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Abstract: This study investigates multiple extrusion regimens with twin screw extruder for valorising soy press
cakes (by-products of soy drink & tofu manufacturing process) by varying physical conditions of extrusion
(temperature and moisture content) for improving their morphological, physico-chemical, technological, and
sensory parameters. Valorised soy press cakes were compared before and after extrusion. Four extrusion
regimens (moisture content 30%-60% and temperature 110°C -120°C) were designed for producing different
extruded samples. Small amounts (3%-6%) of untreated and extruded press cakes were utilised in the
development of meat analogues. All samples showed comparable nutritional and trypsin inhibition activity
with almost all samples possessing most essential amino acids above significant amounts. Press cakes with
higher moisture indicated improved bulk density, water holding and oil holding capacity. Interestingly, the
same samples also reportedly had texture more closely resembling native meat texture and scored the highest
in overall sensory acceptance. Our results thus indicate that soy press cake samples from drink manufacturing
process, when extruded with the regimen with 60% moisture and temperature of 120°C show the greatest
potential in developing meat analogues.

Keywords: press cake; soy; extrusion; meat analogue; texture; water-holding capacity; oil-binding
capacity; trypsin inhibitor activity

1. Introduction

Plant origin press-cakes are rest raw materials that are discarded as industrial by-products after
food processing & production processes by food industries. These include press-cakes discarded after
oil manufacturing and refining processes (e.g., rapeseed press-cake, hemp press-cake) and after drink
manufacturing processes (e.g., soy press cake, oat press cake from soy and oat milk processing,
respectively) [1]. Usually discarded press-cakes are utilised as animal feed due to their nutrient
profile including significant concentrations of proteins and amino acids, but are not directly utilised
as food additive, materials, and ingredients for human consumption. This is primarily due to the
presence of antinutrient factors and lack of sensory qualities which may make them distasteful for
consumers [2].

As interest in repurposing rest raw materials such as plant origin press-cakes has received high
traction in the past decade, several pre-treatment strategies such as ultrasonication [3,4], fermentation
by microbes & hydrolysis using enzymes [5] and extrusion cooking [6] have been utilised by
researchers to biorefine the source matrix to increase bioavailability and concentration of proteins,
starch etc., to reduce antinutrient concentrations and enhance sensory qualities of plant origin press
cakes. These strategies have helped to process plant origin press-cakes for their utilisation in the
development of new and improved food systems and products.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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Extrusion refers to a food processing technique that involves cooking and shaping plant-based
ingredients into various products including puffed snacks & meat-like products. The process takes
place in an extruder, a machine that combines heat, pressure, and shear to cook and shape the
ingredients. The plant-based ingredients, such as soy protein, pea protein, and wheat gluten, are
blended with water and other additives to form a dough-like mixture. The mixture is then fed into
the extruder, where it is subjected to high heat and pressure. The high heat and pressure cause the
ingredients to cook and denature, resulting in a homogeneous mass that can be shaped and cut into
the desired form. Extrusion is widely used in the production of meat analogues, such as veggie
burgers, sausages, and nuggets, due to its ability to produce products with a meat-like texture,
flavour, and appearance. The process can also be used to produce products with other textures, such
as crunchy or chewy, and can be customized to achieve the desired product properties.

For the production and development of plant-based meat analogue products, high moisture
extrusion cooking (HMEC, moisture content up to 70% w/w water) is mostly utilised as it favourably
produces a meat-like fibrous structure in the extrudate after completion of the extrusion cooking
process [7]. However, HMEC has some disadvantages. The most significant drawback of products
developed using HMEC is the cost of setting up the infrastructure, extra peripherals (cooling die at
the end of the barrel) and the cost of producing the goods, which in turn increase the selling price of
produced goods [8]. Another drawback is the uncertainty over the sustainability of HMEC process.
For a technology that is directed at producing consumer goods for a targeted consumer bracket in
the market where sustainability plays a very important factor, the widespread utilisation of HMEC
for producing goods may hamper the sales of such goods as consumers may choose more sustainably
produced products.

As a result, LMEC (Low Moisture Extrusion Cooking) has also been utilised by researchers for
the development of extrudates which can be used in the development of plant-based meat analogue
products [9,10]. LMEC typically uses moisture levels ranging from 10%-40% [7]. This low moisture
level is important for achieving the desired texture and stability of the final product, as well as to
prevent spoilage and microorganism growth. By maintaining a low moisture environment, the heat
and pressure generated by the extruder can cook the ingredients thoroughly and create a
homogeneous mass, which can then be shaped and cut into the desired form. thus, specific moisture
level used can vary depending on the ingredients, processing conditions, and desired end-product
properties, thus there are many possibilities when it comes to choosing the various permutations-
combinations available for physical parameters. Similarly, the temperature range used in LMEC can
vary depending on the specific application, ingredients, and desired end-product properties. In
general, the temperature range for LMEC is typically between 120°C to 200°C [11]. The high
temperatures generated in the extruder, along with the pressure, contribute to the cooking and
denaturation of the ingredients. The temperature must be high enough to ensure thorough cooking
and proper gelatinization of the starch, but not so high as to cause degradation or thermal destruction
of the ingredients.

Among all plant origin press-cakes, soy press cake has the most potential for being repurposed
as a valorised ingredient for the development of meat analogue products due to its high protein and
nutrient content, widespread availability, and low cost. The by-product of soy drink manufacturing
and tofu manufacturing process, called as okara has recently been identified as a potential high
protein, high fibre product to be used as animal feed. Along with these factors, the moisture and
temperature of extrusion cooking of press-cakes is equally important, especially considering the
potential use of these extrudates for the preparation of meat analogues. The main difference between
okara produced from tofu manufacturing and okara produced from soy drink manufacturing lies in
the coagulation step. Tofu production involves intentional coagulation to separate curds from the
whey, resulting in a more substantial and moister okara. In contrast, soy drink manufacturing focuses
on producing a liquid beverage, so the soy milk is usually filtered, resulting in a drier and finer okara.
These factors influence the characteristics and properties of okara from these 2 different sources.
Therefore, comparison of okara from different origins (soy drink and tofu manufacturing) is
necessary for investigating their potential for development of meat analogue products. Okara is
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currently being studied for its potential as additive for production of extruded snacks [12]. High
moisture extrusion is preferred generally by manufacturing enterprises, although low moisture
extrusion is also used [13,14] but is currently not as popular as HMEC.

Keeping in account the potential of LMEC for production of meat analogue products and how
the modulation of extrusion cooking moisture and cooking temperature are important for obtaining
desirable chemical, morphological, functional, and sensory properties, press-cakes produced via
extrusion with two different moisture concentrations (30% and 60%) and varying cooking
temperature were developed for this study. The chemical, morphological, functional & sensory
properties of soy press cakes were analysed and compared prior to and post extrusion cooking
process, along with samples of meat analogues which included the addition of extruded press cakes
in small amounts (3%-6%) for evaluating changes in these properties. Through this, the possibility of
utilising soy press cakes for the development of meat analogue products is investigated, and the
extrusion regimen with best moisture and temperature parameters is presented.

2. Materials and Methods

2.1. Raw materials

Two samples of dried soy press-cakes, Soyd and Soy: (sourced from Berief Food GmbH,
Germany as residues from soya drink manufacturing and JSC Sojalita, Lithuania (residues from tofu
manufacturing) respectively. A texturized soy flour for meat analogue matrix (from Imlitex,
Argentina) named Soym, was used for the study. The technological scheme for obtaining Soya and
Soy: is shown in Figure 1. For tofu production (Figure 1a), the soybeans were processed in a single
tank and the processing time was 45 minutes. The prepared slurry was boiled at 105 °C (the mass
was heated with hot water vapor) and the pressure was set to 2 atmospheres. After heating, the slurry
was pressed to produce a hot pomace which was cooled outside the production premises by outdoor
air. The production of soy drink (Figure 1b) starts with soaking (16-18 hours). This is followed by
heat treatment, which may last up to 2 hours in total. The mass is heated to 100 °C for 45 minutes
followed by grinding in boiling water at a ratio of 1:8 (minimum temperature of 98 °C), finally being
boiled at 90 °C for 15-20 minutes. It is then homogenised, clarified, and cooled. Soy: thermal process
takes less than half the time it takes for Soyd. Samples were stored at room temperature prior to
analysis. The scheme to produce soy press cake samples has been described in figure 1.

2.2. Reagents

The following reagents were used for the chemical analysis of the samples: Distilled water,
sunflower oil, sodium hydroxide, hydrochloric acid, TRIS(tris(hydroxymethyl) aminomethane),
calcium chloride monohydrate, BAPNA (Na-Benzoyl-DL-arginine 4-nitroanilide hydrochloride),
DMSO (Dimethyl sulfoxide), glacial acetic acid, triethylamine, Carrez I and II solutions, standard
acrylamide solution (1000 pg/L), potassium bromide, potassium bromate, concentrated sulfuric acid,
sodium thiosulfate pentahydrate, sodium chloride, ethyl acetate, methanol (analytical grade),
isooctane (2,2,4-trimethylpentane), potassium hydroxide, citric buffer, acetonitrile, glucose, fructose,
saccharose, perchloric acid, saturated sodium bicarbonate solution, Dansyl chloric solution, ammonia
solution (25%), histamine standard solution ( 1 mg/ml), inner standard solution of diamine heptane,
Kjeldahl catalyst tablets, sulfuric acid (95 to 98 % by weight, without nitrogen impurities), hydrogen
peroxide solution, antifoam, sodium hydroxide, boric acid, methyl redonium, bromocresol green,
ammonium sulphate (purity by weight of not less than 99,9 %), standard trypsin solution, TRIS
buffer.
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Figure 1. Stages of (A) Soy: & (B) Soyd press-cakes production processes.

2.3. Extrusion process

Pre-treatment: Soy samples (Soy:, Soya) were hydrated approximately to 30% or 60% moisture
before processing. Hydrated samples were allowed to equilibrate overnight at 4 °C.

Extrusion: Coarse, raw press-cake powders (Soyt, Soyd) were extruded using a co-rotating twin-
screw extruder ZE25Rx40D-UTXmi (KraussMaffei Berstorff GmbH, Germany) composed of eleven
segmented barrels. The screws had a diameter of 26.6 mm, a length to diameter ratio (L/D ratio) of
40:1, and 100 rpm was set as the screw speed. The barrel diameter was 26.9 mm and die head with
three circular holes had a diameter of 3.5 mm. Extrusion was carried out under four different
conditions for each raw material by varying processing temperature and initial sample moisture. Two
different temperature profiles throughout the eleven-barrel segments were applied as follows (in °C):
i) 18, 65, 85, 95, 100, 105, 110, 110, 110, 110 and product exit temperature (recorded); ii) 18, 65, 85, 95,
105, 110, 120, 120, 120, 120 and product exit temperature (recorded). Extruded samples were marked
in Latin numerals with respect to maximum extrusion temperature and moisture of the samples:

I - press-cakes extruded at moisture content of 30% and maximum temperature of 110°C
IT - press-cakes extruded at moisture content of 30% and maximum temperature of 120°C
III - press-cakes extruded at moisture content of 60% and maximum temperature of 110°C
IV — press-cakes extruded at moisture content of 60% and maximum temperature of 120°C
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The following process parameters were monitored during extrusion: product temperature in
different zones, die pressure, motor load, and product throughput.

The specific mechanical energy (SME) was calculated according to the following expression (Hu
et al., 1993):

Screw speed (rpm)xMotor power (W)xMotor load (%)

SME Whkg™) = (1)

Max screw speed (rpm)xTroughput (kg/h)x100

where extruder constant speed was 100 rpm, max screw speed was 1200 rpm and motor power were
set to 26 kW.

2.4. Scanning electron microscopy (SEM) analysis

Morphology of untreated and extruded soy press-cakes was investigated using a FEI Quanta 200
FEG scanning electron microscope. Extruded samples prior to SEM analysis were freeze-dried in a
SP Scientific Freeze Dryer (SP Industries, USA). Press-cakes were mounted on metal stubs using
adhesive tape. Images were taken at a magnification of 5000x.

2.5. Preparation of meat analogues

Meat analogues were prepared by addition of 3% (w/w), and 6% (w/w) extruded press-cake
samples to the matrix containing industrially textured soy protein, water, emulsion, and oil
Additional spices were not added to the meat analogue matrix to recognise the base matrix’s sensory
properties. The emulsion was produced by blending industrial emulsifier, water, and oil. Two
batches of each analogue were prepared to carry out analysis of cooked and uncooked meat analogue
samples weighing 100 gms each. The prepared meat analogues were cooked in a conventional oven
with cooking parameters set at 180 °C temperature for 20 minutes. It was adequate to reach an
internal temperature of more than 75 °C. The cooked samples were wrapped using aluminium foil
and placed in labelled trays. They were held at a temperature of 60 °C before using them for sensory
analysis. The cooked samples were also used for texture and colour analysis.

Samples were coded as per the following abbreviation scheme:

MC - Control matrix (from textured soy protein, water, emulsion, and oil) without extruded
press cakes.

MT - meat analogue matrix supplemented with extruded Soy: press cakes. Latin numerals from
I-IV denote conditions under which press cakes were extruded (see section 2.3) and 3% or 6%
indicates the amount of press cakes in matrix (w/w).

MD - meat analogue matrix supplemented with extruded Soyad press cakes. Greek number I-IV
shows under which conditions press cakes were extruded (see section 2.3) and 3% or 6% indicates
the amount of press cakes in matrix (w/w).

2.6. Determining the chemical composition of press-cakes and meat analogues

The chemical composition of untreated press-cakes, extruded press-cakes and uncooked meat
analogues were determined based on standard methodologies. The composition of amino acid
content in extruded press-cakes and raw meat analogues were analysed using the A300 Amino Acid
Analyser (MembraPure GmbH, Germany), which uses ion exchange chromatography including a
reaction with ninhydrin in post-column and detection in the spectrum of the visible region. Analysis
of fatty acid contents was carried out using standardised gas chromatographic methods ISO 12966-
1:2015 and ISO 12966-2:2017 defined by AOAC (American Association of Analytical Chemists).
Humidity was determined using the traditional oven method ISO 712:2009. The saturated fatty acid
contents were determined using the gravimetric method AOAC 922:06 and AOAC 963.15:2003.
Analysis of nitrogen and protein contents were carried out using the Kjeldahl method ISO 20483:2006.
Sugar contents were determined using chromatographic methods, and salt content was determined
using standard titration method ISO 3634:1979. Enzymatic gravimetric method was used for
determination of fibre content AOAC 985.29:1990.
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2.7. Determination of trypsin inhibitor activity

The anti-nutritional trypsin inhibitor activity was determined using the method described by
Clifford et al. [15] The trypsin inhibition activity is presented as milligrams of trypsin inhibited per
gram of sample. Briefly, 1 gram of each sample was weighed, shaken with of 10 mM sodium
hydroxide and pH was adjusted to 9.4-9.6. The slurry was left overnight followed by shaking and
filtering through a filter paper.

The absorbance of the samples was measured at 410 nm using the Hanover 3000
spectrophotometer. Triplicate results of absorbance were noted, averaged, and used for calculation
of trypsin inhibitor activity using the following formula:

TIUmg _ 2.63 D * At
DM ° S (mg)

TIA ( (2)
where,

D is the dilution factor

Atis the change in absorbance

S is the weight of the sample

2.8. Analysis of functional properties of non-extruded press-cakes, extruded press-cakes, and meat analogues

2.8.1. Water holding capacity and oil holding capacity

Determination of water holding capacity (WHC) and oil holding capacity (OHC) was performed
using the method described by Sadh et al. [16] with some modifications. Slurries of samples in water
were prepared by adding 0.8 g of sample to 15 mL pre-weighted centrifuge tube and pouring 12 mL
of distilled water and shaking manually for 1 minute. The tubes were centrifuged for 10 minutes at
3000 x g. After centrifugation the fugate was discarded and the tubes were weighed again. The WHC
or OHC was expressed as grams of water or oil, respectively, bound to per gram of sample.

2.8.2 Cooking loss

The meat analogues of known weight were cooked in a convection oven at 180 °C for 20 minutes.
The samples were allowed to cool to 60 °C and then weight again. Calculation of cooking loss was
done by subtracting the initial weight and the final weight, further dividing it by the original weight
of the samples. The cooking loss was expressed in percentage.

2.10. Texture and colour analysis of meat analogues

The texture profile analysis was carried out for samples of cooked meat analogues using Instron
3343 machine (Instron Engineering Group, High Wycombe, England) equipped with a load cell of
1kN. The samples were cut into 2.0x2.0x2.0 cm and were compressed perpendicularly using a
cylindrical probe of 0.5 cm. The testing conditions were done via two cycles consecutively at a
compression of 70% and crosshead movement at a speed of 1 mm/s.

2.11. Sensory analysis of meat analogues

A quantitative descriptive analysis of 12-point scale was performed by a consumer jury made
up of 6 panellists. The jury analysed the produced meat analogues’ perception characteristics and
determined the optimal treatment conditions like suitable temperature and humidity for the
extrusion process. A suitable amount of press-cake added in the matrix and optimal storage
temperature of the raw meat analogues. The range of scores for the scale was between 1-12, where 1
= not intensive and 12 = very intensive. The jury’s main goal was to produce sensory descriptors to
describe the characteristics of samples. The jury’s sessions were conducted in the KTU Food
Institute’s sensory laboratory (Kaunas, Lithuania).
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2.12. Statistical analysis

All the experiments were carried out in triplicates. The results were reported as mean + standard
deviation (SD). The two-way analysis of variance (2-way ANOVA) was used for considering
significant differences in extruded press-cake samples followed by a post hoc test using LSD (Least
significant difference), and three-way analysis of variance (3-way ANOVA) was utilised to consider
the significant differences in meat analogue samples to study the significance of independent factors
as well as their interactions. At p < 0.05, the samples were statistically significant. The analysis was
performed using IBM SPSS 27.0 software (IBM Corporation, New York, USA).

3. Results

3.1. Extrusion of press-cakes

In this study, extrusion was conducted to process soy press-cakes before using them for the
preparation of meat analogues. It has been demonstrated that soy press cakes contain significant
amounts of antinutritional compounds, such as trypsin inhibitors and polyphenols that limit their
potential as plant-based superfoods. However, application of heat can decrease the amounts of these
anti nutritional factors [17]. Our reason for applying extrusion to soy press-cakes, along with finding
the best combination of moisture and temperature conditions during extrusion cooking to produce
meat analogues with desired chemical, functional and sensory properties was to also reduce the
content of trypsin inhibitors significantly while not diminishing the quality and quantity of protein
and amino acids natively available.

Changing the conditions of extrusion could produce extrudates with different physicochemical
and functional properties. Therefore, two parameters (extrusion temperature and moisture) were
modulated to produce different samples: see Table 1). Preliminary tests showed that when maximum
temperature of the barrel zones (Tm«) was higher than 120°C, press-cakes started to burn. Therefore,
two extrusion regimes with lower temperature (Twx of 110°C and 120°C) were utilised for

experiments.
Table 1. Parameters of extrusion of Soy: and Soyd press-cakes.
Sample Moisture Tmax* Die pressure  Throughput SME
(press- (%) ©0) Motor load (%) (bar)p (K g/h)g P (Wh kg-)
cake)
30 110 6.0 26 3.4 38.5
Soy: 30 120 6.3 25 3.1 44.0
60 110 4.0 6 8.5 10.2
60 120 4.0 7 7.5 11.6
30 110 12.0 21 10.7 242
30 120 12.0 19 12.7 204
0¥ 4o 110 47 6 13.1 7.7
60 120 5.0 6 14.1 7.7

*Tmax — the highest temperature in barrel zones during extrusion process.

The specific mechanical energy (SME) is an important parameter when assessing extrusion
process and is defined as the mechanical energy input required to obtain a unit weight of material
through the [18]. From data presented in Table 1 it is obvious that the moisture content of press-cakes
had more influence on SME, than temperature of the barrel. It was observed that the value of SME
was lower for both soy press-cakes as the humidity of press-cake was increased and it is consistent
with the data from other studies using twin-screw extruders [19,20]. Comparing the SME for Soy: and
Soyd samples, it is apparent that SME of Soy: samples was higher than Soy« samples in all cases. This
could be attributed to the fact that the production of Soyt press cakes involve coagulation of soy curd,
which produces press cake that has higher moisture and is softer than press cakes produced from soy
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drink manufacturing, where no coagulation step takes place. In general, increasing moisture content
of raw soy press-cake led to decreased viscosity of the wet mass in the barrel, reduced conversion
ratio of extruder mechanical energy into heat energy, also decreased force necessary to push the wet
mass through the die, thus reducing the friction between wet mass and screw shaft and extruder
barrel [19] and consequently motor load and the value of SME decreased (Table 1). It can also be
noticed that increasing moisture of the press-cakes lowers die pressure and increases throughput of
the press-cake mass through the extruder and this is consistent with the fact that at higher feed
moisture the press-cake mass is less viscous, it can flow more easily, this in turn shortens the mean
residence time of the press-cake in the extruder barrel and the press-cake mass can pass through the
die more readily, and these findings are consistent with data presented in other studies [19].

3.2. Physical and technological characteristics of non-extruded and extruded press-cakes

3.2.1. Structure

Scanning electron microscopy (SEM) was used to investigate structural changes of soy press-
cakes after undergoing extrusion at different conditions. SEM images of untreated soy press-cakes
and extruded samples are presented in Figure 2, and figures 3 & 4 respectively. All extruded press-
cakes were subjected to freeze-drying prior to SEM analysis. It is evident that the structure of both
untreated soy samples is similar, that is, the surface of the particles is quite flat with visible flaking
(Figure 2A,B).

Figure 2. SEM images of untreated Soy: (A) & untreated Soyd (B). Magnification of 5000x.

Meanwhile, from SEM images of extruded press-cakes some structural changes can be observed
(see Figures 3 and 4). After extrusion, independently of the processing temperature or moisture of
the samples, strands are formed on the surface of the particles, also some voids appear. Extruded
press-cakes at a moisture content of 30% show some plasticity, especially it is visible in extruded Soy
press-cakes (Figure 3A,B).
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Figure 3. SEM images of treated Soy: I (A); Soy: II (B); Soy: III (C) & Soy: IV (D). Magnification of
5000x.

As the material cools, it sets into a porous structure. In present study the formation of porous
surfaces is clearly visible for press-cakes extruded at higher moisture content (60%) and temperature
(120 °C) as the surface is more strand-like and more holes occur (see Figure 3D and Figure 4D).
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Figure 4. SEM images of treated Soyad I (A); Soya II (B); Soya III (C); Soya IV (D). Magnification of
5000x.

3.2.2. Water-holding and Oil-holding capacity

In developing food texture, WHC plays an important role. WHC reflects the protein's ability to
retain water and shape the protein gel network. The higher the value of WHC, the greater the juiciness
of meat analogue [20]. Our study showed that with increasing temperature and humidity in the

extrusion process, the water-holding capacity of the samples increased (Table 2).

Table 2. Water-holding and Oil-binding capacities of Soyt & Soya.

Samples WHC, g/g OHC, g/g
Soy: 5,572 + 0,47 1,989 + 0,23
Soy: 1 4.281+0.19 1.989 +0.25
Soy: 11 4.570 £0.15 2418 +0.15
Soy: 11T 4.813+0.10 2.623 +0.17
Soy: IV 5.448 +0.17 2.932+0.10
Soyd 2,875+0,17 1,585+ 0,16
Soyad I 6.095 + 0.04 2.032+0.10
Soyq I 6.135+0.17 2.480+0.12
Soyad III 6.658 + 0.12 2.648 +0.18
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Soyd IV 6.877 £0.12 2.967 +£0.11

Untreated Soyd had the lowest water-holding capacity, but after extrusion it increased almost 3
times and surpassed Soy:. Meanwhile, WHC of untreated Soy: was lower compared to extruded
samples. Soyu is treated with heat process (with similar temperature regime) for double the time as
with Soy: and with additional mechanical pressure. This may have led to increased denaturation of
the proteins prior to the extrusion process resulting in the poor water retention observed. The water-
holding capacity of extruded press-cakes increased with increasing temperature and increasing
humidity and evolved similarly for both types of soy samples. After extrusion, WHC increased by
31% for Soy: and by 24% for Soya. This suggests that the protein in the press-cakes can form a gel
network by hydrophobic interactions, which takes place due to increase in temperature. Our results
are in tandem with the study conducted by Bae et al. [22] who reported increasing water-holding
capacities which was demonstrated by the exposure of hydrophobic groups and the unfolding of
protein structure with increasing temperature after extrusion.

OHC of extruded soy press-cakes increased compared to untreated press-cakes. Also, slightly
higher OHC for untreated press-cakes was observed and is characteristic of Soy: (1.99 + 0.23 g/g)
compared to Soyd, which had a lower value i.e., 1.59 + 0.16 g/g. After extrusion, the oil holding
capacity increased by 47% for Soy: (comparing untreated press cake to highest result, which was
conceived by extrusion at 120°C and 60% humidity) and 87% for Soyu (at same comparison). This
increase occurred as the temperature and humidity of the extrusion increased. This was reported due
to enhanced porosity of fibres present in press-cake samples, which gave rise to the ability to trap oil
droplets. Temperature and humidity independently had a significant effect (p < 0.05) on the oil
holding capacity, unlike their interaction which did not have a significant effect (p > 0.05). A high
lipid retention capacity is necessary to prevent the creation of fat pockets which apart from being
unappealing to the user, can also lead to the degradation of products [23] and creates a juicy texture.

3.3. Nutritional characteristics of non-extruded and extruded press-cakes

3.3.1. Nutritional composition of press cake samples

The results of nutritional analysis of treated and untreated press cake samples have been
described in Table 3. Untreated press cakes of Soy: had 9,73 g fat per 100-gram dry matter, Soya -
11,87 g/100g dm. In Soy: after extrusion I and II fat content increased up to 15,31 g/100 g dm, but for
extrusion III and IV fat amount remained almost the same as in untreated press cakes with values
9,57g and 10,71g respectively.

Table 3. Nutritional analysis of treated and untreated press cake samples (values presented in g / 100
grams of dry matter).

. Total
Saturat.ed MUEF PUFA Nitro Protein Ash  Sucrose Glucose* Fructose* Suga Salt Fibre
Fatty acid* A gen* B
Soyt  9.73 N/A N/A N/A 5.65 36.2 3.62 2.74 0.03 0.02 0.16 <0.03 50.2
Soy:I 15.31 2.24 289 1.18 5.38 33.6 3.49 3.23 0.34 0.42 3.99 <0.03 37.3
Soy:IT 15.29 2.33 297 1.00 5.36 334 3.50 3.32 0.33 0.50 414 <0.03 377
Soy: I 9.57 1.85 212 5,60 5.35 33.4 3.44 2.51 0.59 0.71 3.80 <0.03 36
Soy: IV 10.71 1.96 301 573 540 33.6 3.39 0.58 0.45 1.09 1.61 <0.03 39.9
Soyd 11.87 N/A N/A N/A 476 29.7 3.59 0.14 0.02 0.02 0.16 N.D. 51.2
SoydI 16.84 2.85 417 9.82 536 33.5 4.13 1.50 0.26 0.36 1.86 <0.03 38.7
Soy4 IT 16.03 2.49 389 966 541 33.8 4.16 1.43 0.28 0.35 2.06 <0.03 373
Soyd ITI 14.40 2.26 350 864 542 33.8 4.18 0.64 0.46 0.55 1.19 <0.03 40.5
Soyd IV 16.17 3.59 487 546 550 34.3 4.06 0.90 0.45 0.47 1.37 <0.03 41.8

* Indicates that their interactions are not significant for all values within the same column, 2-way ANOVA, p
>0.05.
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After extrusion in Soy: samples saturated fatty acid amount and monounsaturated fat amount
at I and II extrusion variation increased along with temperature from 2,24 to 2,33 and from 2,89 to
2,97, at lll and IV - from 1,85 to 1,96 and from 2,12 to 3,01 g/100g dm respectively. In Soyd saturated
fatty content changed without clear tendency with lowest value of 2,26 g/100 g dm (III) to highest -
3,59 g/100g dm (IV). Same tendency was observed in monounsaturated fatty acids amount with
lowest value of 3,50 g/100g dm (III) and highest 4,87 g/100g dm (IV). After extrusion in both soy
samples poly unsaturated fatty acid amount (PUFA) decreased by increasing temperature and
humidity, but in different proportions. In Soy: PUFA decreased from 10,18 (I) to 5,60 (III), in Soya -
from 9,82 (I) to 5,46 (IV) g/100 g dm. None of the samples had trans-fatty acids.

Untreated Soy: and Soyd samples had 36,26g/100g dm and 29,74 g/100g dm of protein,
respectively. After extrusion in Soy: samples protein amount remained very similar varying from
33,45g/100g dm (II) to 33,69/100g dm (IV). In Soyd case protein amount after extrusion increased up
to 34,36g/100g dm (IV). This result might appear due to high temperature, screw speed and moisture,
which resulted in more insoluble extruded products, indicative of cross-linking reactions which
possibly created some covalent bonds [24].

Increasing temperature increased the total sugar content in soy press-cakes. This occurred
because some simple carbohydrates might have decomposed under high temperature and humidity.
In untreated Soy: and Soy« samples total sugar was equal 0,16g/100g dm. After extrusion this amount
increased but without tendency attached to humidity or temperature and reached from 1,61g/100g
dm (IV) to 4,14g/100gm dm (II) for Soy: and from 1,19g/100g dm (III) to 2,06g/100g dm (II) for Soya.

Untreated press cakes reported similar fibre content. For Soy: it was 50,27g/100g dm, and for
Soyad it was 51,19 g/100g dm. After extrusion in both press cakes, fibre content lowered. Soy: decreased
to 35,99g/100g dm (III) and 39,94g/100g dm (IV). For Soyu dietary fibres decreased to 37,28g/100g dm
(II) to 41,77g/100g dm (IV). Dietary fibres are an essential aspect of nutritional value due to their effect
on the betterment of health as their consumption leads to lower incidences of developing several
diseases. In the study conducted by Rajput et al, [25] it has been stated that extrusion-cooking,
fermenting, crushing, brewing, and frying may change the physico-chemical characteristics of dietary
fibre.

3.3.2. Trypsin inhibitor levels in press cake samples

Trypsin inhibitors in the digestive tract are responsible for impairing the function of trypsin
enzymes. Inactivation of these inhibitors is possible at elevated processing temperatures [26]. The
activity of trypsin inhibitor can be utilised as a potential measure of processing to get hypoallergenic
properties of protein isolates. As the trypsin inhibitor is heat-labile, extrusion caused the trypsin
inhibitor activity to degrade significantly. Trypsin inhibitor levels of treated and untreated press cake
samples are displayed in Table 4.

Table 4. Trypsin inhibitor levels of treated and untreated press cake samples.

Sample TIA (mg/g dry matter)
Soyt 0.83 +0.00

Soy: 1 0.83+0.01

Soy: II 1.07 +0.01

Soy: III 0.67 +0.01

Soy: IV 0.64+0.01
Soya 1.74+0.13

Soyd -1 0.87 +0.00

Soyd II 1.36 +0.013

Soya 11T 0.51+0.01

Soyd IV 0.74+0.01
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Trypsin inhibitor activity lowered from 0,83mg/g up to 0,64 mg/g dm in Soy: press-cakes (Table
3), while the lowest activity was observed in Soya (III) at 0.51 mg/g dm. On the other hand, untreated
Soyd showed trypsin inhibitor activity at 1,74 mg/g dm. Soyad (II) also showed high trypsin inhibitor
levels at 1.36 mg/g dm. Soy: (II) was the only sample from Soy: group to show high trypsin inhibitor
levels at 1.07 mg/g dm.

3.3.3. Amino acid composition of press cake samples

The results of amino acid’s analysis have been shown in Table 5. In Soy, essential amino acids
histidine and valine increased in number at 30% humidity, while in Soys, all essential amino acids
increased at the temperature of 110°C except phenylalanine which increased only at the temperature
of 120°C. Similarly, while all non-essential and conditionally non-essential amino acids were lower
in extruded Soy: press-cakes, Soya showed an increase in non-essential and conditionally non-
essential amino acids at 110°C temperature except serine which increased at 120°C.

Table 5. Amino acids” composition of treated and untreated press cake samples.

Samples
Amino Acid So
Content, Soy: Soy:I Soy:Il Soy:III Soy:IV ~ Soyd Soyal  SoydIl Soya Il I\}; ¢
g/100g
4.18
Aspartic Acid  + 348+ 335+ 204+ 212+ 310+ 358+ 310+ 358 310+
p 063 0.04 0.03 0.05 0.03 0.01 0.02 0.03 0.09 0.03
. 5.94
Glutamic . 486+ 468+ 281+ 286+ 460+ 483+ 460x 488+ 460=
Acid* 065 0.02  0.04 0.03 0.06 0.08 0.09 0.07 0.04 0.05
1.75
Serine L 129+ 124+ 072+ 079+ 139+ 136+ 139+ 136+ 139+
062 0.06  0.09 0.04 0.02 0.07 0.08 0.04 0.03  0.07
1.21
Glveine . L1+ 108+ 067+ 070+ 108+ 115+ 1.00+ 115+ 1.08%
y 061 0.03  0.08 0.04 0.03 0.07 0.07 0.068 0.05  0.09
0.58
Histidine N 082+ 081+ 053+ 054 066+ 08=x 066+ 085 0.66=*
068 0.04 0.04 0.05 0.04 0.10 0.03 0.08 0.04 0.09
1.65
. 118+ 116+ 076+ 076+ 112+ 124+ 112+ 124+ 1.12%
Threonine *
0.03 0.06  0.05 0.07 0.06 0.13 0.04 0.03 0.03  0.03
1.43
Alanine L 117+ 114+ 070+ 073+ 115+ 124+ 115+ 124+ 115z
064 0.07  0.06 0.02 0.09 0.04 0.04 0.02 0.04 0.10
2.44
.. 195+ 191+ 123+ 126+ 174+ 199+ 174+ 199+ 174+
Arginine *
0.06 0.07  0.03 0.05 0.08 0.04 0.06 0.05 0.04 0.01
3.61
Proline L 149+ 173+ 095+ 080+ 099+ 201+ 099+ 201+ 099=
063 0.03 0.05 0.03 0.03 0.03 0.06 0.09 0.07  0.02
0.92
. 081+ 084+ 054+ 058+ 000+ 084+ 0.00+x 084+ 0.00=+
Cysteine

064 0.05 0.06 0.05 0.04 0.02 0.09 0.04 0.09 0.01
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1.15
. 1.06+ 105+ 071+ 074+ 0.77 + 1.09 + 0.77 + 1.09+ 0.77 +
Tyrosine *
og 002 004 004 005 006 007 005 005 010
131
Vain 136+ 142+ 090+ 113+ 129+ 152+ 129+ 152+ 129+
aine ooz 004 003 001 006 003 006 002 007 005
091
. 058+ 038+ 036+ 028+ 025+ 042+ 025+ 042+ 0254
Methionine +
o1y 005 005 004 001 005 003 004 009 004
422
Losines T223+ 207+ 142+ 165+ 126+ 221+ 126x 221+ 126+
y oo 002 007 002 007 007 002 005 009 006
263
. 200+ 193+ 116+ 1.19+ 211+ 212 + 211+ 212+ 211+
Isoleucine* +
oog 004 006 007 004 003 004 007 010 009
1.62
Leudin 07149+ 148x 091x 093 132 142x 132x 142x 132
eucne og 005 003 008 006 005 007 004 00l 006
1.80
Phemvlalamine « 125% 124 079% 081x 1d6x 131 146x 131x ld6x
y ooy 002 004 009 002 008 0012 001 003  0.04
233
T toph N 219+ 211+ 117+ 1.16+ 1.76 + 2.30 1.76 + 230+ 1.76 +
ryptophan oop 001 006 010 004 007 008 0.03 008  0.07

All value within the same row indicates significant differences for two factors (temperature and humidity), 2-
way ANOVA, p <0.05; *The interaction did not show a significant difference (p > 0.0.5)

In all samples all essential amino acids were detected in significant amounts. Upon comparison,
Soyt and Soy: extruded samples on average reported higher levels of almost all amino acids than Soya
and Soyd extruded samples. This could be attributed to higher protein content in Soy: and Soy:
extruded samples, as well as to the different processes by which soy drink press cake and tofu press
cake are produced. Due to the presence of coagulation step in the production of Soy:press cakes, there
might by a higher degree of hydrolysis of soy proteins which may explain higher content of almost
all amino acids detected in Soy: and Soy: extruded samples.

3.4. Analysis of meat analogues produced from non-extruded and extruded press-cakes

3.4.1. Texture profile analysis of prepared meat analogues from treated and untreated press cake
samples

Texture profile analysis (TPA) is useful as the textural characteristics derived from TPA
correlates with the sensory assessment of textural characteristics [27]. The capability to retain fat, oil,
and water-holding capacity, as well as their gelling and emulsifying properties which can be
measured via texture analysis are all factors to consider. The sensory characteristics and rheological
properties of different foods have been compared using parameters found in texture profile analysis
such as hardness, adhesiveness, cohesiveness, springiness, and gumminess [28]. The most evaluated
parameter for texture analyses is hardness or firmness, which is the force required to achieve a
physical deformation to the original structure. This texture property is crucial for meat analogue
products such that they are not deformed during the process of cooking [29]. The results of texture
profile analysis of press cake samples have been displayed in Table 6. In our samples, hardness
decreased after the addition of extruded press-cakes. The lowest measure of hardness was noted
when 6% of extruded press-cakes were added to the meat analogues, while the highest was observed
at I extrusion conditions and 3% added press cakes. Hardness for meat analogues with extruded Soy:
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and Soyd press-cakes were between 9 — 30 N and 9 — 24 N, respectively. Samples are coded with

following abbreviations:

MA-C - control, without press-cakes.

M - meat analogue

MT - meat analogue with press cakes from tofu production

MD - meat analogue with press cakes from soy drink production.

I-IV — shows which extrusion regime was used for certain press cake that was used in meat

analogue (as mentioned in methodology section 2.3)

3%, 6% - amount of extruded press cakes added to meat analogue.

Table 6. Texture profile analysis of prepared meat analogues from treated and untreated press cake

samples.
Meat Hardness, N Adhesiveness,] Cohesiveness Springiness, Gumminess,

analogues mm N
MA-C 26.68 +0.06 -0.002 + 0.00 0.76 £ 0.02 3.05+0.02 6.46 + 0.01
MT I, 3% 15.17 £ 0.08 -0.003 + 0.00 0.77 £ 0.03 2.45+0.20 2.81+0.03
MT I, 6% 9.08 +0.14 -0.001 + 0.00 0.75+0.01 1.99 £ 0.02 2.61+0.03
MT I, 3% 30.93 +0.08 -0.005 + 0.00 0.74 £0.01 5.77 £0.05 2.66 +0.02
MT I, 6% 29.45+0.20 -0.019 = 0.00 0.72 +0.02 2.34+0.03 1.82 £0.03
MT 111, 3% 21.82+0.13 -0.001 = 0.00 0.77 +0.03 5.04 +0.02 2.50 +0.03
MT 111, 6% 13.54 £0.21 -0.003 £ 0.00 0.70 £ 0.02 2.25+0.02 2.79 £0.02
MT 1V, 3% 10.10 +0.21 -0.004 = 0.00 0.74 +0.02 1.54 +0.02 2.48 +0.02
MT 1V, 6% 15.51 +0.25 -0.002 + 0.00 0.77 £0.01 2.56 +0.03 2.13+0.01
MD 1, 3% 10.05 + 0.20 -0.002 + 0.00 0.74 +0.02 2.69 +0.02 1.78 £ 0.01
MD 1, 6% 13.80 +0.11 -0.002 £ 0.00 0.77 £0.02 2.85+0.02 3.11+£0.02
MD 11, 3% 12.85 +0.20 -0.001 + 0.00 0.75+0.01 2.86 +0.02 2.88 +0.01
MD 11, 6% 10.90 £ 0.13 -0.006 + 0.00 0.71+0.02 2.40+0.02 0.99 +0.01
MD I1I, 3% 17.69 £0.24 -0.002+ 0.00 0.73 £0.02 2.75+0.02 3.63 £0.02
MD I1I, 6% 23.68 +0.27 -0.002 + 0.00 0.75 +0.02 2.48 +0.02 4.63 +0.01
MD 1V, 3% 11.15+0.23 -0.003 + 0.00 0.77 £ 0.02 2.55+0.02 2.10+£0.02
MD 1V, 6% 9.40+0.11 0.000 +£0.00 0.75+£0.02 2.76 £0.02 2.33+£0.02

All values within the same column indicates significant differences for three factors (temperature, humidity,
and amount) independently, three-way factorial ANOVA, p <0.05.

The texture profile analysis depicts that the addition of extruded press-cakes to the meat
analogue matrix did show some significant effect and improved its hardness, springiness and
gumminess as compared to the control meat analogue. The results of texture profile analysis show
similar characteristics of meat analogues with extruded press-cakes to that of meat patties.

Springiness of meat analogue samples containing extruded Soy:and Soy« press-cakes had values
between 1.5- 5.8 mm and 2.4- 2.9 mm, respectively. Applied extrusion regimens had a significant
effect on the springiness of samples, except for sample MT I 3% (p < 0.05). Gumminess lowered with
the addition of extruded press-cakes to meat analogue matrix. It can be noted that the gumminess of
the meat analogues with the addition of 6% of extruded Soy: press-cakes was lower while meat
analogues with the addition of 3% of extruded press cakes was higher in most cases. All values were
statistically significant (p < 0.05).

The texture of meat analogues containing 6% of Soya press-cakes extruded at IV extrusion
conditions and 32% texturized soy protein as the base matrix resembled the closest to the texture of
meat patties.
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3.4.2. Sensory analysis of prepared meat analogues from treated and untreated press cake samples

Sensory assessment by trained panellists were conducted on the following samples:
e MA-C - control, without press-cakes.
e M -meat analogue
¢ MT - meat analogue with press cakes from tofu production
e MD - meat analogue with press cakes from soy drink production.
e I-IV — shows which extrusion regime was used for certain press cake that was used in meat
analogue (as mentioned in methodology section 2.3)
* 3%, 6% - amount of extruded press cakes added to meat analogue.

The results of sensory assessment of the prepared meat analogues have been shown in Figures
5-7.

Sensory evaluation of the samples was comparable between control sample and experimental
samples prepared from either 3% or 6% of Soyd or Soy: press cake (Figures 5-7). For example, almost
all samples (including control sample) rated extremely high on overall odour intensity (around 11/12
out of 12). Differences were most clearly observed in nutty taste profile, where control samples
(Figure 5A) were rated almost half of the score (4.4/12) that was assigned to samples produced by the
addition of Soy« (Figure 6A and Figure 7A) press cakes (between 7-8/12). For meat analogues
prepared with the addition of Soy:press cake, the nutty taste profile was not markedly different from
control samples (Figure 6B and Figure 7B). Almost all samples reported lower ratings for negative
sensory descriptors which include off odour, bitter taste, sour taste, and off taste.

Overall odour intensity
Aftertaste intensity 120 ®. Cardboard-like odour
Off-taste Sweet odour
10.0; 3
Meaty taste : . Sour odour
80 :
Cardboard-like taste :"0 Odour of plant origin
40 L
: P e *
Chalk-like taste L SShhiid . B o L Off-odour
0
...
o 00 e o
Nutty taste e . Firmness
o :
* e et o
: B gttt
Astringent taste ‘ Fiber firmness
¢
Bitter taste Juicyness
.
Sour taste Greasiness
Salty taste Mouthcoating
Sweet taste Overall taste intensity

Figure 5. Spider plot of sensory evaluation of meat analogues made from Control (A). 23 sensory
descriptors have been rated on a 12-point scale for each sample.

Interestingly, all samples including control also reported lower scores for the sensory descriptor
“meaty taste”. Instead, a pronounced nutty taste was reported to be more prevalent across all samples
prepared with Soyd and Soy: press cakes.
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Compared with control sample, the firmness and fibres firmness of all samples prepared with
Soyd and Soy:press cakes were reportedly higher. On overall comparison of the meat analogues with
extruded press-cakes, meat analogue made by adding 6% of Soyd press-cakes extruded at IV
conditions showed the highest scores (overall acceptability — 11,2 out of 12) suggesting capability of
this meat analogue matrix to be well accepted by the consumers if launched in the market.

A MEAT ANALOGUE WITH SOY, PRESS CAKES

@ MTL 3%  +++@ee MTIL 3%  +++@+« MTIII, 3% MT IV, 3%

Overall odour intensity
Cardboard-like odour

Aftertaste intensity 120 &
"‘.’ Sweet odour

Off-taste

Meaty taste Sour odour

Cardboard-like taste Odour of plant origin

Chalk-like taste Off-odour

Nutty taste Firmness

Astringent taste Fiber firmness

Bitter taste Juicyness

Sour taste :‘ Greasiness
Mouthcoating

Salty taste
Overall taste intensity

Sweet taste

B MEAT ANALOGUE WITH SOY PRESS CAKES

oo MTL 3% +++@« MTIL 3% +-+@-« MTIII, 3% MT 1V, 3%

Overall odour intensity
Cardboard-like odour

Aftertaste intensity 12.0
Off-taste .". Sweet odour
10.0 /g

Meaty taste Sour odour

Cardboard-like taste Odour of plant origin

Chalk-like taste Off-odour

Nutty taste Firmness

Astringent taste Fiber firmness

Bitter taste Juicyness

Sour taste Greasiness

Mouthcoating

Salty taste
Overall taste intensity

Sweet taste

Figure 6. Spider plots of sensory evaluation of meat analogues made from Soy« 3% (A); and Soy: 3%

(B). 23 sensory descriptors have been rated on a 12-point scale for each sample.
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Figure 7. Spider plots of sensory evaluation of meat analogues made from Soyd 6% (A); and Soy: 6%

(B). 23 sensory descriptors have been rated on a 12-point scale for each sample.
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4. Discussion

Our study investigates the application of varying moisture and temperature during low & high
moisture extrusion cooking processes on soy press cakes produced as by-products from soy drink
and tofu manufacturing for the development of plant-based meat analogue products. This study
compares the morphology, physico-chemical composition, functional parameters, and sensory
qualities of unextruded and extruded soy press cakes, and samples of meat analogues produced with
the addition of small amounts of press cake.

Our results indicate for the extrusion process of press-cake samples, temperature and humidity
independently showed significance (p <0.05), whereas their interactions did not have any significance
(p > 0.05). This is shown by the fact that increasing moisture of press cakes from low moisture to high
moisture (> 60%) has a more significant effect on specific mechanical energy of extruder screw than
the barrel temperature (Table 1) which has a bigger role in extrudates being different in their
properties. Specifically, soy press cakes originating from tofu manufacturing process exhibited higher
specific mechanical energy compared to soy press cakes originating from soy drink manufacturing
process. The mechanical energy imparted by the twin screws helps in thorough mixing and kneading
of the soy press cake. The high shear forces and intense mechanical action break down the protein
matrix and distribute the heat evenly, leading to effective heat transfer and cooking of the material.
Specific mechanical energy also influences the pressure build-up within the extruder and the
residence time of the material inside the barrel. Higher values typically lead to increased pressure
and longer residence time. This can be beneficial for soy press cake extrusion as it allows for better
oil extraction, improved starch gelatinization, and reduced antinutritional factors. However,
excessive specific mechanical energy may lead to overcooking or degradation of the proteins and
other nutrients, so it needs to be controlled within an optimal range.

When comparing the morphology of treated and untreated soy press cake samples via scanning
electron microscopy, there are clear surface-level changes between the appearance of untreated and
treated soy press cake samples. The flakiness and flatness of untreated soy press cakes disappeared
upon extrusion, and we observe the presence of few threads like striations and some gaps at the
surface, indicating that the extruded press- cake is not as flat as it was prior to extrusion. According
to Aguilera et al. [29] during extrusion at the die “puffing” of the material occurs, which is mainly
due to flashing-off of superheated vapour and to the release of normal stresses. This results in the
difference in surface topography of the extruded material, causing it to become “texturized.” The
specific mechanical energies of soy press cakes from soy drink and tofu manufacturing process also
support the findings of high-resolution imaging via scanning electron microscopy. Specific
mechanical energy has a significant impact on the morphological & textural properties of the
extrudate obtained from soy press cake. By controlling the specific mechanical energy, it is possible
to influence factors such as expansion ratio, bulk density, texture, and nutritional characteristics of
the final product. Adjusting the specific mechanical energy can help achieve the desired extrudate
characteristics in terms of texture, shape, and size.

The best water-holding and oil holding capacity were demonstrated in Soya press-cakes
extruded at 120°C and 60% humidity having a protein content of 15.3%, and the best bulk density
was observed in Soyad press-cakes extruded at 110 °C and 30% humidity having a protein content of
26.1%. During extrusion, a new spatial structure of proteins is likely to form which may result in
improved water retention. As okara produced from soy drink manufacturing processes is usually
drier and finer compared to okara produced from tofu manufacturing process, we observe an
increase in WHC in Soya press cakes before and after extrusion which may be due to protein
unfolding upon extrusion cooking. Increased WHC can create an analogue matrix which can hold
more moisture and would lead to a more pleasant and acceptable in-mouth feel. On the other hand,
the binding of fat with other biomolecules, in particular proteins and carbohydrates affects the texture
properties and other qualities of food. In formulations, the ability of proteins to absorb and retain fat
and to interact with lipids in emulsions and other food systems is important. Oil holding in meat
analogue matrix occurs due to the interactions between the proteins and fats in the product. When
press cake is processed and combined with other ingredients to create a meat analogue, the proteins
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in the press cake can form a network that entraps and holds the oil within the product. This network
helps to prevent the oil from leaching out of the product, giving the meat analogue a more moist and
juicy texture [22]. Moreover, the hydrophobic domains of proteins influence fat absorption.
Therefore, depending on the extent of the polar side chains of amino acids present on the surface of
protein molecules, the oil holding ability of the samples can differ. When compared with the study
conducted by Wu et al. [35] where the press cakes were fermented, our proposed results from WHC
and OHC analysis are quite similar and lie within the same range.

The WHC and OHC of press cakes affects the textural properties of press cakes, specifically due
to the method used to produce press cakes. Combined with varying extrusion parameters, these are
the main factors which contribute to the differences in natural texture of okara produced from either
tofu manufacturing, where it is generally softer and moister due to high moisture content, or from
soy drink manufacturing where natural consistency is reported to be drier and finer. Texture analysis
revealed Soyad press-cakes extruded at 120°C with 60% moisture resembles native meat the closest.
Hardness increased as the amount of extruded press-cakes in the meat analogues increased (from 3%
to 6%). Detected firmness values can be attributed to the use of rapeseed oil in the matrix, which
induces protein-protein interaction. Hyun et al. [36] findings matched our observations, in which
rapeseed oil formed a dense protein gel network of soy protein isolate matrix due to hydrophobic
interaction between the oil globule and the hydrophobic peptides in the protein.

The results of nutritional analysis of press cake samples revealed that in the case of Soys, in all
extrusion regimen variations the fat amount increased up to 16,84 (I) from 14,40 (III). However, this
high amount of w-6 linoleic acid in press cakes adds to health benefits & can also easily oxidize
through extrusion [31]. We also see a decrease in total dietary fibres content in our press cake samples
after extrusion for both low and high moisture extrusion regimens. Vaculova et al., [32] reported that
after extrusion, the physico-chemical properties and the number of fibres varies, and is dependent on
the material, its composition, and the process parameters. Increasing process parameters weaken the
bonds between polysaccharide chains, causing them to split. Glycosidic linkages in the
polysaccharides of dietary fibre can also be disrupted. Trypsin inhibition assay results show that as
extrusion temperature and humidity increased, there was an increase in the inactivation of trypsin
inhibitors. These results are concurrent with the study conducted by Liener et al. [33] where
antinutrients such as trypsin lowered at elevated temperatures and humidity. The remaining trypsin
can be lowered during the cooking process of meat analogues at high temperatures to inactivate heat-
sensitive factors [34].

Amino acid’s analysis indicated the most abundant amino acids in all samples were glutamic
and aspartic acid, which are responsible for giving rise to delicate umami taste. This led us to
hypothesize that extruded press-cakes might improve overall taste and sensory acceptance of
produced meat analogue matrix. Compared to untreated press-cakes glutamic and aspartic acid
amount after extrusion in Soyd samples remained almost unchanged. In Soy: case the amount of
glutamic and aspartic acid after extrusion at lower humidity showed only slight changes, whereas
their levels decreased by half after extrusion at higher humidity levels. It is interesting to note that
the same extrusion regimen led to either increase or decrease of a particular amino acid (e.g., levels
of serine in Soy: IV and Soya IV after extrusion with same conditions) for soy press cakes depending
on the method of press cake production. This peculiarity may shed additional light in the differences
between the nutritional and sensory characteristics of press cake produced using different production
strategies. For example, there are some amino acids that are known to impart sweet taste (serine,
glycine, threonine, alanine, and proline). These amino acids were detected in significant amounts in
almost all untreated samples which also led us to hypothesize that along with significant amounts of
glutamic and aspartic amino acids, other amino acids can form pleasant, sweet, and delicate taste
which may resemble meat. However, we also hypothesize that combinations of differing
concentrations of these amino acids are generated by the method of press cake production, along
with conditions of extrusion.

Sensory analysis revealed Soyd press cake, extruded at 120°C with 60% moisture added to meat
analogue samples in 6% concentration scored the highest in overall consumer acceptance which is
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aggregated from multiple criteria among panellists. This is an interesting result as in natural state,
okara produced from soy drink manufacturing processes is reported to be finer and drier compared
to okara produced via tofu production. This shows that extrusion moisture plays an important role
in radically changing the sensory property of soy press cakes, and even a small addition (3% or 6%)
of the extruded press cakes can improve a pronounced nutty flavour, while also reducing the
sensations of bitterness and astringency. These properties can be used in the production of other
products, such as chips and snacks. Prior to consumption, the product’s appearance is critical for
attracting consumers and establishing expectations. As a result, it is necessary to provide good
sensory qualities that can be experienced before and after consumption of the product [37]. To create
positive expectations, meat analogues should have a similar overall appearance to familiar meat
products. The recreation of the distinctive appearance, taste, flavour, aroma, texture, mouthfeel, and
moistness of conventional meat products is another challenge for developing meat analogues [38].

Overall, our findings focus on the differences in the morphological, functional, nutritional,
textural, and sensory properties between soy press cakes produced via different manufacturing
processes, and how variation in extrusion parameters can change these properties. For the production
of meat analogue prototypes, it is essential to consider the origin of press cakes and the moisture and
temperature of extrusion cooking. Based on the analysis of the extruded press cakes it can be
concluded that in terms of morphological, nutritional, functional and flavour characteristics, soy
press cakes are highly suitable for further development as a component of meat analogues.

5. Conclusions

As global food production and supply chains are currently shown to be vulnerable due to
current geo-political and global public health situations, it is plausible to assume that demands for
food are inevitable going to increase soon, perhaps sooner than predicted. Therefore, it is imperative
to develop new strategies for both development of products and the production of said products that
can keep up with global demand, while not compromising on nutritional value, consumer
acceptability and production scaling.

To further investigate the potential of modifying extrusion conditions to produce meat
analogues, it is crucial to design studies that explore the combination of extrusion with fermentation
and/or hydrolysis of press cake to produce meat analogues. Razavizadeh et. al. [5] reported that
fermentation and hydrolysis of soy press cakes improve the functional properties and reduces protein
oxidation along with increased overall consumer acceptability of produced meat analogues.
Therefore, future studies are needed to assess the compatibility of different press cake pre-treatment
methods, including fermentation, hydrolysis, ultrasonication etc. with produced extrudates
performed on press cakes of different plant origins, such as hemp press cakes.

To conclude, our findings indicate that different extrusion regimens result in differences in the
physico-chemical, morphological, functional, and sensory properties of produced extrudates. The
choice of the method of producing the press cakes is equally important, as we noticed in sensory
assessment that Soyad press cakes reported a higher “meaty” taste than Soy:press cakes, but in overall
sensory comparison Soy: extrudates were more acceptable. Therefore, our results thus identify soy
press cake sourced from both soy drink and tofu manufacturing process extruded at 120°C with 60%
moisture using a twin-screw extruder as suitable to be utilised in the development of meat analogue
products, however extrusion conditions will greatly affect the final desired outcome.
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