shear alignment and subsequent crosslinking of the
different phases in the melt. The resulting TVP structures can differ
considerably in porosity, pore size and wall thickness, depending on the
expansion of the material during processing and the type of raw mate-
rials used. Many studies reported the influence of extrusion conditions
on structural characteristics of the TVPs (Brishti et al., 2021; Samard
et al., 2019, 2021; Samard & Ryu, 2019a, 2019b). Brishti et al. (Brishti
et al., 2021) studied the extrusion conditions for the texturisation of
mung bean protein, and found that the moisture content in the feed had
the largest impact on TVP properties, followed by barrel temperature
and screw speed. The raw materials also considerably affect TVP prop-
erties, as shown by Samard et al. (Samard et al., 2019), who reported
that wheat gluten strongly enhanced textural properties of extruded soy
protein isolate.

Although changing the extrusion feed and processing conditions
have been widely used to tune the functional properties of TVPs, few
studies explored the structural characteristics of TVPs that underlie
functional properties. Scanning electron microscopy is a common
technique used to visualise the structure of TVP, but usually only
qualitative information is obtained. Instead, quantitative information
can be obtained with X-ray tomography (XRT). In recent years, XRT has
been used to characterise the microstructure of extruded snacks (Agbisit
et al., 2007; Beck et al., 2018; Chanvrier et al., 2015; Guillermic et al.,
2021; Luo et al., 2020) to quantify structural features such as porosity,
wall thickness, and pore size, shape and interconnectivity. XRT has not
yet been utilised for the characterisation of TVPs, although it could be
used to establish relationships between the structural characteristics of
TVPs and water absorption and water holding properties.

The structure of TVPs strongly influences serum release, but also the
mechanical properties of meat analogues. Samard et al. (Samard et al.,
2021) characterised patties obtained from TVPs made under different
extrusion conditions. TVPs made with a higher moisture content during
extrusion resulted in patties with higher springiness, cohesiveness,
hardness and cutting strength. The authors suggested that a stronger
protein network was formed at higher moisture contents. An increase in
die temperature resulted in a decrease in springiness and cohesiveness of
the patties, explained with the same reasoning.

Hong et al. (Hong et al., 2022) studied 28 commercial TVPs from
different manufacturers and protein types and found that hardness of
patties was lower when WAC of the TVP was higher. This was conse-
quently linked to serum release, as both cooking loss and expressible
liquid of patties were negatively correlated with the WAC of the TVP.
These differences may just be related to the initial water content in the
patties, as TVPs were rehydrated up to the maximum WAC, and there-
fore patties had different moisture contents. The link with the structural
characteristics of the TVP could therefore not be obtained. To summa-
rize, the relationships between structural characteristics of TVP and
rehydration behaviour and functional properties of patties are still
underexplored.

The aims of this study were (a) to quantify structural characteristics
of commercially available TVPs and (b) to relate structural character-
istics to water absorption and water holding behaviour and functional
properties of patties. A set of 13 commercially available TVPs produced
with low-moisture extrusion was used, and porosity, pore size and wall
thickness were quantified using XRT. These structural features were
correlated to the water absorption rate, water absorption capacity, and
the water holding capacity. Patties were prepared from all TVPs to
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determine the influence of structural characteristics of TVPs on func-
tional properties of patties, including cooking loss, expressible liquid
and textural and rheological properties. The results of this study could
help to determine desired structural features of TVPs, and facilitate
optimisation of the production process.

2. Materials and methods
2.1. Materials

Thirteen commercially available textured vegetable proteins (TVP)
from three suppliers were used: TP70G, T70S, TP65M, TP-C and TF-C
were obtained from Roquette Freres S.A (Lestrem, France); Pea Flakes
SVP, Wheat Flakes SVP, Soy Flakes and Soy Chunks XL from the VITA-
TEX® range and Flakes FP 76 and Flakes 4080 from the WHEATMEAT®
range were kindly provided by GoodMills Innovation GmbH (Hamburg,
Germany); Soy granules (Soja Granulat) and soy strips (Soja Geschnet-
zeltes) were obtained from Vegafit (Deventer, The Netherlands). The
TVPs were all produced using low-moisture extrusion and selected to
encompass a wide range of structural characteristics. The commercial
name, supplier, sample code, source and protein content according to
the supplier of all commercial TVPs is given in Table 1. Methylcellulose
(Methocel A4M) was purchased from Labshop (Apeldoorn, The
Netherlands). Pea protein isolate (PPI) (NUTRALYS® F85M) was ob-
tained from Roquette Freres S.A., (Lestrem, France). Sunflower oil and
sodium chloride were purchased from a local supermarket (Jumbo,
Wageningen, The Netherlands).

2.2. TVP characterisation

2.2.1. Protein content

To determine the protein concentration of the TVPs, the elemental
nitrogen content of all TVPs was determined using the Dumas method.
TVP samples were ground into a powder using a Waring blender (model
8011 ES, Torrington, Connecticut, USA) and nitrogen concentrations
were determined during combustion in a Flash EA 1112 N/protein
analyser (Thermo Fisher Scientific, Waltham, Massachusetts, USA). A
factor of 5.7 was used to convert the nitrogen content to protein content,
which is expressed on dry matter basis. Measurements were done in
triplicate.

2.2.2. X-ray microtomography (XRT)

The internal structure of TVP pieces was analysed using X-ray
microtomography (XRT) using a General Electric Phoenix v|tome|x m
(General Electric Go., Wunstorf, Germany). A 240 kV microfocus tube
with a tungsten target was employed, and X-rays were produced with a
voltage of 90 kV and a current of 100 pA. A 0.1 mm Cu filter was used to
avoid beam hardening. Images were recorded by a GE DXR detector
array with 2024 x 2024 pixels (pixel size 200 pm). The detector was
located 815 mm from the X-ray source. TVP pieces were loaded into the
middle of a 50 mL centrifuge tube (diameter = 30 mm) and placed be-
tween two pieces of styrofoam to prevent the sample from moving
during the measurement. The apparent volume taken up by TVP was
between 5 and 15 cm?, depending on the size of the TVP chunks. The
sample was placed 58.62 mm from the X-ray source, resulting in a
spatial resolution of 15.00 pm. The sample was placed on a rotary stage
to allow a full scan consisting of 1500 projections over 360°, with a step
ratio of 0.24°. The final projection was the average of three images
where every image was obtained over 150 ms exposure time. GE
reconstruction software version 2.10.1 - RTM (Wunstorf, Germany) was
used to calculate the 3D structure via back projection. The reconstructed
3D images were analysed using Avizo imaging software version 2021.2
(Thermo Scientific, Waltham, Massachusetts, USA). The porosity was
calculated as the volume of air within the total volume occupied by TVP
chunks. The pore size and wall thickness were determined using thick-
ness analysis. At each voxel within the selected 3D structure (either pore
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Table 1
Sample code (1), commercial name (2), supplier (3), source (4) and protein content according to the supplier (5) of the commercial TVPs used in this study. Images are
for TVP visualisation and each square represents 5 mm.

TVP information Picture of TVPs TVP information Picture of TVPs
1. ROQ1 1. GMI1

2. Roquette Freres S.A 2. GoodMills Innovation GmbH

3. NUTRALYS® TP70G 3. VITATEX® Soy Flakes

4. Yellow pea 4. Soy bean

5. 72.9% protein 5. 50.0% protein

1. ROQ2 1. GMI2

2. Roquette Freres S.A 2. GoodMills Innovation GmbH

3. NUTRALYS® T70S 3. VITATEX® Soy Chunks XL ]
4. Yellow pea 4. Soy bean

5. 71.4% protein 5. 50.0% protein

1. ROQ3 1. GMI3

2. Roquette Freres S.A 2. GoodMills Innovation GmbH

3. NUTRALYS® TP-C 3. VITATEX® Wheat Flakes SVP

4. Yellow pea 4. Wheat + yellow pea

5. 73.2% protein 5. 74.0% protein

1. RO4 1. GMI4

2. Roquette Freres S.A 2. GoodMills Innovation GmbH
3. NUTRALYS® TF-C 3. VITATEX® Pea Flakes SVP
4. Fava bean 4. Wheat

5. 63.2% protein 5. 79.7% protein

1. ROQ5 1. GMI5

2. Roquette Freres S.A 2. GoodMills Innovation GmbH
3. NUTRALYS® TP65M 3. WHEATMEAT® Flakes 4080
4. Yellow pea 4. Wheat

5. 68.7% protein 5. 74.0% protein

1. VEG1 1. GMI6

2. Vegafit 2. GoodMills Innovation GmbH
3. Soja Granulat 3. WHEATMEAT® Flakes 4080
4. Soy bean 4. Wheat

5. 66.0% protein 5. 76.8% protein

VEG2

Vegafit

Soja Geschnetzeltes
Soy bean

Unknown

arwnN=
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space or walls), the maximum possible diameter of a sphere containing
that voxel, while staying within the structure, was calculated.
Lognormal distributions were fitted to the surface-weighted pore size
and wall thickness distributions, from which the mean and variance
were calculated. Throughout this study, we refer to the mean pore size
(MPS) and mean wall thickness (MWT) along with their variances (GIZ,S
and o%, respectively). All measurements were performed in triplicate.

2.2.3. Density measurements

The apparent density (p,,,) of TVP pieces was determined using a
displacement method. A known mass of TVP pieces was submerged in a
known volume of fine sand, and this was well-mixed to ensure complete
surface coverage of the TVP pieces by the sand. Subsequently, the vol-
ume of sand displaced by the TVP pieces was measured. It was verified
that the sand entering the TVP through its surface openings did not
significantly affect the measurement. Measurements were performed in
triplicate to obtain mean values and a standard error.

The absolute density (py,) of the TVP pieces was measured using an
automatic density analyser (ULTRAPYC 1200e, Quantachrome GmbH,
Germany). TVP pieces were ground into a powder, weighed into the
sample chamber, and after analysis, the p,, values were recorded.
Measurements were performed in duplicate.

Based on pg,, and py,, the porosity (@)) of the TVP pieces was
calculated as:

P app Pabs
Pabs

d)densily = (1)

At sub-micron level, pores may also be present within the walls
smaller than the resolution of XRT. To gain insight into these pores, the
wall density, p,,.;, was calculated as:

pa
Proar =7 @
( 1— ‘ka'r>

100

where p,,, is the apparent density of the TVP and ®xgr the porosity of
TVP obtained from XRT measurements.

2.2.4. Water absorption capacity

The water absorption capacity (WAC) was measured for all intact
TVPs. Twenty grams of TVP were allowed to rehydrate in excess water
for 30 min and were gently mixed every 5 min. After 30 min, the TVP
was drained on a sieve with a 1 mm mesh. The WAC was calculated as:

Ma =M 100% (3

nmy,

wac ="

where m, is the mass of the rehydrated TVP after draining, and mj is the
mass of dry TVP. The rehydration water was dried in an oven (Venticell,
BMT Medical Technology, Brno, Czech Republic) at 105 °C to determine
the dry matter content in the rehydration water. Both masses m, and m,
were corrected for the loss of dry matter in the rehydration water. All
measurements were performed in duplicate.

2.2.5. Water absorption rate

The water absorption rate was determined for all intact TVPs.
Twenty grams of TVP were allowed to rehydrate in excess water. After
1, 2, 5, 10 and 20 min of rehydration, the TVP was drained on a sieve
with a 1 mm mesh, and weighed. The amount of water that was absorbed
(w) at every time interval was calculated using Equation (4). The data
were fitted to a two term exponential model of the form

w=a(e"" — ") 4

to extract different parameters representing the kinetics of water uptake.
This model is a simplification of the parallel exponential kinetics (PEK)
model introduced by Kohler et al. (Kohler et al., 2003). In our model, the
water is assumed to flow into a single “pool” with a maximum value a in

Food Hydrocolloids 149 (2024) 109529

time t, with two specific rate constants b; and by. In this case, these
mechanisms are related to a fast (b;) and a slow (bz) water uptake
process. The experimental data was also fitted to various other models
including the logarithmic (Karizaki, 2016), two-term (Henderson,
1974), Peleg (Peleg, 1988) and Weibull (Vishwakarma et al., 2013)
models. However, Equation (4) is the one that fit best with the experi-
mental data and uses the least parameters.

2.2.6. Water holding capacity

The water holding capacity (WHC) was determined for intact and
ground TVP samples. Intact or ground TVP was dispersed in water equal
to the maximum WAC of intact TVP and allowed to rehydrate at room
temperature for 30 min. Subsequently, the samples were centrifuged at
200 g for 15 min in a centrifuge tube with a polypropylene filter insert
(filter @ = 25.9 mm, H = 54.5 mm, pore size 1.1 mm). Two filter papers
(Whatman 5, qualitative filter paper) were cut to fit the insert and placed
in the insert to prevent TVP from permeating the filter. During centri-
fugation, expelled water permeated the filters and was collected as
filtrate. After centrifugation, the TVP was weighed to determine the
mass of the water remaining in the TVP. The WHC was calculated as:

me — Mq 100% (5)

mq

WHC =

where m, is the mass of TVP after centrifugation and mg is the mass of
dry TVP. All measurements were done in duplicate. In the WHC exper-
iments with ground TVP, we assumed that the ground TVP particles
were packed at a maximum packing density for monodisperse spheres of
approximately 74% based on the Kepler conjecture (Hales, 2006).
Therefore, we assumed that 26% of the water retained by the ground
TVP was not held by the powder, but in voids in between the particles.

2.2.7. Differential scanning calorimetry (DSC)

The bound water content of all TVPs were measured using differ-
ential scanning calorimetry (Discovery DSC-25, TA Instruments, Dela-
ware, USA) based on a method described by Chen and Zhang et al. (Chen
et al., 2010) and Hayashi et al. (Hayashi et al., 1992), with some ad-
justments. Ground TVP was mixed with water to create samples with
moisture contents ranging from 30 to 60%. About 20-30 mg of each
sample was encapsulated into a hermetically sealed aluminium
DSC-pan. The samples were cooled from 20 °C to —50 °C, held at 50 °C
for 3 min, and then heated to 40 °C. Heating and cooling were done at
5°C-min"". The endothermic enthalpy (AH, J/g) of the melting of water
was determined using Trios software version 2.0. The enthalpy and the
heat of fusion of water at 0 °C (334 J/g) were used to calculate the free
water content in the samples. All measurements were done in duplicate.
The free water content was plotted versus the moisture content of
samples. The best linear fit through the data points was used to deter-
mine the intercept on the x-axis. This value represents the maximum
moisture content TVP can hold without the presence of freezable water,
which is taken as a measure of the bound water content of the TVP.

2.3. Preparation and characterisation of patties

2.3.1. Patty preparation
Patties were prepared using the thirteen TVPs, water, sunflower oil

Table 2
Recipe for the preparation of the studied patties.

Ingredient Content (w/w (%))
TVP 20

Water 57.2

MC 2

PPI 5

NaCl 0.8

SFO 15




T. van Esbroeck et al.

(SFO), methylcellulose (MC), pea protein isolate (PPI) and NaCl. The
recipe, including the concentrations of all ingredients, is presented in
Table 2.

Two types of patties were prepared in this study. In the first type,
intact TVP chunks were rehydrated and blended to a size of +5 mm. In
the second type, dry TVP was incorporated as a finely-ground powder, to
remove the effect of structure, and thereby isolate the effect of TVP
composition. For all patties, the dry TVP was rehydrated with water (1:2
by weight) for 30 min and mixed every 10 min. In the case TVP was
intact, it was then blended using a Thermomix TM31 (Vorwerk Elek-
trowerke GmbH & Co. KG, Wuppertal, Germany) at speed 4 to reduce its
size to +5 mm. Next, for all types of patties, the other dry ingredients
(MC, PPI and NaCl) were mixed into the hydrated and blended TVP for 1
min at a speed of 1.5. The remaining water (17.2 g/100 g patty batter)
was then added and the mixture was stirred for an additional minute.
This was followed by oil addition and mixing for 1 min. The sides of the
mixing bowl were scraped, and the patty batter was mixed for an
additional minute. All mixing steps were performed at a speed of 1.5, but
in some cases, the mixing speed was briefly increased to 4 when
necessary to break up large lumps.

The patty batter was transferred to a SafeLoc® freezer bag (Toppits,
Minden, Germany) and refrigerated at 4 °C for at least 12 h. The batter
was shaped into patties of 100 g each with a diameter of 70 mm and a
thickness of 20 mm using a plastic patty shaper. The patties were placed
in a SafeLoc® bag. Air was allowed to escape the bag, after which the
bags were closed. The bags were then transferred to a water bath kept at
70 °C, and the patties were cooked sous-vide for 1 h at this temperature.
After removing the cooked patties from the bags, they were directly
grilled on a double-sided grill (Philips Health Grill, Philips, Amsterdam,
The Netherlands) for 1 min at 200 °C.

2.3.2. pH and moisture content

The pH of the raw batter was measured, and the moisture content
was determined by drying batter samples at 105 °C in an oven (Venticell,
BMT Medical Technology, Brno, Czech Republic) for 24 h.

2.3.3. Rheological properties of patty batter

The rheological properties of the patty batter were measured with a
stress-controlled rotational rheometer (MCR 302, Anton Paar, Graz,
Austria) equipped with a plate-plate geometry (PP25/P2/SS - 78,336)
with a diameter of 25 mm. Both plates had a profiled surface to prevent
slip. To prepare the samples, 50 g of patty batter was transferred into a
metal cylinder (diameter = 25 mm length = 80 mm) and compressed
firmly to form a cylindrical sample. The samples were frozen for at least
12 h at —20 °C and then sliced into 3 mm thick slabs using an electrical
food slicer (Solida*, Ritterwerk GmbH, Grobenzell, Germany). The slices
were allowed to thaw, and were then placed on the bottom plate, after
which the top plate was lowered until a normal force of 0.1 N was
reached. Then the samples were compressed to 10% of their height and
allowed to relax for 10 min. Subsequently, amplitude sweeps were
performed at a strain ranging from 0.01 to 100%, at a constant fre-
quency of 1 Hz and temperature of 20 °C. The storage modulus (G) was
measured, from which the yield stress and yield strain were determined.
Yield stress was defined as the value of the shear stress at the end of the
linear viscoelastic regime (LVE), and was taken as the stress where G’
deviated more than 5% from its strain-independent plateau value within
the LVE. The yield strain was defined as the strain at the corresponding
yield stress.

2.3.4. Cooking loss

The cooking loss (CL) was calculated as the mass loss of cooked
patties during cooking as a percentage of the patty mass before cooking.
This was done for the sous-vide cooking step to determine the sous-vide
cooking loss, CLs,, and the complete cooking process (sous-vide and
grilling) to determine the total cooking loss, CLy:, as:
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My — Mraw 100% 6)

Myay

CLS\’ =

Myor — Mgy

CL,(,, = -100% (7)

raw

where mg, and my, are the masses of the patty after sous-vide cooking
and grilling, respectively, and m,q, is the mass of the uncooked patty.

Additionally, the composition of the sous-vide cooking loss was
analysed for oil, water and dry matter content. The released liquid was
collected in a centrifuge tube and centrifuged at 1000 g for 1 min to
separate the oil and the aqueous phase. The oil phase was decanted and
weighed. The remaining aqueous phase was dried at 105 °C to determine
dry matter and water content.

2.3.5. Textural properties and expressible liquid

Uniaxial compression tests were performed with a Texture Analyser
(TA-XT plus, Stable Micro Systems Ltd., Godalming, UK) employed with
a 50 kg load cell, to determine the textural properties of the patties, as
well as their expressible liquid. Samples with a diameter of 30 mm and
height of 20 mm were cut from the grilled patties using a cylindrical
cutter and were allowed to cool down to an internal temperature of
70 °C. A stainless steel cylindrical probe with a diameter of 75 mm was
used to compress the samples up to 80% strain with a speed of 1 mm/s,
and a trigger force of 0.1 N. At the target position of 80% strain, the
probe was held for 60 s to allow serum to be expelled, which was
collected on a tissue paper placed underneath the samples. This tissue
paper was weighed beforehand and directly after compression, giving
information on the total expressible liquid (EL). After drying the tissues
at 105 °C, the oil and water content of the EL were determined, allowing
the quantification of the expressible water (EW and oil (EO). EL, EW and
EO were all expressed relative to the sample mass.

The Hencky strain (¢ = In L/L,) and stress (c = F/Ap) were also
determined, where L is the height of the sample at any particular
moment, L, is the original height, F is the compression force and A is the
time-dependent cross-sectional area of the sample. From the stress-strain
curves, the Young’s modulus (E) was determined over the first 5% of
deformation, and yield stress (6y) and yield strain (ey) from the fracture
point. All measurements were performed in duplicate.

2.4. Data analysis

All the commercial TVPs in this study had a different composition. To
correct for these differences, measurements were also done on patties
with ground TVP as a baseline for the contribution of the TVP material
(composition) itself. The difference in WHC, cooking loss, expressible
liquid and mechanical properties between intact and ground TVP sam-
ples is assumed to be related to the contribution of the structure to these
parameters. The equations used to calculate these corrected values can
be found in the supplementary information (Equation S1 - S8).

Unless stated otherwise, all results are presented as mean =+ standard
error. Significant differences between samples were identified by a one-
way analysis of variance (ANOVA), followed by a Dunnett’s post-hoc
test for all parameters reported in the study. A significance level of p
< 0.05 was used. Pearson correlation coefficients between TVP char-
acteristics (structural features, protein content and bound water con-
tent), and functional properties of TVP and patties (water absorption
and holding capacity, water absorption rate, rheological properties of
the raw patty batter, cooking loss and its composition, expressible
liquid, and textural properties of the grilled patties) were calculated
based on their mean values. Data were analysed using the emmeans
package (Lenth, 2023) with R (version 4.3.1) and Rstudio (version
2023.06.1 + 524).
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3. Results & discussion
3.1. Structural characterisation of TVPs

Detailed information on the structural characteristics of the various
TVP samples was obtained using XRT. Fig. 1 visualises the microstruc-
ture of the thirteen TVPs obtained by XRT as two-dimensional image
slices. Fig. 2 provides an example of the image analysis performed for
one TVP (ROQ3) and Table 3 summarizes the results of the image
analysis for all TVPs. Across the thirteen TVPs, ®xgr ranged from 27.1 to
80.9%, MPS from 251 to 4790 pm, MWT from 108 to 657 pm, and p,,;
from 597 to 1515 kg m™>, demonstrating that the TVPs differed sub-
stantially in numerous structural features. Additionally, Table 3 pro-
vides the values of apparent (p,,,) and absolute (p,,) density, protein
content, and the bound water fraction of TVP chunks. The p,,, ranged
from 205 to 1042 kg m~> across TVPs, most likely because of different
low-moisture extrusion conditions, resulting in different expansion ra-
tios. In contrast, the p ;. varied within a narrow range between 1294 and
1389 kg m>. This was expected, as p,, represents the density of the
powder without macroscopic pores, and therefore reflects the density of
the material itself. The ®gensiry ranged from 22.8 to 81.4%, in agreement
with values of ®xgr (r = 0.85, p < 0.001). The ®xrr and Pgensiry deviated
considerably from each other for some samples (ROQ3, ROQ4, GMI1,
GMI2, and GMI3). In general, TVPs with ®xgrr lower than ®gensiy (ROQ3,
ROQ4, ROQ5, GMI1, GMI2, GMI3, GMI4, and GMI6) had a relatively
low wall density. This could be caused by the assumption made in XRT
analysis that the TVP walls were completely solid. In reality, pores may
be present within the walls on length scales smaller than the spatial
resolution of the XRT, which was 15 pm. Therefore, the pore volume
may be underestimated in the XRT-method compared to the density-
based method. Thus, both @y, and @xrr give insight into the struc-
ture of the TVP, but @gengiry includes nanopores within the walls, whereas
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®xgr identifies pores larger than 15 pm only.

The protein content of the TVPs was found to range from 43.7 to
74.5%, pointing to large compositional differences between TVPs, be-
sides the large differences in structural characteristics.

The bound water content of TVPs ranged between 12.5 and 21.8%
and was positively correlated with protein content (r = 0.67, p < 0.05).
As protein is the main component in TVPs and has well-established
water-binding properties, it was expected to play a predominant role
in the binding of water in TVPs. The relatively large differences in bound
water content between TVPs are likely to affect the release of water
during cooking and compression. For a lower bound water content,
more water is available to interact with other ingredients or to be
released.

3.2. Water absorption properties of TVP

The water absorption kinetics and maximum water absorption ca-
pacity (WAC) were investigated in rehydration experiments. Fig. 3
shows the water uptake as a function of time for all TVPs.

Water absorption depended strongly on TVP type, both in terms of
kinetics of water uptake and maximum water uptake. Table 4 presents
the results of fitting the experimental water absorption data to Equation
(4) together with WAC determined in a separate experiment.

A significant and strong correlation (r = 0.96, p < 0.001) between
WAC and fit parameter a was observed, confirming that the parameter a
represents the maximum amount of water the TVP can absorb. Never-
theless, the values for a were lower than the WAC values, most likely
because the rehydration process was not completely finished yet after
20 min. To investigate how TVP structure influences the water uptake
process, the structural characteristics of TVPs were correlated with the
water absorption parameters (Table 5).

WAC correlated with @xgr (r = 0.61, p < 0.05) and @geqsity (r = 0.68,
p < 0.05), which supports our hypothesis that more water can be

Fig. 1. Two-dimensional slices of X-ray microtomography images of all thirteen TVP chunks. The white scale bars represent 10 mm. Bright and black areas represent

solid material and air, respectively.
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Fig. 2. X-ray microtomography images of TVP chunks of ROQ3 and visualisation of pore size and wall thickness analysis. For simplicity, the analysis of 2D slices is
shown here, while the analysis was performed on 3D stacks of 1500 images. In the top row, greyscale images of TVP are shown. In the second and third row, the
thickness maps of the air phase and the wall phase inside TVP chunks is overlayed onto the greyscale images from the top row. All rows consist of two-dimensional
image slices in an example X, y and z plane, followed by the reconstructed trimetric image. For simplicity, the colour bar with size distributions was removed. The

white scale bars represent 5 mm.

absorbed by TVPs with higher porosity. The slightly higher correlation
coefficient for @gensity (r = 0.68) than ®xgr (r = 0.61) might suggest that
the nanopores, included in ®geysiry, were relevant for water absorption.
The relationship between porosity and WAC has been suggested in
previous studies on textured protein (Hong et al., 2022; Ning & Villota,
1994; Samard & Ryu, 2019b), but has only been experimentally
demonstrated by Lee et al. (J.-S. Lee et al., 2022). Our results confirm
this relationship across a broad range of commercially available TVPs.

A negative correlation between WAC and MWT (r = —0.63, p < 0.05)
was found, suggesting that TVPs with thinner walls absorbed more
water. However, TVPs with higher porosity also tended to have thinner
walls. MWT was the only parameter correlated with b; (r = 0.66, p <
0.05), suggesting that MWT is the main factor determining initial uptake
rate. This correlation indicates that thicker walls resulted in faster initial
water uptake, while thinner walls were found to be more favourable for
a higher maximum WAC (Table 5). Since thicker walls embody a larger
volume of material than thinner walls, more water can flow through
them in the initial stages of water absorption. In later stages, water
absorption in TVPs with thicker walls becomes limited, as there is less
pore space for the TVP walls to swell into as they absorb water.

Parameter by, which captures prolonged water uptake at longer
timescales, did not significantly correlate with any structural charac-
teristic. Among all the structural characteristics, MPS had the highest
correlation (r = 0.47) with by though not significant. The slow
component of an absorption process is usually related to the relaxation
of the structure, while the fast component is due to intrinsic water
holding capacity and capillarity. Therefore, we presume the weak cor-
relation between MPS and b, may be related to the deformability of the
walls and the shape and size of the pores present in TVP. Larger pores
may allow more wall deformation, and thus faster swelling.

Fit parameter b; was generally one to two or three orders of

magnitude larger than b,. One to three orders of magnitude differences
between b; and b, have been previously reported for various materials
including fibres and textile products (Hamdaoui et al., 2014; Kohler
et al., 2003; Okubayashi et al., 2004, 2005; Zou et al., 2022). These
differences imply that the initial water uptake by TVPs happens much
faster than the water uptake at longer time scales. Hodge et al. (Hodge
et al., 1996) showed that initial water uptake by PVA films was mainly
attributed to bound water. For later stages, they found that the free
water content increased. Kachrimanis et al. (Kachrimanis et al., 2006)
suggested a similar mechanism for the water absorption process of
microcrystalline cellulose. In our study, no correlations were found be-
tween bound water content of TVPs and water absorption kinetics. This
can probably be attributed to the different nature of our samples
compared to PVA films and microcrystalline cellulose.

To summarize, water absorption by TVPs consists of a fast, initial
absorption process during which thick TVP walls promote the uptake of
water and a slow, late absorption process during which thin TVP walls
and high porosity promote maximum water absorption capacity.

3.2.1. XRT visualisation of water absorption by TVPs

To gain insights into the mechanisms behind water absorption, the
effect of the rehydration process of TVPs on its structure was visualised
using XRT. Fig. 4 shows a sequence of images of the microstructure of
one TVP type (ROQ2) at various water absorption stages.

The image sequence illustrates the swelling of TVP walls as water is
absorbed, leading to the expansion of the TVP chunks during rehydra-
tion. The highest absorbed water content (300%) of TVP (ROQ2) in
Fig. 4 was slightly below the maximum WAC of 336% (Table 4). At a
water content of 300%, the TVP walls were considerably thicker than at
lower water content, while pores were still visible. It is likely that at the
maximum WAC (336%), slightly less pores would be present. As XRT
cannot distinguish well between water and air, the presence of water in
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Fig. 3. Water absorption over time for different TVP types. The dotted lines
represent the best fit for w = a(e?* — eb>*), where w is the absorbed water, a is
the maximum amount of water that can be absorbed, b; and b, are two rate
constants and t is time.

3.3. Water holding properties of TVP

The water holding properties of TVP are related to the release of
water when an external force is applied to the TVP. Table 6 presents the
water holding capacity (WHC) of intact (WHCiptaet) and ground
(WHCgrouna) TVPs, and the difference between WHCippe and
WHCground; shown as WHCsrycture-

WHCijtaet and WHCgroung showed large variations, with values
ranging from 77.1% to 364.4% and 96.9% and 321.6%, respectively.
This suggests that both the structure of the TVPs and the TVP-material
itself have a strong impact on the water holding capacity. Nine out of
thirteen TVPs had a positive WHCgrycture, indicating that intact TVP
chunks held more water than the ground TVP material itself. Interest-
ingly, four TVPs (ROQ4, ROQ5, GMI1 and GMI5) had a negative
WHCstructure, implying that the structure of TVP negatively influenced
the WHC of the material itself. This may be due to a larger surface area of
the ground TVP compared to intact TVP, thereby providing more
binding sites for water molecules, promoting a higher WHC. This effect
could be different for each TVP because of the differences in composition
and processing conditions. Additionally, very dense parts of TVPs that
prevent water from being absorbed could be opened up during the
grinding of TVP chunks. Table 7 reports the correlation coefficients
between the water holding properties and the structural characteristics
of TVPs.

WHCiptaet Was positively correlated with both @xpy (r = 0.78, p <
0.01) and Pgensity (r = 0.73, p < 0.01). This indicates that the higher the
porosity of TVPs, the more water can be held in TVPs during centrifu-
gation. This correlation was similar for WAC, for which a higher porosity

Table 4
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Table 5

Pearson correlation coefficients (r) between water absorption capacity (WAC)
and fit parameters a, b; and b, and XRT-based porosity (@xrr), mean pore size
(MPS), mean wall thickness (MWT), TVP density (p;p), wall density (p,.)
density-based porosity (Pgensiry)-

Dyrr MPS MWT Prwal Papp Dtensity
WAC 0.61% 0.42 —0.63* —0.57* —0.68* 0.68*
a 0.64* 0.35 —0.69%* —0.46 —0.66* 0.66*
b, —0.34 0.32 0.66* 0.15 0.34 -0.35
by -0.13 0.47 0.07 -0.26 0.00 0.01

* = significance at p < 0.05, ** = significance at p < 0.001.

was related to higher swelling capacity and subsequent higher water
absorption. This is confirmed by the positive correlation between
WHCiptact and WAC (r = 0.84, p < 0.001). Logically, WHCgound did not
correlate with any of the structural characteristics, as ground TVP lacked
such features. However, the differences in WHCgrouna for the TVPs
suggest a significant influence of composition. In the current study, we
only measured the protein content of the samples, which did not
correlate with the WHCgound. Hence, the origin of the differences be-
tween TVPs in WHCgound remains unclear.

WHCstrycture correlated only with @xpr (r = 0.56, p < 0.05), sup-
porting the hypothesis provided for WHCjyact that the pore system in
TVPs is of major importance for water holding capacity. Stronger cor-
relations were anticipated between the WHCggycture and other structural
properties, given that this WHC-value has been corrected for the
intrinsic water holding properties of the TVP material. As WAC was
related to wall properties, a correlation between wall properties and
WHC was also expected. However, no significant correlations were
observed. In spite of this, when WHCs;ycture Was plotted as function of
MWT (Fig. 5), a trend was visible for eleven out of thirteen samples,
confirming our expectation that these parameters should be related. The
trend was weakened by two outliers (ROQ4 and VEG2). After excluding
the outliers, the correlation coefficient between WHCycture and MWT
increased to r = —0.72 and became significant (p < 0.05). To explain
why ROQ4 and VEG2 are outliers, the microstructure of these TVPs is
shown in Fig. 5.

ROQ4 and VEG2 had different structural characteristics compared to
the other TVPs. ROQ4 (denoted by image A in Fig. 5) was the only TVP
made from fava bean and was found to have a highly heterogenous
structure, with some parts of the TVP chunks being extremely dense and
others containing numerous large pores. This heterogeneity complicated
the determination of a mean pore radius and wall thickness, resulting in
a large variance in these parameters for this sample (supplementary
information, Table S3). The heterogeneity of the internal structure is
known to impact functional properties of low-moisture extruded mate-
rial (Guillermic et al., 2021), which could explain the low correlation
between WHCsyycture and MWT for this TVP. The soy-based VEG2

Water absorption capacity (WAC) and fit parameters a, b; and b obtained from the best fit through the data of water absorption for all TVPs. Means are reported with
standard error. Means sharing superscript letters are not significantly different (p > 0.05).

b; 571

by (s7h)

TTVP typeVP type WAC (%) a (%)
ROQ1 397 + 4¢ 325 + 0
ROQ2 336 + 3% 207 + 9%
ROQ3 709 + 5" 523 + 2!
ROQ4 382 + 16% 234 + 219
ROQ5 488 + 12f 347 + 138
VEG1 401 +1° 282 + 13¢f
VEG2 134 + 4° 51+ 72
GMI1 298 + 20° 213 + 5%
GMI2 533 + 2 403 + 7"
GMI3 339 + 74 243 + 3%
GMI4 552 + 6% 526 + 8
GMI5 235 + 2° 143 + 5°
GMI6 223 + 5° 168 + 4>

0.003 =+ 0.000%
0.022 + 0.001%
0.012 =+ 0.001°¢de
0.021 + 0.002¢%®
0.003 =+ 0.000%
0.010 + 0.000%><d
0.030 + 0.0058
0.013 =+ 0.002°%f
0.013 =+ 0.001°%f
0.006 + 0.000%*
0.002 + 0.001%
0.019 + 0.000%f
0.014 + 0.001°%f

~1.372 + 0.027%°
—0.694 + 0.001°¢
—0.531 + 0.059¢
~0.679 + 0.043¢
~1.521 + 0.014%®
—0.586 + 0.0079
—0.935 + 0.058°¢
—0.664 + 0.020¢
—0.531 + 0.007¢
~1.601 + 0.116%
~1.442 + 0.216%°
—~1.124 + 0.014"
—0.938 + 0.076%
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Fig. 4. Two-dimensional X-ray microtomography images of ROQ2 differing in absorbed water content, given as a percentage of the dry mass of the TVP. The white

scale bars represent 10 mm.

(denoted by image B in Fig. 5) had the thickest and densest walls among
all TVPs (Table 3). It had the lowest protein content, lowest bound water
content and relatively few surface openings compared to other TVPs.
This may partially explain the low WAC of VEG2 (Fig. 3), as water could
not easily enter the TVP.

In conclusion, structural characteristics of TVPs influenced the water
absorption and water holding properties. Particularly, higher porosity
and thinner walls improved water absorption and holding capacity. As
water absorption and water holding behaviour of TVP are suggested to
play a large role in the properties of meat analogues, the relation be-
tween the structural characteristics of TVP and different characteristics
of plant-based patties was evaluated.

3.4. Functional properties of batter and patties

3.4.1. Rheological properties of patty batter

The rheological properties of patty batter are important for batter
handleability and processability during various stages of production. To
investigate the effect of TVP on the rheological properties of the raw
patty batter, yield stress and yield strain were determined and are pre-
sented in Table 8.

For patty batters with intact TVPs, the yield stress and yield strain

Table 6

Water holding capacity (WHC) for intact (WHCiptac) and ground (WHCground)
TVPs, and WHCqrycture- Means are reported with standard error. Means sharing
superscript letters are not significantly different (p > 0.05).

TVP type WHCintact (%) WHCground (%) WHCstructure (=)
ROQ1 207.4 + 7.8% 168.4 + 9.0%%¢ 38.9 + 11.9%¢f
ROQ2 245.7 + 6.7 182.7 + 8.9% 63.0 + 11.1%f
ROQ3 364.4 + 14.18 279.2 +19.2 85.1 + 23.8°
ROQ4 188.0 + 5.5% 217.1 +17.8° —29.1 + 18.6™
ROQ5 201.5 + 2.9 321.6 + 8.9 ~120.1 + 9.4%
VEG1 161.1 + 0.6 150.9 + 7.43°d 10.2 + 7.4
VEG2 106.1 + 3.8° 96.9 + 0.2% 9.1 + 3.8%
GMI1 154.1 + 1.9% 157.1 + 15.5> 3.0 +15.6"¢
GMI2 236.6 + 10.2° 129.1 + 4.43>cd 107.4 + 11.1f
GMI3 163.2 + 1.9° 112.5 + 0.5 50.6 + 1.9%df
GMI4 408.7 £ 0.0 146.6 + 0.53°4 262.2 + 0.58
GMI5 77.1 + 6.0 161.7 + 0.9°¢ —84.6 + 6.1°°
GMI6 145.2 + 7.1° 117.9 + 1.3%¢ 27.2 + 7.3%4f
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ranged from 12.9 to 35.2 kPa and 0.12-0.29%, respectively. The yield
stress and yield strain of patty batters with ground TVPs varied from 9.1
to 22.0 kPa and 0.13-0.36%, respectively. Since ten out of thirteen
batters have a higher yield strain for the ground product, the presence of
TVP structure clearly resulted in batters that started to flow at higher
yield stresses but at lower yield strains. This finding suggests that patty
batters were stronger but less deformable. The correlations between all
physicochemical properties of patty batters including the rheological
properties and the structural characteristics of the TVPs can be found in
the Appendix (Table A1 and A2). The most important correlations are
discussed here below.

A significant correlation was found between MWT and yield stress
that was corrected for the contribution of the TVP composition (oy-
structures T = 0.70, p < 0.01, Appendix, Table A2) as calculated according
to Equation S5. This correction was done by looking at the ratio of oy for
patties with intact TVP and ground TVP, to exclude the effect of the
differences in composition between TVPs. The significant correlation
suggests that the wall network within TVPs was the main contributor to
the elastic properties of the patty batter. This finding implies that thicker
walls allow for more energy to be stored elastically in the patty batter. As
samples with low MWT tended to have a higher porosity, it could be that
TVP with thicker walls had a higher overall wall volume, meaning more
material was available to store energy. These results are consistent with
previous studies (Agbisit et al., 2007; Barrett & Peleg, 1992; Ganesan
et al., 2019; Yang et al., 2022), which reported increased strength for
porous materials with thicker walls. Not only the wall thickness itself,
but also the variance in MWT (G%NT), as a measure of the heterogeneous
nature of the walls, positively correlated with cy-structure (r = 0.80, p <

Table 7
Pearson correlation coefficients (r) between the XRT-based porosity (®xrr),
mean pore size (MPS), mean wall thickness (MWT), wall density (p,,q;;), TVP
density (p,,q;) and density-based porosity (Pensi,) and water holding properties
of TVP.

Dygrr MPS MWT Pual Papp Density
WHCintact 0.78** 0.44 —0.59 —0.40 —0.74** 0.73%**
WHCqround 0.32 —0.01 —0.25 —0.46 —0.45 0.42
WHCstrycture 0.56* 0.45 —0.42 —0.08 —0.43 0.44

* = significance at p < 0.05, ** = significance at p < 0.01.
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Fig. 5. WHCycture as function of wall thickness for all TVPs. Dashed line shows the main trend in the data set. Outliers A and B are visualised in the form of two-
dimensional XRT-images depicting TVPs ROQ4 and VEG2, respectively. The white scale bars represent 1 cm in both images.

Table 8

Yield stress (cy) and yield strain (e,) of patty batter made with intact and ground
TVP. Means are reported with standard error. Means sharing superscript letters
are not significantly different (p > 0.05).

Patty batter made with intact Patty batter made with ground

TVP TVP
TVP type oy (kPa) ey (%) oy (kPa) ey (%)
ROQ1 24.8 £1.0%  0.17 +0.02° 17.8 + 0.8°%  0.25 + 0.00%¢
ROQ2 33.0 + 3.0°f 0.13 + 0.02* 18.6 + 1.3%  0.23 + 0.05%¢
ROQ3 35.2 + 1.0 0.15 + 0.03% 21.0 + 1.1%  0.25 + 0.00%
ROQ4 30.4 +2.1%f  0.22 4+ 0.01%° 20.7 +1.3%  0.26 + 0.022°
ROQ5 25.7 +2.0%  0.12+0.01° 17.8 + 0.3 0.34 + 0.02°
VEG1 26.0 £0.9%  0.13 £ 0.01* 22.0 +1.2° 0.13 + 0.01%
VEG2 335+ 1.1  0.14 £ 0.02° 9.1+ 0.3 0.26 + 0.02%>¢
GMI1 22.0 +2.5"¢  0.17 £ 0.02° 20.2 +0.6%  0.24 + 0.04%
GMI2 233+1.2¢  0.19+0.012° 17.7 +£0.3%  0.14 +0.02*
GMI3 14.3 £ 1.0°*  0.22 +0.01%° 13.8 £ 0.4  0.28 +0.02"
GMI4 28.6 + 2.7%f  0.16 + 0.02° 19.8 + 1.0%  0.18 + 0.04%°
GMI5 12.9 +0.7° 0.29 + 0.04° 12.4 £ 0.5  0.36 + 0.00°
GMI6 14.7 £ 0.9 0.22 + 0.03% 11.9 £ 0.3°®>  0.29 + 0.04>

0.01, Appendix, Table A2). The importance of wall thickness homoge-
neity has been emphasised previously by other studies (Agbisit et al.,
2007; Guillermic et al., 2021), as a more uniform wall thickness miti-
gates stress concentration. Consequently, it deters the formation of re-
gions where material failure is more likely, ultimately resulting in a
stronger material. It is important to note that these studies focused on
dry extrudates, and the behaviour of these extrudates may be different
after rehydration and incorporation into a patty batter. In our study,
both the mean wall thickness of TVP and its variance were correlated to
yield stress of patty batters. Therefore, it remains unclear which of the

two is most important here.

3.4.2. Cooking loss

For both the patties with intact and ground TVP, the cooking loss
(CL) during preparation was determined. Table 9 presents the sous-vide
CL, total CL (sous-vide + grilling loss) and the composition of the sous-
vide CL of all cooked patties.

Patties prepared with different types of intact TVPs showed signifi-
cant differences in both sous-vide CL and total CL. Grinding resulted in a
decreased sous-vide CL for six TVPs (ROQ1, ROQ2, ROQ3, ROQ4, ROQ5
and VEG1), while the other seven TVPs (VEG2, GMI1, GMI2, GMI3,
GMI4, GMI5, GMI6) showed an increased sous-vide CL. Strikingly, five
of the six TVPs with a decreased sous-vide CL when ground, were pro-
duced by Roquette, and six of the seven TVPs that showed an increased
sous-vide CL when ground, were produced by GoodMills Innovation.
This suggests that low-moisture extrusion conditions such as tempera-
ture, pressure, and screw speed, which were likely different between the
two producers, strongly impacted cooking loss of patties. However, none
of the CL-related properties correlated with the structural characteristics
of TVPs. The composition of the TVPs may have contributed to the re-
sults. Therefore, the correlation analysis was extended by including the
CLstructure (supplementary information, Equation (2)), reflecting the
difference between CL for the intact and ground TVP patties. An over-
view of all correlation coefficients between CL-related properties of the
patties and structural characteristics of TVP can be found in Table A1 in
the Appendix. However, none of the corrected CL-related properties
correlated with the structural features of TVPs.

Strong correlations were observed between sous-vide CL (r = 0.91, p
< 0.001) and total CL (r = 0.86, p < 0.001) of patties with intact or
ground TVPs, suggesting that the CL was mainly related to the material
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Table 10

Food Hydrocolloids 149 (2024) 109529

Expressible water (EW), expressible oil (EO) and total expressible liquid (EL) of patties made with intact TVP and patties made with ground TVP. Means are reported
with standard error. Means sharing superscript letters are not significantly different (p > 0.05).

Patties made with intact TVP

Patties made with ground TVP

TVP type

EW (%) EO (%) EL (%) EW (%) EO (%) EL (%)
ROQ1 2.9 +1.3% 4.9 + 0.2% 7.8 +1.1%¢ 3.5+ 0.3% 2.2 + 0,224 5.7 + 0.5%
ROQ2 3.5+ 0.2° 41 +0.2% 7.6 + 0.4%¢ 2.9 +0.2% 1.8 +0.1% 4.7 + 0.4
ROQ3 3.6 + 0.0° 4.2 + 0.2 7.8 £ 0.3%¢ 3.1+0.1° 1.9 + 0.0 5.1 +0.1%
ROQ4 3.0 £0.1% 3.6 £ 0.0% 6.6 + 0% 2.9 £ 0.0 1.4 +0.0° 4.3 +0.1°
ROQ5 2.5 + 0.3% 3.5 £ 0.2% 6.0 £+ 0.5 2.9 £ 0.2° 1.7 £ 0.3% 4.6 + 0.5°
VEG1 3.6 +0.1° 3.9 + 0.0% 7.5 + 0.1%>¢ 3.0 +0.3° 1.1+0.12 41+0.5°
VEG2 4.1 +0.5° 4.8 + 0.6%° 8.9 £ 1.1 3.7 £ 0.4 4.2 & 0.59f 7.9 £ 0.9
GMI1 3.8 +0.1% 3.3+0.4% 7.1 £ 0.6%¢ 3.8 +£0.7% 2.9 + 0.47bcde 6.7 +1.2°
GMI2 4.2 +0.22 4.2 + 0.5% 8.4 + 0.7 3.5+ 0.3% 3.7 + 0.2b¢de 7.2+ 0.6
GMI3 4.7 +£0.1° 6.0 £ 0.1° 10.6 + 0.3 4.4 +1.1% 4.6 + 0.5 9.1 + 1.6%
GMI4 5.2+ 0.1% 4.9 £ 0.1%¢ 10.1 + 0.0° 7.0 + 0.4° 6.0 £ 0.2 13.0 + 0.6°
GMI5 5.5+ 2.1% 5.2 + 0.4* 10.7 + 1.6° 3.3+ 0.4 4.1 + 0.8%f 7.4 +£1.2°
GMI6 4.2 +0.22 5.0 + 0.4%° 9.2 + 0.6% 4.1 + 1.0 4.0 + 0.59f 8.2 +1.5%

Table 11

Young’s modulus (E), yield stress (cy) and yield strain (e,) of patties made with intact TVP and ground TVP. Means are reported with standard error. Means sharing

superscript letters are not significantly different (p > 0.05).

Patties made with intact TVP

Patties made with ground TVP

TVP type

E (kPa) Oycra) (kPa) eycra) (=) E (kPa) Sy ra) (kPa) eycra) ()
ROQ1 23.9 + 0.8% 19.0 + 1.0% 0.68 + 0.06"¢ 14.4 + 2.1° 9.4 +0.3" 0.48 + 0.01°
ROQ2 16.0 + 0.1°% 15.5 + 2.4%4 0.66 + 0.067> 13.2 + 2.0° 7.4 +0.2% 0.40 + 0.02°
ROQ3 16.4 + 3.73% 14.0 + 1.0%°d 0.63 + 0.05%> 18.2 +1.2%° 9.0 + 0.4° 0.42 + 0.03?
ROQ4 9.0 + 0.0%° 9.0 + 0.23% 0.57 + 0.03%> 13.0 + 1.7° 5.0 + 0.2% 0.39 + 0.02°
ROQ5 15.5 + 0.5%> 7.3 +0.1% 0.46 + 0.05%" 9.2 + 0.5% 3.6 +0.1% 0.40 + 0.04°
VEG1 37.0 £ 2.7 16.9 + 1.4% 0.59 + 0.012¢ 26.2 + 2.1 9.5 + 0.6" 0.48 + 0.06°
VEG2 12.2 4+ 0.2%° 5.9+ 0.1° 0.51 + 0.04% 11.1 + 1.5° 6.2 + 0.7%° 0.51 + 0.03%°
GMI1 17.4 + 0.8%%d 8.4 & 0.4%¢ 0.43 + 0.01% 16.5 + 1.3% 7.7 + 0.3% 0.38 + 0.01°
GMI2 7.3+ 2.0° - - 13.3 + 2.0° 7.1 +0.4% 0.41 + 0.05°
GMI3® 18.6 + 2.5 34.7 + 1.4% 0.99 + 0.05° 12.9 + 1.7 47.6 +0.5% 1.09 + 0.08°
GMI4 27.3 + 3.0%f - - 32.1 + 3.9 47.6 + 3.0¢ 0.98 + 0.03¢
GMI5* 19.2 + 0.8%d 27.0 + 3.0° 0.79 + 0.05°% 14.1 + 2.2° 22.4 +0.7° 0.79 + 0.08"
GMI6* 29.3 + 2.3% 39.3 + 2.48 0.88 + 0.014¢ 26.3 + 0.1 49.5 +0.7¢ 0.99 + 0.13¢

@ GMI3, GMI5 and GMI6 showed more fracture-like behaviour instead of yielding for both patties with intact TVP and the ones with ground TVP.

structure of TVP still plays a role in the expressible liquid of patties made
with TVP, which is expected to impact their sensory perception.

3.4.4. Textural properties of patties

The effect of TVP on the textural properties of patties was investi-
gated using uniaxial compression tests. The Young’s modulus and
yielding properties determined from these experiments are presented in
Table 11.

The textural properties of patties varied significantly depending on
TVP type. For patties with intact TVPs, the Young’s modulus ranged
from 7.3 to 37.0 kPa, while the yield stress and strain ranged from 5.9 to
39.3 kPa and 0.43 to 0.99, respectively. Similarly, for patties with
ground TVPs, the Young’s modulus ranged from 9.2 to 32.1 kPa and the
yield stress and strain from 3.6 to 49.5 kPa and 0.38 to 1.09,
respectively.

When analysing patties made from intact TVPs, a negative correla-
tion was observed between Youngs modulus and MPS (; = —0.60, , <
0.05), indicating that smaller pores resulted in stiffer patties. This cor-
relation became even stronger when correcting for the contribution of
the material, as Egyrycture also correlated with the Young’s modulus of the
patties (r = —0.74, p < 0.01). This has not been reported for meat an-
alogues before, and can likely be explained based on the higher rigidity
of small pores compared to large pores, as previously reported by Liu
(Liu, 1997) for porous ceramics and Licciardello et al. (Licciardello et al.,
2012) for meringues. Additionally, these studies showed that the mean
pore size influences the mechanical properties and that the level of
porosity, as well as different length scales, such as micro- and macro-
pores, impact mechanical properties.

Three patties (GMI3, GMI5 and GMI6) exhibited a more fracture-like
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behaviour, whereas other patties showed yielding. The stress-strain
curves from which this was derived are provided in the supplementary
information (Figs. S1 and S2). GMI3, GMI5 and GMI6 were also the
hardest (oy(ta)) and the most deformable (ey(Ta)) patties. As this
occurred for both patties with intact TVPs and ground TVPs, it was likely
not caused by the structural features of TVPs, since patties with ground
TVPs lack these features. These three TVPs had relatively high protein
contents compared to the other TVPs. As 6y(ra) and ey(ta) of patties with
intact TVP correlated with protein content (cy(ra): 7= 0.73, p < 0.05 and
gy(ta): I = 0.75, p < 0.01), the additional protein in GMI3, GMI5 and
GMI6 may have contributed to increased texturisation, harder TVP
chunks, and thereby harder patties. This is in line with previous studies
that showed a correlation between protein content and both hardness
and breaking strength of extrudates (Allen et al., 2007; Onwulata &
Konstance, 2006; Yadav et al., 2014). The relatively high deformability
of GMI3, GMI5 and GMI6 compared the other TVPs was unexpected, as
materials with high deformability (low brittleness) are usually less likely
to fracture. However, patties are complex, heterogeneous systems that
include air pockets, and therefore possess many microstructural features
that can lead to stress concentration, and thereby affecting fracture
behaviour. Hence, the high deformability of GMI3, GMI5 and GMI6 may
be a result of various structural features.

4. Conclusions

In this study, we investigated the relationships between the struc-
tural characteristics of commercial TVPs and (a) their rehydration
behaviour, and (b) the mechanical properties and serum release (cook-
ing loss and expressible liquid) of patties prepared with these TVPs. The
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utilisation of X-ray microtomography facilitated a comprehensive
exploration of the structural characteristics of TVPs produced with low-
moisture extrusion. Water absorption by TVPs was described well by a
two-term exponential model, demonstrating the presence of a fast and
slow water uptake process. On short time scales, thick walls were able to
transport more water than thin walls, resulting in a higher initial water
uptake rate. However, the maximum water absorption capacity and the
water holding capacity positively correlated with porosity, while wall
thickness had a negative effect.

When patties were prepared from TVPs, correlations between
structural features of TVP and the different properties of patties were
generally weak. This may be attributed to the partial breakdown of these
structural features during patty preparation. However, thicker walls and
smaller pores resulted in stiffer patty batters and stiffer grilled patties,
respectively. The serum release could not be explained by any of the
structural characteristics of TVP, although patties with more release
during cooking, also released more serum during compression. The
serum release features may thus be more related to the composition of
the TVP. Furthermore, large differences were found in functional
properties between TVPs from different producers, emphasizing the
importance of processing conditions.

Overall, our study demonstrated how structural characteristics of
TVPs such as porosity and wall thickness facilitate water absorption and
water holding capacity. This study did not explore the effect of TVP
composition in detail, although this may explain some of the properties
of the patties. Therefore, future studies should explore TVPs with the
same composition, to verify some of the relations with structural fea-
tures only. Such additional insights may reveal important structural
characteristics of TVPs, and could help to optimise the production pro-
cesses of TVPs.

Appendix A. Supplementary data
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Appendix
Table Al

Correlation matrix of TVP properties and cooking loss (CL) and expressible liquid (EL)

Type of sample Parameter DxrT MPS o2 MWT ngn' Pwall Papp Density Protein content Bound water WAC
Intact TVP patties Sous-vide CL 0.00 —0.25 —0.23 -0.21 —0.26 0.17 0.05 —0.07 0.52 0.02 —0.28
Total CL 0.10 —-0.19 -0.22 -0.20 —-0.22 0.23 0.01 —0.04 0.53 —0.00 -0.22
Ground TVP patties Sous-vide CL —-0.10 -0.13 —0.10 -0.11 -0.17 0.11 0.11 -0.11 0.36 -0.16 -0.27
Total CL —0.09 —0.04 —0.04 —0.07 —0.12 0.11 0.11 —0.11 0.28 —0.24 —0.27
Contribution of structure Sous-vide CL 0.21 —0.07 —0.10 —0.06 0.01 0.00 —0.16 0.14 —0.05 0.35 0.18
Total CL 0.29 -0.17 -0.22 -0.13 —0.06 0.09 -0.19 0.15 0.16 0.43 0.20
Intact TVP patties Sous-vide water loss 0.06 —0.15 -0.17 —0.20 —0.24 0.14 —0.01 0.00 0.40 —0.10 —0.21
Sous-vide oil loss —0.17 —0.33 —0.26 —0.13 —0.18 0.17 0.19 —0.23 0.55 —0.01 —0.36
Ground TVP patties Sous-vide water loss —0.03 0.02 0.02 -0.10 -0.15 0.05 0.03 —0.02 0.22 -0.29 -0.19
Sous-vide oil loss —0.16 —-0.36 —0.29 —-0.15 —0.20 0.17 0.19 -0.21 0.56* —-0.03 -0.31
Contribution of structure  Sous-vide water loss 0.17 —0.28 —0.31 —0.10 —0.05 0.11 —0.09 0.06 0.15 0.49 0.07
Sous-vide oil loss 0.13 0.33 0.27 0.14 0.19 -0.13 -0.14 0.14 —0.48 0.05 0.20
Intact TVP patties EL-water -0.13 0.06 0.06 —0.09 —0.13 0.24 0.24 —0.24 0.18 —-0.15 -0.21
EL-oil —0.02 —-0.15 —0.15 —0.03 —0.04 0.31 0.18 —0.19 0.44 —0.05 —0.27
EL-total —0.08 —0.04 —0.04 —0.07 —0.10 0.30 0.23 —0.24 0.33 —0.12 —0.26
Ground TVP patties EL-water 0.24 0.01 —0.07 —0.25 —0.22 0.09 —0.14 0.15 0.30 —-0.16 0.11
EL-oil 0.05 0.12 0.05 —0.03 —0.01 0.19 0.07 —0.05 0.11 —0.43 -0.19
EL-total 0.13 0.07 0.00 —0.13 —0.11 0.16 —0.02 0.03 0.20 —0.33 —0.07
Contribution of structure EL-water —0.42 0.05 0.14 0.22 0.14 0.13 0.41 —0.42 -0.19 0.04 —0.34
EL-oil —0.08 —0.26 —0.18 0.02 —0.01 —0.05 0.03 —0.06 0.15 0.54 0.08
EL-total —0.28 —0.15 —-0.04 0.13 0.07 0.03 0.25 —0.27 0.00 0.39 —0.13

*

= significance up to p < 0.05.
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Table A2
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Correlation matrix of TVP properties and rheological properties of patty batter and textural properties of grilled patties.

Type of sample Parameter DxrT MPS o3¢ MWT 6%y Pwall Papp Density Protein Bound WAC
content water
Intact TVP patty batter Yield stress 0.37 0.53 0.26 0.17 0.33 -0.13 -0.29 0.28 -0.24 0.12 0.39
(rheo)
Yield strain -0.30 -0.19 —0.06 0.08 —-0.01 —-0.09 0.14 -0.16  0.19 —-0.30 -0.35
(rheo)
Ground TVP patty Yield stress 0.35 0.07 0.17 -0.49 —-0.48 -0.43 -0.47 0.48 0.08 0.50 0.71%*
batter (rheo)
Yield strain -0.20 —0.44 —0.48 0.22 0.29 —-0.01 0.11 -0.15  0.24 -0.14 —0.38
(rheo)
Contribution of Yield stress -0.10 0.42 0.07 0.70**  0.80**  0.31 0.28 —-0.28 —0.46 -0.39 —0.30
structure (rheo)
Yield strain -0.03 0.37 0.58* -0.16 -0.31 -0.10 -0.01 0.04 -0.19 -0.15 0.18
(rheo)
Intact TVP patties Young’s modulus -0.22  —0.60* —0.51 —-0.31 -0.43 0.45 0.39 —0.41 0.56* 0.62* —0.06
Yield stress (TA) 0.08 —-0.41 —0.36 -0.37 —0.40 0.15 -0.01 —0.01 0.73* 0.24 —-0.07
Yield strain (TA) 0.19 -0.32 —-0.27 —-0.41 —0.40 0.04 -0.15 0.12 0.75%* 0.23 0.02
Ground TVP patties Young’s modulus  0.01 —0.14 —0.12 —0.37 —0.44 0.11 0.05 -0.07 0.46 0.38 0.20
Yield stress (TA) 0.00 -0.33 -0.27 —-0.30 —0.34 0.04 —0.01 0.00 0.54 0.04 -0.14
Yield strain (TA) -0.09 —0.38 —-0.31 -0.23 -0.28 0.13 0.11 —-0.12 0.49 -0.03 —-0.23
Contribution of Young’s modulus -0.17 —0.74**  —0.68* —0.05 —0.07 0.52 0.37 -0.38 0.34 0.39 —0.26
structure Yield stress (TA) 0.22 -0.35 —0.35 —-0.08 —0.02 0.03 -0.18 0.13 0.14 0.44 0.23
Yield strain (TA) 0.55 0.16 0.15 -0.27 -0.16 —0.46* —0.67* 0.64 0.11 0.38 0.53

* = Significance up to p < 0.05, ** = significance up to p < 0.01.
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