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A B S T R A C T   

The aim of the present study was to improve the properties of soy press cake to be utilized as an ingredient of 
meat analogues. Soy press cakes were fermented with lactobacillus strains, and separately hydrolyzed by cellu-
lase/xylanase mixture and α-amylase. Meat analogues were produced with 10% fermented or hydrolyzed soy 
press cakes. The effect of applied processes on protein oxidation, physical and functional properties of soy press 
cakes were analyzed, as well as sensory and textural properties of meat analogues. The results indicated that soy 
press cake was a suitable source of fibre and energy with low content of saturated fatty acids, and provided plant- 
based proteins and essential amino acids. The study demonstrated the potential of lactic acid fermentation, and 
enzymatic hydrolysis to improve water- and oil-holding capacity and reduce protein oxidation in soy press cakes. 
L. acidophilus 336 and cellulase/xylanase mixture were recommended for fermentation and hydrolysis of soy 
press cakes, respectively, regarding reduction of protein oxidation. Fermentation of soy press cakes with 
L. plantarum P1 improved the texture of meat analogues. Press cakes fermentation reduced bitterness, increased 
juiciness, and balanced the taste of meat analogues. Fermented soy press cake was recommended for the pro-
duction of meat analogues.   

1. Introduction 

Soy press cake is a by-product of plant-based drink production and is 
usually applied as feedstocks or directly discarded as waste, leading to 
the loss of useful nutrients (Li, Qiao, & Lu, 2012), and environmental 
problems (O’Toole, 1999). Soy press cake contains around 27% protein, 
20% fat and 33% dietary fibre on a dry basis (Rashad, Mahmoud, Abdou, 
& Nooman, 2011). One of the reasons press cakes are not directly used in 
food production is that they contain large amounts of antinutrients, like 
phytic acid, tannins, saponins and trypsin inhibitors (Ancuta & Sonia, 
2020). Interaction of antinutritional factors with nutrients could reduce 
nutrient bioavailability (Singh & Jadaun, 2016). One of the strategies to 
decrease the amount of antinutrients in soy is solid-state fermentation 
(SSF) with lactic acid bacteria (LAB) (Rui et al., 2016). Solid-state 
fermentation using numerous microorganisms could improve the 
flavour of soy press cakes (Chan et al., 2019; Vong, Hua, & Liu, 2018), as 
well as the antioxidant activity (Chi & Cho, 2016; Guan et al., 2016). 
However, the effect of LAB on oxidation properties of soy press cakes has 

not previously been studied. Understanding the impact of fermentation 
on protein oxidation level in foods could help to develop strategies for 
minimizing the oxidation processes, as protein oxidation affects sensory 
and physicochemical properties of food products (Chen, Kong, Sun, 
Dong, & Liu, 2015). 

Interactions of water and oil with proteins are very important in the 
food systems, due to having effects on flavour and texture of foods. The 
effect of SSF with LAB on functional properties (water- and oil-holding 
capacities (WHC/OHC)) of plant materials has been widely studied 
(Cabuk, Stone, Korber, Tanaka, & Nickerson, 2018; Xing et al., 2020), 
while it has not been studied in soy press cakes. The composition and 
structure of proteins and the interactions of proteins with each other and 
with other substances in the food matrices could affect WHC and OHC. 
Water holding capacity plays a fundamental role in the food production 
process affecting sensory quality (perceived juiciness) and other func-
tional properties (Sreerama, Sashikala, Pratape, & Singh, 2012). 
Solid-state fermentation with LAB improved WHC and OHC in legume 
proteins (Emkani, Oliete, & Saurel, 2022) and the peanut press cake 
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(Sadh, Chawla, & Duhan, 2018), and has thus shown its potential as a 
treatment for soy press cake processing. 

An alternative strategy to microbial fermentation of soy press cake is 
enzymatic hydrolysis, which has been widely studied due to its advan-
tages of relatively high efficiency and low energy consumption. Some 
studies revealed that enzymatic hydrolysis significantly increased WHC 
and OHC in wheat gluten hydrolyzed with acid protease (Deng et al., 
2016), and starch granules hydrolyzed with α-amylase (Jung, Lee, & 
Sang, 2017). However, these functional properties have not previously 
been studied in hydrolyzed soy press cakes. Certain enzymes are suitable 
to improve the nutritional value of foods. For example, xylanase hy-
drolyzed non-starch polysaccharides, which increased the availability of 
nutrients in plant-based foods (Zhang et al., 2014). α-Amylase broke 
down starch to maltose, which in turn was hydrolyzed to glucose, and 
could easily be absorbed by the body (Kotowaroo, Mahomoodally, 
Gurib-Fakim, & Subratty, 2006). Cellulase enhanced soluble carbohy-
drate content, WHC and swelling capacity in coconut cake dietary fibre 
(Zheng & Li, 2018). 

Protein extracts from soybean have often been used to produce meat 
analogues (Alexander, Brown, Dias, Moran, & Rounsevell, 2019; Osen & 
Schweiggert-Weisz, 2016). Some studies used soy press cake as an 
ingredient of meat analogues (Oliveira et al., 2016; Turhan, Temiz, & 
Sagir, 2007). Turhan et al. (2007) applied 2.5, 5.0, 7.5 and 10% of soy 
press cake in beef patties and reported that WHC was higher in beef 
patties containing 10% soy press cake than in beef patties with lower 
amounts of press cakes. No study has reported the use of fermented or 
hydrolyzed soy press cakes in meat analogues. 

The present study analyzed the impact of fermentation and enzy-
matic hydrolysis of soy press cakes on their protein oxidation level, 
physical and functional properties, as well as textural and sensory 
properties of meat analogues containing 10% fermented or hydrolyzed 
soy press cakes. The hypothesis was tested that fermentation or enzy-
matic hydrolysis of soy press cake could improve its properties suffi-
ciently to be used as an ingredient of meat analogues. 

2. Materials and methods 

2.1. Substrates, microorganisms, and chemicals 

Soy press cakes were obtained from a vegetable drink producer 
(Berief Food GmbH, Oberhausen, Germany) in frozen condition 
(− 18 ◦C). Lactobacillus plantarum P1, Lactobacillus brevis R, Lactobacillus 
acidophilus 336, and Lactobacillus acidophilus 308 were obtained from the 
Kaunas University of Technology, Food Institute microorganisms’ 
collection, Kaunas, Lithuania. The liquid bacterial α-amylase and the 
liquid preparation Cellustar XL (containing cellulase and xylanase) were 
obtained from AB Baltic Enzymes, Vilnius, Lithuania. Hydrogen chloride 
(HCl) and potassium chloride (KCl) were obtained from JSC EURO-
CHEMICALS, Vilnius, Lithuania. Guanidine hydrochloride (GuHCl), so-
dium dodecyl sulphate (SDS), monosodium phosphate (NaH2PO4), ethyl 
acetate, 2,4-Dinitrophenylhydrazine (DNPH), and trichloroacetic acid 
(TCA) were obtained from SIGMA-ALDRICH, Darmstadt, Germany. 
Ethanol was obtained from MV GROUP, Vilnius, Lithuania. Textured 
wheat proteins, modified starch and maltodextrin were obtained from 
IMLITEX, Kaunas, Lithuania; oat flakes from Malsena, Vievis, Lithuania; 
methylcellulose from MOGUNTIJA, Klaipeda, Lithuania; and fibregum B 
acacia from Orkla Foods Lietuva, Kaunas, Lithuania. Soybean, sun-
flower, and coconut oils were obtained from the local markets, Kaunas, 
Lithuania. 

2.2. Proximate analysis and amino acid composition measurement 

The chemical composition of soy press cake was determined in 
duplicate (g/100g), in accordance with standard methods. Moisture 
content was estimated by the oven-dry method at 105 ± 5 ◦C and weight 
kinetics was recorded until constant weight was achieved (ISO 712, 

2009). Fat content and saturated fatty acids were determined by gas- 
liquid chromatography (ISO 12966–1, 2014); protein content by the 
Kjeldahl method (ISO 20483, 2006); and the total fibre by the enzymatic 
gravimetric method (AOAC 985.29, 1990). Carbohydrate content was 
estimated by a differential method (Adebiyi, Obadina, Adebo, & Kayi-
tesi, 2017). Amino acid composition of soy press cake was analyzed in 
duplicate (g/100 g), using an A300 amino acid analyzer (MembraPure 
GmbH, Berlin, Germany), which involved protein hydrolysis, 
cation-exchange chromatography of the released amino acids, followed 
by in-line post-column labelling with ninhydrin (Csapó, Lóki, 
Csapó-Kiss, & Albert, 2008). 

2.3. Heat treatment of soy press cakes 

Samples of soy press cake were pasteurized before fermentation and 
enzymatic hydrolysis. An aqueous emulsion prepared from the mass of 
soy press cake (in a ratio of 1:3 (w/v)) was distributed into a sterile bag 
and was heated in a water bath for 10 min at 65 ◦C, (Saeeduddin et al., 
2015), then cooled instantly to room temperature. 

2.4. Microbiological analysis of soy press cakes 

The total number of microorganisms in homogenized soy press cakes 
(before and after pasteurization) were determined by incubation for 3 
days at 30 ◦C, according to ISO 4833–1 (2013), and expressed as colony- 
forming unit per gram (CFU/g). 

2.5. Enzymatic hydrolysis of soy press cake 

After pasteurization treatment, the enzymatic hydrolysis of soy press 
cakes was run. The amounts of enzymes added to 100 g of aqueous 
emulsion were the following: α-amylase 100 AU, and cellulase/xylanase 
mixture 400 AU. The enzymatic activities are those indicated by the 
producing companies. The characteristics of these enzymatic treatments 
were reported in Table 1. 

Cellulase/xylanase mixture was added to two press cake samples; 
one sample was hydrolyzed for 0.5 h at a constant 50 ◦C, and the other 
sample for 1 h at 50 ◦C. Separately, α-amylase was added to two press 
cake samples; one sample was hydrolyzed for 0.5 h at a constant 70 ◦C, 
and the other sample for 1 h at 70 ◦C (Fig. 1). The hydrolysis process was 
stopped by rapidly cooling the emulsion samples at about 4 ◦C. Hydro-
lyzed samples and control sample (homogenized, pasteurized, non- 
hydrolyzed sample) were stored at 4 ± 1 ◦C until usage. Necessary 
amounts of hydrolyzed soy press cakes and the control sample for 
chemical analysis were freeze-dried in a microbiological vacuum freeze 
dryer, Alpha 1–2 LDplus (Martin Christ Gefriertrocknungsanlagen 
GmbH, Osterode am Harz, Germany). Freeze-dried samples were stored 
at – 18 ◦C until usage. 

2.6. Fermentation of soy press cakes 

In a separate experiment from the hydrolysis of soy press cakes, the 
solid-state fermentation of pasteurized soy press cakes was performed 
(Fig. 1). The LAB cultures were stored at KTU Food institute in the 
collection at –72–74 ◦C in the VIABANK (MWE medical wire) system. 

Table 1 
Characteristics of used enzymes.  

Enzyme Activity, U/g Organism of 
Origin 

Optimal 
Temperature, ◦C 

α-Amylase >1400 Bacillus 
licheniformis 

70–85 

Cellulase/ 
Xylanase 
mixture 

>45,000 cellulase 
>34,000 xylanase 

Trichoderma 
reesei 

40–60  
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Cultures revived in MRS broth (Biolife, Italy): an initial LAB suspension 
was prepared by seeding of the initial culture on MRS agar (Biolife, Italy) 
and incubating at 30 ◦C (L. plantarum P1, L. brevis R) and at 37 ◦C 
(L. acidophilus 308, L. acidophilus 336) for 24 h. Each LAB culture (2.5 ×
106 CFU/g) was then transformed into the pasteurized sample of soy 
press cake (homogenized in water with a ratio of 1:3 (w/v)), and incu-
bated at an appropriate temperature for LAB under anaerobic conditions 
(aerostat with oxygen sorbent). Fermentation process was stopped by 
rapidly cooling the emulsion samples at about 4 ◦C. The number of LAB 
was determined by the method of seeding in petri dishes by incubation 
on MRS agar under anaerobic conditions for 72 h at 30 or 37 ◦C. Control 
sample (homogenized, pasteurized, non-fermented sample) and fer-
mented soy press cakes samples (in emulsion conditions) were stored at 
4 ± 1 ◦C until usage. Necessary amounts of fermented soy press cakes 
and the control sample were freeze-dried and stored at – 18 ◦C until 
usage. 

2.7. Protein oxidation measurement 

The protein oxidation level of soy press cakes was measured in 
duplicate, before and after treatment (fermentation or hydrolysis). The 
carbonyl content of the samples was analyzed (as a marker for protein 
oxidation measurement) using the methods and equation described by 
Soglia, Petracci, and Ertbjerg (2016), with some modifications. Briefly, 

1 g of freeze-dried sample was homogenized in KCl solution. After 
adding TCA, the mixture was centrifuged with a Universal High-Speed 
Centrifuge (Herolab GmbH Laborgeräte, Wiesloch, Germany) at 
9000×g (instead of 5000×g, for better separation). After removing the 
supernatant, SDS was added to the pellet. Two replicates of each sample 
treated with DNPH in HCl. After adding TCA, the supernatant was 
separated by centrifugation at 9000×g (instead of 5000×g). The 
resulting pellets were dissolved in GuHCl in NaH2PO4. The absorbance 
at 280 nm and 370 nm were measured using a Cary 60 UV-VIS spec-
trophotometer (Agilent, Santa Clara, USA). The carbonyl content was 
expressed as nmol/mg of protein. 

2.8. Bulk density, viscosity, spreadability, and pH measurements 

The physical properties of soy press cakes before and after treatment 
(fermentation or hydrolysis) were analyzed, in duplicate. Bulk density 
was measured following the method described by Sadh et al. (2018). 
Briefly, 1 g of freeze-dried sample was filled in a 10 ml graduated cyl-
inder. Bulk density was determined as mass of sample per unit volume of 
sample (g/ml). The viscosity was determined through the measurement 
of shear-thinning factor n, using RM200 rotational rheometer (LAMY 
RHEOLOGY, Champagne-au-Mont-d’Or, France). A spindle no. 1 was 
used during the analysis. Thirty gram of emulsion sample was used for 
the measurement. All measurements were conducted at 22 ± 1 ◦C and 

Fig. 1. Scheme of experimental design.  

S. Razavizadeh et al.                                                                                                                                                                                                                           



LWT 165 (2022) 113736

4

performed in duplicate. Data were evaluated using a Rheometric soft-
ware (Boisgard et al., 2017). Spreadability was defined as the easiness of 
sample spread on the surface. It was measured using a Universal Testing 
Machine Instron 3343 (Instron Engineering Group, High Wycombe, 
Great Britain) equipped with a 1 kN load cell, by placing the emulsion 
sample (12 ◦C) into a special conical container, where the sample rose up 
the surface at an angle of 45◦, while it was pressed at a speed of 5 
mm/min (Liutkevičius et al., 2015). The pH was measured using a PP-15 
pH electrode (Sartorius, Goettingen, Germany). 

2.9. Water- and oil-holding capacity measurement 

The WHC and OHC values of soy press cakes before and after treat-
ment (fermentation or hydrolysis) were analyzed in duplicate, following 
the methods described by Sadh et al. (2018), with some modifications. 
Briefly, 1 g of freeze-dried sample was mixed with 15 ml of deionized 
water for WHC measurement, and 15 ml of soybean oil for OHC mea-
surement. Samples were centrifuged at 9000×g (instead of 3000×g, for 
better separation). WHC and OHC were expressed as grams of water and 
grams of oil retained per gram of sample, respectively. 

2.10. Preparation of meat analogues 

Meat analogue produced with non-fermented, non-hydrolyzed soy 
press cake was used as control. As shown in Fig. 1, the matrices of meat 
analogues consisted of fermented or hydrolyzed soy press cake (10%), 
textured wheat protein (25%) with a protein content of 75%, sunflower 
oil (12%), coconut oil (8.0%), modified starch (2.5%), salt composition 
(2.0%), oat flakes (2.0%), maltodextrin (1.3%), soluble Fibregum B 
acacia (0.5%), and methylcellulose (0.4%), remaining part was water 
(46.7%). No additional spices were added to the matrices with the aim to 
identify the sensory properties of the basic matrices. Meat analogues 
were placed in a fan-forced oven (METOS CHEF 240, Kerava, Finland) 
and cooked at 180 ◦C for 20 min. The cooked products were cut into 
quarters and wrapped in aluminum foils. They were put in labeled trays 
and held at 60 ◦C until serving for sensory analysis. The cooked samples 
were used for the analysis of texture parameters as well. 

2.11. Texture profile analysis 

Measurement of texture parameters of meat analogues was per-
formed in duplicate, using a Universal Testing Machine Instron 3343 
equipped with a 1 kN load cell. For the Texture Profile Analysis (TPA) of 
cooked meat analogues, samples were compressed perpendicularly 
using a 50 mm diameter cylindrical probe. The TPA test involved two 
compression cycles with 70% compression and 1 mm/s crosshead speed. 
The texture variables (hardness and chewiness) were calculated as 
described by Bourne (1978). 

2.12. Sensory analysis 

A quantitative descriptive analysis (QDA) was performed (in dupli-
cate) for the evaluation of sensory properties of meat analogues. A total 
group of twelve trained assessors was applied. The sensory panel 
orientation training and calibration process consisted of two training 
sessions for two days. In the first session, the sensory assessors were 
asked to develop a list of attributes describing the sensory attributes of 
the tested samples. During the second session, assessors practiced using 
the scales for each selected attribute. All training and data collection 
sessions were held in a controlled area at the sensory analysis laboratory 
established according to ISO 8589 (2007). For sensory assessment, meat 
analogues were cooked as previously described. Samples were cut into 
cubes (2.0 × 2.0 × 2.0 cm) and were presented to the assessors in glass 
containers, coded with three-digit numbers. Panellists quantified the 
samples attributes with an intensity scale from 1 to 15; where 1 =
“attribute not detected” and 15 = “attribute expressed extremely 

strong”. The following attributes were evaluated: sweet odor, acidic 
odor, oily odor, juiciness, sweetness, sourness, acidity, and bitterness. 

With the aim to identify the main sensory properties of the meat 
analogues, which can decrease the sensory quality, a preliminary test of 
acceptability (appearance, odor, taste, texture, and overall accept-
ability) was performed (in duplicate) by twelve consumers. They were 
recruited from the local area for testing. Samples were prepared, kept, 
and presented for analysis in the same way as for descriptive analysis. A 
15-point hedonic scale was used for evaluation of the meat analogues (1 
= “not acceptable”, 15 = “very acceptable”). 

2.13. Statistical analysis 

A one-way ANOVA using Fisher’s least significant difference (LSD) 
test was carried out. All determinations were made in duplicate, and the 
values were averaged and reported along with the standard deviation. 
Significance of differences was defined at P ≤ 0.05. All statistical ana-
lyses were performed using the SPSS software version 22 (Snedecor & 
Cochran, 1967). 

3. Results and discussion 

3.1. Proximate composition and amino acids characterization of soy press 
cake 

Results indicated that soy press cake had a significant content of fibre 
(7.35%) and low content of saturated fatty acids (0.88%), with 7.6% of 
protein (Table 2). Hence, soy press cake could be applied as a plant- 
based ingredient in meat analogues, however, other plant-based pro-
teins must be added to the meat analogues matrices to increase the 
protein content of final products. The textured wheat protein was 
selected as the major protein source of meat analogues, as it was high in 

Table 2 
Nutritional composition of raw soy press cakes (g/100g).  

Parameter Composition of soy press cake, (%) 

Moisture 77.79 ± 0.15 
Fat 2.8 ± 0.01 
Saturated fatty acid 0.88 ± 0.03 
Carbohydrates 10.87 ± 0.01 
Total fibre 7.35 ± 0.05 
Proteins 7.6 ± 0.1  

Table 3 
Amino acid composition of soy press cakes.  

Amino acid Amount (%) 

Essential amino acidsrowhead 
Histidine 0.16 
Threonine 0.33 
aValine 0.32 
aMethionine 0.17 
Lysine 0.22 
aIsoleucine 0.53 
aLeucine 0.26 
aPhenylalanine 0.39 
aTryptophan 0.41 

Conditional amino acidsrowhead 
Aspartic acid 0.84 
Glutamic acid 1.30 
Serine 0.43 
aGlycine 0.29 
aAlanine 0.32 
Arginine 0.42 
aProline 0.00 
Cysteine 0.17 
Tyrosine 0.25  

a Hydrophobic amino acids. 
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proteins and low in carbohydrates. The foundation of the Impossible 
Burger (a popular meat analogue) is based mainly on textured wheat 
protein (Mistry, George, & Thomas, 2020). 

Soy press cake provided all essential amino acids, as well as condi-
tional amino acids (Table 3), with a high amount of tryptophan (0.41 g/ 
100g) compared to its amount in beef (0.22 g/100g) (Kumar, 2016; 
Nayak, Singh, & Buttar, 2019). Tryptophan is required for normal 
growth and serves as an in vivo precursor for several bioactive com-
pounds, like nicotinamide (vitamin B6), serotonin, and melatonin. Its 
role in human health can therefore affect many diseases (Friedman, 
2018). 

3.2. Properties of soy press cakes 

3.2.1. Effect of heat treatment on the safety criteria of soy press cakes 
Conventional pasteurization of soy press cakes (at 65 ◦C for 10 min) 

made a significant reduction in the total number of microorganisms 
(reduced from 3.0 × 108 CFU/g before pasteurization to 2.3 × 101 CFU/ 
g after pasteurization). In agreement, Saeeduddin et al. (2015) reported 
a significant decrease in microbial contamination of pear juice after 
pasteurization at 65 ◦C for 10 min. 

3.2.2. Bulk density, WHC and OHC 
Bulk density of soy press cakes was significantly reduced after 

fermentation or hydrolysis (P ≤ 0.05), compared with the control, as 
shown in Table 4. This might be due to the breakdown of starch during 
fermentation, which reduces starch content and subsequently decreases 
the bulk density; or the hydrolysis of non-starch polysaccharides (NSP) 
like fibres, which can decrease the bulk density. Xylanase could perform 
the hydrolysis of NSP and therefore reduce the bulk density of the press 

cake samples (Zhang et al., 2014). Likewise, α-amylase contributed to 
the saccharification process to assist the hydrolysis of starch, which 
could decrease the bulk density of samples (Shahryari, Mohammad, 
Younes, Patrik, & Mohammad, 2019). Ogodo, Ugbogu, Onyeagba, 
Okereke, and Agwaranze (2017) reported that LAB fermentation 
decreased the bulk density of maize flours from 0.82 ± 0.02 g/ml to 0.79 
± 0.03 g/ml. This was in agreement with the results of the present 
research, as the bulk density of soy press cakes after fermentation 
decreased from 1.10 ± 0.01 g/ml to between 1.00 ± 0.01 g/ml and 1.03 
± 0.00 g/ml. 

Results (Table 4) demonstrated a significant increase in WHC and 
OHC values after lactic acid fermentation of soy press cakes, compared 
with the control. Fermented samples had around 28–54%, and 12–20% 
higher WHC and OHC than control sample, respectively. Soy press cakes 
fermented with L. plantarum P1 and L. acidophilus 336 showed a higher 
increase in WHC (54% and 51%, respectively) than other applied 
strains. These results were consistent with those reported by Saez, 
Sabatar, Fara, & Zarate (2021), where the chickpea flour sample was 
fermented with L. plantarum CRL 2211 for 24h at 37 ◦C, and WHC and 
OHC were increased by 6.2% and 20% after fermentation, respectively. 
The increased WHC of the product was suggested to be due to the 
decrease in solubility, which meant that the higher contents of insoluble 
proteins were able to bind more water (Meinlschmidt, Ueberham, Leh-
mann, Schweiggert-Weisz, & Eisner, 2016). Lactic acid is a highly hy-
groscopic compound (Wijayasinghe, Vasiljevic, & Chandrapala, 2015) 
and can absorb and hold water molecules from the surrounding envi-
ronment. The increased OHC after fermentation could be due to the 
reduction of pH (Table 5). Cabuk et al. (2018) demonstrated that the 
reduction of pH after fermentation resulted in decreased protein surface 
charge and solubility, as well as increased hydrophobicity to allow for 
increased protein interactions with oil. The increased OHC might also 
depend on changes in amino acid composition, protein conformation, or 
a mechanism that was unknown to us. 

The enzymatic hydrolysis of soy press cakes significantly increased 
WHC and OHC values of the samples by applying cellulase/xylanase 
mixture, and α-amylase (Table 4). Deng et al. (2016) showed that the 
enzymatic hydrolysis of wheat gluten resulted in a substantial increase 
in WHC and OHC values following hydrolysis for 1.5–2.0 h at 45–55 ◦C. 
A similar effect of enzymatic hydrolysis on porous starch granules 
(PSGs) was found by applying amylase at 40 ◦C for different periods, 

Table 4 
Effect of fermentation or enzymatic hydrolysis on bulk density, Water Holding 
Capacity (WHC), Oil Holding Capacity (OHC), and protein oxidation level of soy 
press cakes.  

Treatment 
conditions 

Treatment 
duration (h) 

Bulk 
density 
(g/ml) 

WHC 
(g/g) 

OHC 
(g/g) 

Carbonyl 
content 
(nmol/mg of 
protein) 

Control - 1.10 ±
0.01a 

0.90 
±

0.22c 

1.86 
±

0.01c 

17.93 ±
1.37a 

Fermentation 
L. plantarum 
P1 

24.0 1.03 ±
0.00b 

1.96 
±

0.11a 

2.12 
±

0.05b 

7.42 ± 0.09b 

L. brevis R 24.0 1.01 ±
0.00c 

1.26 
±

0.04b 

2.26 
±

0.05a 

7.46 ± 0.25b 

L. acidophilus 
308 

24.0 1.02 ±
0.01bc 

1.40 
±

0.02b 

2.32 
±

0.08a 

3.68 ± 0.70c 

L. acidophilus 
336 

24.0 1.00 ±
0.01c 

1.86 
±

0.05a 

2.35 
±

0.02a 

3.15 ± 0.14c 

Hydrolysis 
Cellulase/ 
Xylanase 

0.5 1.03 ±
0.00bc 

1.50 
±

0.04a 

1.95 
±

0.07bc 

4.50 ± 0.26d 

1.0 1.04 ±
0.00b 

1.39 
±

0.07ab 

1.91 
±

0.02bc 

4.50 ± 0.01d 

α-Amylase 0.5 1.02 ±
0.00c 

1.23 
±

0.04b 

1.97 
±

0.04b 

9.21 ± 0.48c 

1.0 1.03 ±
0.00bc 

1.54 
±

0.01a 

2.11 
±

0.02a 

10.18 ±
1.25b 

a, b, c Different letters in the same column for each treatment indicate significant 
statistical differences, (P ≤ 0.05, LSD test). 

Table 5 
Effect of fermentation or enzymatic hydrolysis on pH, spreadability, and shear- 
thinning factor n values of soy press cakes.  

Treatment 
conditions 

Treatment 
duration, h 

Spreadability Shear- 
thinning 
factor n 

pH 

Control - 1.21 ± 0.06a 0.194 ± 0.01b 7.02 ±
0.04a 

Fermentation 
L. plantarum P1 24 0.87 ± 0.08b 0.347 ± 0.02d 4.93 ±

0.03b 

L. brevis R 24 0.93 ± 0.03b 0.233 ± 0.02c 5.17 ±
0.06b 

L. acidophilus 
308 

24 1.01 ± 0.05b 0.190 ± 0.03b 4.82 ±
0.03b 

L. acidophilus 
336 

24 0.61 ± 0.06c 0.173 ± 0.04a 5.05 ±
0.06b 

Hydrolysis 
Cellulase/ 
Xylanase 

0.5 1.01 ± 0.04b 0.400 ± 0.05e 7.35 ±
0.05a 

1 0.98 ± 0.07b 0.298 ± 0.02c 7.00 ±
0.02a 

α-Amylase 0.5 1.03 ± 0.05b 0.412 ± 0.03e 7.20 ±
0.00a 

1 0.85 ± 0.08b 0.322 ± 0.00d 7.20 ±
0.01a 

a, b, c, d, e Different letters in the same column for each treatment indicate sig-
nificant statistical differences, (P ≤ 0.05, LSD test). 
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indicating that both WHC and OHC values significantly increased after 
2–4 h of hydrolysis (Jung et al., 2017). A possible mechanism explaining 
the impact of hydrolysis on WHC and OHC values could be the effect of 
heating, as the hydrolysis of press cakes was performed by heating 
samples at 50 ◦C and 70 ◦C using cellulase/xylanase mixture and 
α-amylase, respectively. Generally, decreased WHC of proteins could be 
due to the denaturation effect, which reduces the availability of polar 
amino groups for hydrogen bonding with water molecules. However, 
heating could also unfold the protein and expose side chains that could 
bind water and result in improved WHC of fibrous proteins. This 
mechanism could be considered as a reason for increased WHC after 
enzymatic hydrolysis of press cakes. Nguyen, Mounir, and Allaf (2015) 
reported that the major factors affecting WHC were protein denaturation 
and unfolding, presence of carbohydrates and non-protein components. 
Therefore, the increased WHC after hydrolysis could be due to several 
mechanisms. The increased OHC after hydrolysis might be due to the 
exposing more hydrophobic regions (Deng et al., 2016) or a mechanism 
that was unknown to us. 

3.2.3. Protein oxidation 
Fermentation significantly decreased the protein carbonyl content of 

soy press cakes (Table 4). Fermentation with L. plantarum P1 and 
L. brevis R strains significantly decreased the protein oxidation level by 
around 59%, likewise, L. acidophilus 308 and L. acidophilus 336 
decreased the protein oxidation level by around 80%, compared with 
the control sample. In agreement, Ge et al. (2019) revealed that L. 
plantarum NJAU-01 strain significantly lowered protein carbonyl con-
tent in fermented sausage, as fermentation increased the antioxidant 
activity (Hunaefi et al., 2013). Miri, Hajihosseini, Saedi, Vaseghi, and 
Rasooli (2019) reported the oxidation stress reduction of fermented 
soybean meal extract by Lactobacillus plantarum, through the increase in 
antioxidant activity. 

Hydrolysis of soy press cakes using α-amylase significantly reduced 
protein carbonyl content by around 43%–49%, whereas cellulase/ 
xylanase mixture decreased protein carbonyl content by approximately 
75%, compared with the control sample (Table 4). Several studies re-
ported that enzymatic hydrolysis of soy protein enhanced the antioxi-
dant capacity, which was related to the release of bioactive peptides 
(Zhang et al., 2014; Garcia de Figueiredo et al., 2019). This might be a 
possible mechanism for reduction of protein oxidation in soy press cakes 
after enzymatic hydrolysis, as the decrease in carbonyl content corre-
lated with the increased antioxidant activity (Rajesh et al., 2004). 

3.2.4. Correlation of protein oxidation stress with WHC and OHC in soy 
press cakes 

Results indicated that WHC and OHC of soy press cakes steadily 
increased as extent of oxidation of press cakes protein and bulk density 
decreased (Table 4). There was a strong negative correlation between 
protein oxidation and WHC in fermented soy press cakes (r = − 0.712). 
In agreement, Wu, Hua, Li, & Xiao (2011) reported that oxidation of soy 
protein by peroxyl radicals was accompanied by a gradual decrease in 
WHC. Likewise, Xiong (2000) illustrated that the oxidation of proteins in 
processed meat products could lead to a decrease in WHC. 
Oxidation-induced decrease in water-holding was also supported by 
other studies (Delles & Xiong, 2014; Zakrys-Waliwander, O’Sullivan, 
O’Neill, & Kerry, 2012). Zayas (1997) reported that OHC was correlated 
with protein surface hydrophobicity, and insoluble hydrophobic pro-
teins had high OHC values. High amounts of hydrophobic proteins 
demonstrate an increase in protein oxidation, as oxidized proteins are 
generally exposing hydrophobic amino acids at their surface (Friguet, 
2006). However, our study indicated a reduction in protein oxidation 
level and an increase in OHC values of soy press cakes after fermenta-
tion. There was a very strong negative correlation between protein 
oxidation and OHC in fermented soy press cakes (r = − 0.967). Wu, Hua, 
Lin, and Xiao (2011) reported that oxidative modification by peroxyl 
radicals resulted in a decrease in disulphide content of soy protein, 

which subsequently resulted in a decrease in particle size. Elleuch, 
Bedigian, Besbes, Blecker, and Attia (2014) reported that a decrease in 
particle size was associated with an increase in density, and a reduction 
in WHC and OHC. 

3.2.5. Viscosity, spreadability and pH 
Obesity is one of the main reasons for avoidable deaths. The pro-

motion of satiety-enhancing food products is a plan to decrease food 
intake. Food viscosity can affect satiety; therefore, the viscosity is 
considered important for the development of food products. Ingredients 
that form strong gels and give high viscosity are preferred for use in meat 
products and meat analogues, as the higher viscosity of food can influ-
ence satiety and reduce hunger and food intake through suppression of 
appetite (Lamsal, Jung, & Johnson, 2007; Stribiţcaia, Evans, Gibbons, 
Blundell, & Sarkar, 2020). Hence, the higher viscosity of soy press cake 
is a preferred factor for using press cakes in the meat analogues matrices. 
A lower shear-thinning factor n measured by the rheometer implies a 
higher viscosity of the sample. Shear-thinning is a phenomenon char-
acteristic of some non-Newtonian fluids, in which the fluid viscosity 
decreases with increasing shear stress (Wilkes, 1981). Results (Table 5) 
indicated that both fermentation and enzymatic hydrolysis processes 
reduced the viscosity values of soy press cakes, except for press cakes 
fermented with L. acidophilus 308, which significantly increased the 
viscosity. In agreement, Lamsal et al. (2007) reported that the viscosity 
of soy protein products decreased after enzymatic hydrolysis. In general, 
lower apparent viscosity was observed in protein, as their molecular 
mass was reduced by proteolysis. Peptide profiles for the soy substrates 
were significantly reduced after hydrolysis and could explain the 
reduction in viscosities. Fermentation using different LAB strains could 
increase or decrease the viscosity, in comparison to the respective un-
fermented sample. Fermentative bioprocesses could change the molec-
ular size and inter- and intra-molecular interactions of macromolecules 
of starch and proteins (Laaksonen et al., 2020). Reduction in viscosity 
depending on the type of microorganism, could also involve. If the mi-
croorganisms produce, for instance, amylases, there could be a possi-
bility of viscosity reduction because of starch hydrolysis (Taylor & 
Emmambux, 2008). 

The spreadability of soy press cakes was significantly reduced after 
fermentation and hydrolysis. Fermentation reduced the force required to 
disperse the press cake on certain surfaces, thereby the firmness of the 
press cake reduced. A possible mechanism for the decreased spread-
ability in press cakes after hydrolysis could be the reduction in particle 
size distribution. Kim, Park, and Lim (2008) concluded that enzymatic 
hydrolysis of waxy rice starch using α-amylase reduced the particle size 
distribution. Ningtyas, Bhandari, Bansal, and Prakash (2017) reported 
that reduced particle size distribution resulted in firmer and less 
spreadable cream cheese. 

Table 6 
Effect of fermentation or enzymatic hydrolysis of soy press cakes on texture 
parameters of the cooked meat analogues.  

Treatment conditions Treatment duration,h Meat analogue properties 

Hardness, N Chewiness 

Control  17.21 ± 0.05a 7.45 ± 0.02a 

Fermentation 
L. plantarum P1 24 14.2 ± 0.04b 6.67 ± 0.03b 

L. brevis R 24 15.22 ± 0.05a 7.31 ± 0.01a 

L. acidophilus 308 24 16.61 ± 0.08a 8.11 ± 0.05a 

L. acidophilus 336 24 16.51 ± 0.02a 8.12 ± 0.06a 

Hydrolysis 
Cellulase/Xylanase 0.5 18.1 ± 0.04a 9.22 ± 0.07a 

1 18.25 ± 0.01a 9.45 ± 0.01a 

α-Amylase 0.5 19.66 ± 0.00a 8.35 ± 0.02a 

1 19.32 ± 0.06a 8.23 ± 0.03a 

a, b, c Different letters in the same column for each treatment indicate significant 
statistical differences, (P ≤ 0.05, LSD test). 
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Results indicated that fermentation significantly reduced pH 
(Table 5) from 7.02 ± 0.04 in control sample to between 4.82 ± 0.03 
and 5.17 ± 0.06 in fermented samples. During fermentation, mono-
saccharides were firstly fermented by LAB, generating organic acids, 
which reduced the pH of the substrate (Xiang, Sun-Waterhouse, 
Waterhouse, Cui, & Ruan, 2019). Fermentation lowers the pH of foods 

by increasing the level of lactic acids (Karovicova & Kohajdova, 2003). 

3.3. Properties of meat analogues 

3.3.1. Texture properties 
According to the texture profile analysis of the cooked meat 

Fig. 2. Spider plots of sensory evaluation of meat analogues produced with fermented soy press cakes, representing their acceptability scores (A) and intensity 
scores (B). 
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analogues (Table 6), there was no significant difference in the degree of 
hardness and chewiness of meat analogues produced with fermented or 
hydrolyzed soy press cakes, compared with the control, except for a 
product containing press cake fermented with L. plantarum P1, which 
significantly reduced the hardness and chewiness of meat analogue. This 
strain improved the texture, as the texture acceptability of meat 
analogue containing press cake fermented with L. plantarum P1 was 
greater than that of the control sample and other fermented products 
(Fig. 2, A). In agreement, Hadaegh, Seyyedain Ardabili, Tajabadi Ebra-
himi, Chamani, and Azizi Nezhad (2017) reported that fermentation 
significantly reduced the hardness of toast bread through the application 
of Lactobacillus plantarum jQ301799. Decreased hardness was assumed 
to be due to the acidity-induced activation of proteolytic enzymes pre-
sent in fermented wheat flour (Clarke, Schober, & Arendt, 2002). Khalid 
and Marth (1990) reported that Lactobacillus plantarum NRRL B-4004 
had higher proteolytic activity in milk proteins than other applied 
strains. Moreover, Arief, Afiyah, Wulandari, and Budiman (2016) indi-
cated that L. plantarum IIA-2C12 had higher proteolytic activity than 
Lactobacillus acidophilus IIA-2B4 in fermented beef sausages. 

3.3.2. Sensory properties 
Results of sensory analysis of the cooked meat analogues produced 

with soy press cakes were presented in Table 7, and spider plots to 
provide graphical representations of the sensory profiles (Figs. 2 and 3). 
There were statistically significant differences for 6 of the 8 attributes 
used to describe sensory intensity of meat analogues containing fer-
mented press cakes (except for sweet odor and oily odor); and for 4 of 
the 5 attributes used to describe the products’ sensory acceptability 
(except for the appearance) (Fig. 2). The sensory intensity and accept-
ability of meat analogues produced with hydrolyzed soy press cakes 
were not significantly different from the control sample (Fig. 3). 

Results indicated that the addition of fermented soy press cakes to 
the meat analogues, significantly reduced bitterness, increased juiciness, 
and improved odor, taste, texture, and overall acceptability of the meat 
analogues. Increased juiciness of the meat analogues was in agreement 
with the increased WHC in fermented soy press cakes (Table 4). 

A major comment on the appearance of meat analogues (control and 
processed) was regarding the particles of vegetable press cakes with 
uneven size, shape and color, which were clearly recognizable in meat 
analogues and had a negative effect on the appearance acceptability of 
meat analogues (Fig. 2, A and Fig. 3, A), as all samples (control and 
processed) received very low scores (4 or 5 from 15) on appearance 
acceptability from the consumers. A general comment regarding odor 
properties was a perceived oiliness of all products. The taste properties 

of fermented products were identified with higher sweetness, sourness 
and acidity, and lower bitterness, compared with the control sample. 
Thus, fermented products were described as fresher with a balanced 
taste, which was confirmed with the higher taste acceptability of these 
products. The preliminary test for acceptability analysis of the products 
revealed that the meat analogues produced with fermented soy press 
cakes had significantly higher overall acceptance score than the control. 

4. Conclusion 

In conclusion, to increase the utilization of soy press cake for human 
nutrition, new strategies are needed, like its incorporation into novel 
and healthy foods (plant-based protein foods), such as meat analogues. 
This study recommends the utilization of soy press cake as an ingredient 
of meat analogues, as it contains protein, fibre, essential amino acids, 
and energy with a low content of saturated fatty acids. Fermentation 
with selected LAB and enzymatic hydrolysis with selected enzymes 
improve functional properties and reduce protein oxidation level in soy 
press cakes. L. acidophilus 336 and L. plantarum P1 are recommended for 
fermentation of soy press cakes to reduce protein oxidation and increase 
viscosity. Likewise, hydrolysis of soy press cakes by cellulase/xylanase 
mixture is recommended regarding protein oxidation reduction in press 
cakes. When used as an ingredient of meat analogues, 10% of soy press 
cakes fermented with selected LAB strains improve the sensory quality 
of meat analogues. L. plantarum P1 is also recommended for soy press 
cake fermentation, as it improves the texture properties of meat ana-
logues. Therefore, fermented soy press cake is a promising and conve-
nient novel ingredient of meat analogues. 

Further studies are required to analyze the effect of fermented and 
hydrolyzed soy press cakes on the proximate and amino acid composi-
tions of press cakes, as well as protein oxidation level and functional 
properties of the meat analogues. 
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Table 7 
Effect of fermentation or enzymatic hydrolysis of soy press cakes on sensory attributes of the cooked meat analogues.   

Control Fermentation Hydrolysis  

L. plantarum P1 L. brevis R L. acidophilus 308 L. acidophilus 336 Cellulase/Xylanase  α-Amylase       

Treatment duration, h      
– 24 24 24 24 0.5 1 0.5 1 

Intensity          
Sweet odor 6a 6a 7a 8a 8a 7a 7a 8a 8a 

Oily odor 10a 9a 9a 10a 9a 11a 9a 10a 9a 

Acidic odor 4a 7b 7b 7b 7b 4a 4a 5a 4a 

Juiciness 4a 7b 8b 8b 7b 5a 4a 6a 5a 

Sweetness 4a 7b 8b 9b 8b 5a 5b 6a 6a 

Sourness 4a 7b 7b 7b 7b 6a 6a 6a 5a 

Acidity 4a 8b 7b 8b 7b 4a 6a 6a 5a 

Bitterness 9b 5a 6a 6a 5a 8b 9b 10b 8b 

Acceptability          
Appearance 4a 5a 5a 4a 5a 5a 4a 4a 4a 

Odor 6a 9b 9b 9b 9b 7a 7a 8a 7a 

Taste 5a 9b 8b 8b 8b 7a 6a 6a 6a 

Texture 6a 12c 9b 9b 9b 6a 7a 7a 6a 

Overall 6a 10b 9b 10b 10b 7a 8a 7a 7a 

a, b, c Different letters in the same row indicate significant statistical differences, (P ≤ 0.05, LSD test). 
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