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Highlights 
 Meat analogues were prepared by the mechanical elongation (ME) method. 

 Striated texture was formed by highly compacted ultrathin filaments. 

 Wheat gluten demonstrated potential in structuring meat analogues using ME method.  

 

Abstract 

This study investigated the effect of mechanical elongation method by combining wheat gluten 

(WG) and soy protein isolate (SPI) (at the ratio of 100:0, 80:20, 60:40 and 40:60% w/w dry 

protein basis), and studied the physicochemical, textural and structural characteristics of meat 

analogues (~52% moisture). The meat analogues were analysed and compared against 

commercial control samples of firm tofu, mock chicken, and steamed chicken. Meat analogues 

made with 100%WG showed the lowest hardness and chewiness. Analysis of meat analogues 

by scanning electron microscopy (SEM) showed their unique compact ultrastructure which was 

distinct from the commercial control samples. However, the proportional concentration of WG 
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had an insignificant impact on the ultrastructure. Increasing SPI concentrations improved 

lysine contents of meat analogues but were still significantly lower (p<0.05) than steamed 

chicken. The results from protein solubility analysis suggested that hydrogen bonds, disulphide 

bonds and hydrophobic interactions were the forces responsible for the formation, stabilisation 

and retention of the structures within the meat analogues. It was concluded that the use of WG 

and WG-SPI produced acceptable doughs that could be used for the development of meat 

analogues using the mechanical elongation method.  

 

Keywords: meat analogues; wheat gluten; mechanical elongation; ultrastructure; amino acids 

composition; chemical bonds 

 

Abbreviations: WG, wheat gluten; SPI, soy protein isolate; PB, potassium phosphate buffer; 

SDS, sodium dodecyl sulphate; DTT, dithiothreitol; U, urea 

 

1. Introduction 

There has been a growing interest in meat analogues due to greater awareness about healthy 

and sustainable foods (Wild et al., 2014). Meat production has been identified as a source of 

environmental change and natural resource depletion (Henchion et al., 2017). Hence, 

consumers are looking to reduce their meat consumption and have turned to options such as 

plant-based foods. Meat analogues, which are also known as meat substitutes or meat 

alternatives are food products that resemble muscle meats such as lean chicken breast, in terms 

of appearance, colour, texture, and structure (Asgar et al., 2010; Wild et al., 2014). Meat 

analogues can be defined as “meat-like food products made from plant-based ingredients, and 

are designed to mimic the appearance, texture, and nutritional content of real meat products”. 

Meat analogues exhibit anisotropic (e.g. layered or fibrous) structures that give an appearance 
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and taste-texture sensation similar to that of muscle meats (Strahm, 2006; Manski et al., 2007). 

Meat analogues are predominantly made from plant proteins, and common sources include 

wheat, soy, pea, peanut, lupin, and mung bean (Osen et al., 2014; Brishti et al., 2017; Chiang 

et al., 2019; Palanisamy et al., 2019; Pietsch et al., 2019a; Pietsch et al., 2019b; Zhang et al., 

2020).  

 

Meat analogues can be produced by a variety of methods that involve the rearrangement of 

protein fibres to produce textures and structures similar to meats. Dekkers et al. (2018) in a 

recent review outlined the common and modern approaches, which included extrusion, freeze 

structuring, electrospinning, in-vitro animal cell culture and shear cell technology. In addition 

to these methods, traditional Asian meat analogues, known as seitan, are made using a 

relatively simple process of filtering gluten from wheat flour, kneading into gluten masses, and 

cooking in various sauces (Malav et al., 2015). Out of these technologies, high-moisture 

extrusion processing has been the preferred and widely used technique of choice, notably by 

large-scale Asian manufacturers and especially amongst Western manufacturers. This is 

because of its scalability and the consistent quality of the textured products produced (Wild et 

al., 2014).  

 

However, extrusion processing can be an expensive investment for many smaller-scale 

manufacturers due to the high costs of required equipment and the vast amounts of energy 

necessary with its use (Yuliarti et al., 2021). The high energy input required negates some of 

the environmental benefits that are frequently associated with plant-based meat analogues, and 

a search for more affordable and less energy-intensive processing methods that allow smaller-

scale manufacturers to contribute to the market is well warranted (Mattice & Marangoni, 2020). 

With increasing global interests in alternative proteins and meat analogues, this enthusiasm has 
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also permeated to Asia. For instance, in Singapore, approximately half of the food 

manufacturers are estimated to be small-scale, and they represent a major contributor to food 

security (Siow, 2017).  

 

A recent study published by Mattice and Marangoni (2020) experimented with a more 

affordable technique using less sophisticated equipment known as mechanical elongation, 

which demonstrated potential in forming a product with textures having no significant 

difference to that of chicken. This technique involves stretching and orientating the fine fibrils 

of a self-assembled porous zein network, resulting in the formation of anisotropic structures 

resembling meat fibres when a composite gel of soy protein is added. Mattice and Marangoni 

stated that this method allowed greater control over the formation of the fibrous structures, 

whereby fibre width and the number of fibres can be further manipulated by the extent of 

stretching.  

 

Zein was reported to form brittle networks and have a low yield strength, and was incapable of 

withstanding a moderate level of strain (Mattice & Marangoni, 2021). Therefore, wheat gluten 

(WG) was identified as a potential food material to form fibrous structures via mechanical 

elongation. WG is composed of a three-dimensional network of linearly cross-linked glutenin 

subunits and gliadin protein (Dhaka & Khatkar, 2016). It forms a cohesive viscoelastic network 

connected by intramolecular and intermolecular disulphide bonds (Wieser, 2007; Day, 2013). 

The formations of interchain disulphide bond cross-linking are due to the aggregation of 

glutenins in WG (Wieser, 2007). Networks of both WG and zein were observed to be able to 

self-assemble upon hydration (Kontogiorgos, 2011; Dhaka & Khatkar, 2016; Mattice & 

Marangoni, 2020), where they exhibited three-dimensional networks with porous foam-like 

matrix microstructure at smaller length scales. Given the widespread use of WG in a variety of 
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Asian foods, the focus of our research was to ascertain whether WG could be an appropriate 

substitute for zein in the development of meat analogues using the mechanical elongation 

method. Due to the deficiency of lysine in WG (Shewry, 2009), we proposed the combination 

of SPI to complement the essential amino acid profiles of the products.  

 

Currently, no reports have been published on the development of meat analogues prepared with 

WG using the mechanical elongation method. Therefore, this study represents the first attempt 

to use WG as a matrix for mechanical elongation for meat analogues. In this study, meat 

analogues of various WG-SPI ratios (100:0, 80:20, 60:40 and 40:60% w/w dry protein basis) 

with the mechanical elongation method were developed, and their physicochemical, textural 

and structural properties were characterised. To serve as a baseline for comparison, we obtained 

commercially produced firm tofu and Asian mock chicken which are examples of food 

products that are widely consumed by vegetarians in Western and Asian countries, as well as 

steamed chicken breast to simulate a range of common protein textures. The aim of the study 

is to compare the physicochemical, textural and structural properties of these seven samples 

(meat analogues samples made via the mechanical elongation method and commercial control 

samples). The secondary aim is to elucidate the types of chemical bonds for unheated protein 

gels and meat analogues using different extracting solutions.  

 

2. Materials and methods 

2.1 Materials 

Wheat gluten (Bob’s Red Mill, 70% protein, 20% carbohydrate, 3.5% moisture, 3.5% ash and 

3% fat) was purchased from Phoon Huat Pte Ltd, Singapore. Soy protein isolate (Pro-Fam® 

974, 85% protein, 6% moisture, 5% ash and 4% fat) was provided by Archer Daniels Midland 

Singapore Pte Ltd, Singapore. Commercially available firm tofu (Unicurd, Singapore), mock 
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chicken (FairPrice, Taiwan) and chicken breasts (Kee Song, Singapore) were purchased from 

a local supermarket, NTUC Fairprice Co-operative Ltd, Singapore. Bovine serum albumin 

(BSA) powder, potassium dihydrogen orthophosphate, di-potassium hydrogen orthophosphate, 

sodium dodecyl sulphate (SDS), 1,4-dithiothreitol (DTT), urea and Bradford reagent were 

bought from Sigma-Aldrich, Singapore. Ultrapure water purified using Milli-Q equipment 

(Millipore Corporation, Massachusetts, USA) was used. All other reagents and chemicals used 

were of analytical grade. 

 

2.2 Preparation of meat analogues using the mechanical elongation 

method 

 

Figure 1 Schematic illustration of the mechanical elongation method in two steps to produce 

meat analogues. 

 

Meat analogues were prepared via the mechanical elongation method as described by Mattice 

and Marangoni (2020) with modifications. The formulations of the meat analogues at different 

WG-SPI ratios are summarised in Table 1. These ratios were selected on the basis of providing 
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a complete range of essential amino acids from the inclusion of WG and SPI, and to establish 

the optimal ratio necessary to develop a meat analogue. In addition, the WG-SPI doughs with 

increasing proportions of SPI were found to be difficult to stretch to 4× of its initial length as 

specified in the reported procedure by Mattice and Marangoni (2020).  

 

Each formulation was mixed thoroughly using a stand mixer (KitchenAid, Michigan, USA) at 

60 rpm for 5 min at room temperature to form either “WG only” or “WG-SPI” doughs. The 

doughs were then incubated in an oven (ED 56 Avantgarde, Binder, Germany) at 60°C for an 

hour to allow the gluten to be fully hydrated. The mechanical elongation method consists of 

two steps and is illustrated in Figure 1. In the first step, the doughs were torn into pieces and 

put into a food processor (Blixer® 6 V.V., Robot Coupe®, Mississippi, USA) to be further cut 

into smaller fragments at 500 rpm for a min and at 1200 rpm for another 2 min to form 

secondary doughs (STEP ONE). This step was added to the methodology to stretch and pull 

small protein fragments to form a secondary dough via the high rotational speed of a knife 

blade. It was hypothesised that the additional stretching and pulling would align the protein 

networks, allowing the proteins to agglomerate and form stronger networks. The secondary 

doughs were then stretched to twice its initial length using a noodle maker (HR2365/05, Philips, 

Singapore), and folded to form final doughs (STEP TWO). This second step was similar to the 

method carried out by Mattice and Marangoni (2020) but with fewer cycles of stretching. Each 

dough was then wrapped in baking paper and a layer of aluminium foil before being steamed 

in a food steamer (HD9125/91, Philips, Singapore) for 1.5 hours, reaching an internal 

temperature of 80°C using a digital probe thermometer (BG 366, Blue Gizmo, Acez 

Instruments, Singapore). The cooked meat analogues were then stored at 4°C overnight before 

further analysis.  
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Table 1 Formulation of meat analogues at different wheat gluten to soy protein isolate (WG-

SPI) ratio. 

Sample 

Formulation (% w/w) 

Water Wheat gluten Soy protein isolate Other ingredients* 

100%WG (0%SPI) 55 41.0 0 4 

80%WG (20%SPI) 55 32.8 8.2 4 

60%WG (40%SPI) 55 24.6 16.4 4 

40%WG (60%SPI) 55 16.4 24.6 4 

* Included soybean oil (2%), wheat starch (1%) and all-in-one seasoning (1%). 

Ingredients for commercial all-in-one seasoning include sugar, salt, corn flour, monosodium 

glutamate, garlic, onion, spice, palm fat, sodium inosinate and guanylate, citric acid, where all 

food additives are of plant origin.  

 

2.3 Preparation of commercial control samples 

Samples of commercially available firm tofu, mock chicken, and steamed chicken were used 

as a comparison in the study. Each chicken breast was wrapped in baking paper and a layer of 

aluminium foil and steamed in a food steamer (HD9125/91, Philips, Singapore) for 30 min, 

reaching an internal temperature of ~75°C using a digital probe thermometer (BG 366, Blue 

Gizmo, Acez Instruments, Singapore). The steamed chicken was then taken out from the food 
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steamer and cooled for 30 min at room temperature to ensure that the samples were at a uniform 

temperature. They were then drained and cut for further textural analysis.    

 

2.4 Physicochemical properties analysis  

Protein content (%) The Kjeldahl method using Tecator™ Digestor 8, Tecator™ Scrubber and 

Kjeltec™ 8200 Auto Distilling Unit (FOSS Analytical, Hoganas, Sweden) was used to 

determine the protein content of all samples. The protein content was calculated with a nitrogen 

conversion factor of 6.25 for meat and SPI, and 5.7 for WG. 

 

Moisture content (%) The air-oven method was used to determine the moisture content of all 

samples. Two grams of samples were shredded and weighed into numbered pans and dried in 

an oven (111 Eco Line, Venticell, Germany) at 105°C for 24 hours. The weight of each pan 

and sample was recorded after cooling in a desiccator for an hour.  

 

pH A benchtop pH meter (SevenCompact™ pH/ Ion S220, Mettler-Toledo, Switzerland) was 

used to measure the pH of all samples as described by Chiang et al. (2019). The pH meter was 

calibrated using pH 4, 7 and 10 buffer solutions before measurements. The pH values were 

recorded after blending samples using a high-shear mixer (T25 digital Ultra Turrax®, IKA, 

Germany) at 12,000 rpm, with ultrapure water at 20% w/w concentration for one minute, at 

room temperature. 

 

2.5 Textural properties analysis 

A texture analyser (TA.XT Plus, Stable Micro Systems, UK) was used to analyse the textural 

properties of meat analogues, firm tofu, mock chicken and steamed chicken by performing a 

2-bite test as described by Fang et al. (2014) and Chiang et al. (2019) with modifications. 
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Samples were sectioned into a dimension of 15×15×10 mm, and then compressed using a P/75 

probe to 50% of its original thickness at a speed of 1 mm/s for the first bite, returned to original 

position over 5 secs, followed by the second bite at 1 mm/s to 50% of the first compressed 

thickness. Hardness at 50% of deformation and chewiness were obtained from the TPA curves. 

 

2.6 Scanning electron microscopy (SEM) 

Samples of meat analogues, firm tofu, mock chicken and steamed chicken were prepared with 

a fine razor blade on a cool plate and trimmed down to approximately 3×5 mm for chemical 

fixation and processing. Samples were chemically fixed by immersion in 4% formaldehyde 

and 2% glutaraldehyde (EM grade, Electron Microscopy Sciences, USA) in 0.05M HEPES 

buffer (pH 7.4) for 1.5 hours and post-fixed with 1% osmium tetroxide in distilled water for 

1.5 hours. After washing in distilled water, samples were dehydrated in a graded series of 

ethanol solutions up to 100% ethanol. The samples were then dried using critical point drying 

(Leica EM CPD030, Leica Microsystems, Germany). Once dried, the samples were mounted 

onto aluminium stubs with double-sided carbon tape and sputter-coated with 4 nm layer of 

platinum (Leica EM SCD050, Leica Microsystems, Germany). The analysis was performed 

using the field emission scanning electron microscope (JSM-6701F, JEOL, Japan) operating at 

10 kV. Images were collected from three different regions of interest (ROI) for each sample 

and technical replicate at 35×, 500×, and 2000× or 60000× magnification. 

 

2.7 Total amino acids composition analysis 

Total amino acids composition for meat analogues, firm tofu, mock chicken and steamed 

chicken was carried out by an external accredited laboratory (Eurofins Food Testing Singapore 

Pte Ltd, Singapore) as described by Schuster (1988), Barkholt and Jensen (1989), Henderson 

et al. (2000) and Henderson and Brooks (2010) with modifications. Samples were hydrolysed 
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with 6M HCl containing 0.1% w/v phenol at 110°C for 24 hours. The amino acid residues were 

converted into cysteic acid and methionine sulphone by performic acid before acid hydrolysis 

to obtain reliable contents for reported cysteine and methionine. 

 

Amino acids were determined by injecting 0.5 µl of each sample into high-performance liquid 

chromatography (HPLC) (Agilent 1200SL, Agilent Technologies, USA) after pre-column 

derivatisation with flourenylmethoxycarbonyl (FMOC)-chloride for primary amino acids and 

ortho-phthaldialdehyde (OPA) for proline. A C18 stationary phase (150 mm × 2.1 mm id, 3.5 

µm particle size) column (ZORBAX Eclipse Plus, Chrom Tech, USA) was used for separation 

at a flow rate of 0.42 ml/min at 40°C. Two mobile phases were used: Mobile A comprised of 

0.01M disodium phosphate, 0.01M sodium tetraborate decahydrate and 0.005M sodium azide 

at pH8.2; Mobile B composed of acetonitrile: methanol: ultrapure water (45:45:10, v: v: v). A 

fluorescence detector operated at 230 nm (excitation) and 450 nm (emission) was used to 

estimate amino acid concentrations in the sample. Amino acids standards (Sigma-Aldrich, 

Singapore) were used for the identification of compounds based on retention time. 

Quantification was determined using external calibration curves. 

 

2.8 Protein solubility analysis 

The protein solubility of the meat analogues and protein gels were analysed as described by 

Chiang et al. (2019) with modifications. Four different extracting solutions (1–4) with selecting 

reagents were used to dissolve specific chemical bonds within the protein networks to assess 

protein solubility: (1) P (PB; 0.1 M phosphate buffer consisting of KH2PO4 and K2HPO4 with 

a pH of 7.5, native state protein), (2) PU (PB+8M U; hydrogen bonds), (3) PD (PB+0.05 M 

DTT; disulphide bonds), and (4) PS+1.5 g/100 mL SDS, hydrophobic interactions). 
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Unheated protein gels were prepared as described by Liu and Hsieh (2007) with modifications. 

Different ratios of WG-SPI protein blends (100:0, 80:20, 60:40, and 40:60) were mixed with 

ultrapure water. The samples were mixed thoroughly with a spatula and were left to equilibrate 

at room temperature for 30 min. The samples were then stored at 4°C for gel formation before 

further analysis.  

 

Half a gram of sample was extracted in a 50 mL centrifuge tube with 10 mL of each extracting 

solution on a shaker (LSE™, Corning, Slovenia) at 400 rpm for 30 min at room temperature. 

The mixture was then blended using a high-shear mixer (T25 digital Ultra Turrax®, IKA, 

Germany) at 12,000 rpm for 30 sec. The mixture was shaken again for 30 min, and further 

centrifuged at 3850×g for 10 min (Rotina 380, Hettich, Germany). The supernatant was 

transferred into an Eppendorf tube and centrifuged at 12,300×g for 10 min (5418R, Eppendorf, 

Germany). The Bradford protein assay at 595 nm using a multi-plate reader (Cytation 5, 

BioTek, Vermont, USA) was used to determine the soluble proteins in the respective 

supernatants where bovine serum albumin (BSA) powder was used as a standard. The protein 

content in the original samples was measured using the Kjeldahl method. The protein solubility 

was calculated as the ratio of soluble protein in the supernatants to the total protein in the 

samples. 

 

2.9 Data analysis 

All experimental work was carried out in three replicates, where the results were reported as 

means ± standard deviations (n=6). Differences in the mean protein, pH, hardness and 

chewiness between the seven samples was analysed using one-way ANOVA with Tukey’s post 

hoc test. Pearson correlation analysis was used to investigate the association between protein, 

pH, hardness and chewiness with WG concentration. Pearson correlation was also used to 
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investigate the association between WG percentage and protein solubility in each of the 

extracting solutions. Two-way ANCOVA was used to investigate the effect of extracting 

solutions and form of product on protein solubility while controlling for WG percentage. 

Significant interaction was followed with simple main effects with bonferroni correction. All 

statistical analysis was done using Minitab® 17 statistical software (Minitab Inc., USA) with 

α=0.05. Figures were plotted and exported using Origin 2020 software (OriginLab Corp, 

Massachusetts, USA).   

 

3. Results and discussion 

3.1 Macrostructural and physicochemical properties 

 

Figure 2 Visual observation of longitudinal view of meat analogues with different wheat gluten 

to soy protein isolate (WG-SPI) ratio (a) 100%WG, (b) 80%WG, (c) 60%WG, (d) 40%WG, 

(e) firm tofu, (f) mock chicken, and (g) steamed chicken. 
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The images of meat analogues made with different WG-SPI ratios, firm tofu, mock chicken 

and steamed chicken are presented in Figure 2. The samples were inspected for anisotropicness 

by manual deformation. Among the four meat analogues, the one made with 100%WG (Figure 

2a) exhibited the softest texture and most visible horizontally aligned macrostructures upon 

tearing. However, the anisotropicness in meat analogues seemed to be less defined as WG 

concentrations decreased. Meat analogues containing 40%WG (Figure 2d) showed brittle and 

dense structures when torn apart. This could be due to the rearrangement of protein aggregates 

during heating that led to an increase in protein-protein interactions, resulting in a dense and 

stiffer gel (Renkema & van Vliet, 2002). No fibre strands or longitudinal structures were 

observed in firm tofu and mock chicken (Figure 2e-f), while visible fibre strands were 

observed on steamed chicken (Figure 2g). 

 

Table 2 Protein, moisture, pH level and textural properties of meat analogues at different wheat 

gluten to soy protein isolate (WG-SPI) ratio, firm tofu, mock chicken and steamed chicken. 

Sample 

Physicochemical properties1 Textural properties1 

Protein (%) 

Moisture 

(%) 

pH 

Hardness 

(N) 

Chewiness 

(N) 

100%WG 32.07 ± 1.43bc 46.98 ± 2.61c 6.59 ± 0.22cd 46.85 ± 8.35c 40.46 ± 7.16c 

80%WG 33.63 ± 1.41ab 53.92 ± 1.01b 6.74 ± 0.10bc 66.84 ± 4.66b 56.25 ± 4.35b 

60%WG 34.96 ± 1.31a 53.28 ± 1.88b 6.86 ± 0.10b 70.68 ± 3.46b 59.02 ± 5.97b 

40%WG 36.21 ± 1.99a 53.71 ± 2.78b 7.10 ± 0.08a 93.11 ± 7.60a 75.88 ± 6.17a 

Firm tofu* 14.22 ± 0.39d 75.35 ± 1.83a 6.16 ± 0.01e 8.23 ± 0.50d 4.96 ± 0.28e 

Mock 

chicken# 

12.13 ± 0.43d 74.33 ± 1.12a  6.30 ± 0.02de 4.24 ± 1.71d Not 

Available  
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Steamed 

chicken 

28.94 ± 0.25c 71.46 ± 0.32a 6.72 ± 0.09bc 40.53 ± 6.14c 17.80 ± 5.75d 

F-value 124.61 109.76 24.84 135.47 103.83 

p-value <0.01 <0.01 <0.01 <0.01 <0.01 

* Made with non-GMO soybeans, calcium chloride, salt and calcium sulphate. 

# Made with fried gluten (wheat flour, water and soybean oil), soya sauce (soya bean, wheat, 

salt, sugar and water), sugar and salt. 

1 Data are presented as the mean and standard deviation of three replicates (n=6). Overall one-

way ANOVA was found to be significant (p<0.05). Rows with different lowercase alphabets 

within the same column are significantly different from each other (p<0.05, using Tukey’s post 

hoc test). 

 

The protein, moisture and pH of the meat analogues at different WG-SPI ratios, firm tofu, mock 

chicken and steamed chicken are presented in Table 2. The protein content and pH of all four 

meat analogues increased with decreasing WG concentrations. The protein content of meat 

analogues ranged from 32.07 to 36.21%. As the protein content for WG and SPI were 70% and 

85% respectively, the amount of protein in the meat analogues increased as more SPI was used 

to replace WG in the formulation. A decrease in difference in protein contents was observed 

for meat analogues when WG concentrations decreased, for instance, when comparing 

100%WG to 60%WG. The meat analogues and steamed chicken had significantly higher 

(p<0.05) protein content when compared with firm tofu and mock chicken, and the difference 

ranged from 12.13 to 36.21%. There was also significant negative association between protein 

content of meat analogues and WG concentrations (rs=-0.73, p-value≤0.001). All meat 

analogues had higher protein content than steamed chicken. 
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Meat analogues had moisture contents that ranged between 46.98 and 53.71%, which were 

slightly below a moisture content of 55% based on the formulation. This could be due to some 

moisture lost during an hour of incubation at 60°C. Meat analogues made with 100%WG had 

significantly lowest (p<0.05) moisture content among the four meat analogues, and the 

difference ranged from 46.98 to 53.92%. This was due to WG having a poor water-holding 

capacity (Roccia et al., 2009). WG is poorly soluble in water, and it only absorbs twice its 

weight in water (Dekkers et al., 2016). Meat analogues had significantly lower (p<0.05) 

moisture contents than firm tofu, mock chicken and steamed chicken, and the difference ranged 

from 46.98 to 75.35%. There was no significant difference between commercial control 

samples.  

 

The pH of meat analogues ranged from 6.59 to 7.10. The pH for WG and SPI were 5.87 and 

7.39, respectively. The pH of meat analogues increased as increasing SPI concentrations were 

used to replace WG. The almost neutral and neutral pH for all samples indicated that they are 

susceptible to microbial spoilage (Wild et al., 2014). The meat analogues and steamed chicken 

had significantly higher (p<0.05) pH than firm tofu and mock chicken, and the difference 

ranged from pH 6.16 to 7.10. There was also significant negative association between pH of 

meat analogues and WG concentrations (rs=-0.82, p-value<0.001). The steamed chicken had a 

slightly lower pH than meat analogues containing 80%WG.   

 

3.2 Textural properties 

The textural properties of meat analogues with different WG-SPI ratio, firm tofu, mock chicken 

and steamed chicken are presented in Table 2. Texture Profile Analysis (TPA) was performed 

using a double compression test to mimic the mastication process and calculate sensory-

relevant parameters from the force-time curves (Bourne, 2002). Hardness refers to the force 
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necessary to attain a given deformation (Nishinari & Fang, 2018). Chewiness is related to the 

product of Hardness × Cohesiveness × Springiness and is known as the energy required to 

chew solids to a state ready for swallowing. The hardness of all four meat analogues increased 

with increasing protein content, which was in accordance with Shimada and Cheftel (1988), 

who reported that the firmness of SPI gels was strongly related to protein concentration. The 

hardness and chewiness of all meat analogues increased with decreasing WG-SPI ratio. 

Grabowska et al. (2014) reported that higher WG concentrations in soy-gluten blends led to a 

weaker structure. This could be due to the presence of glutenins in WG which are responsible 

for the elastic behaviour (Apichartsrangkoon, 2002), while SPI forms firm, hard, brittle and 

resilient gels (Ly et al., 1998; Boyacioglu, 2006). Hence, meat analogues made with 100%WG 

showed the lowest hardness. As the hardness greatly influences the chewiness of meat 

analogues, similar result trends were also observed (Horita et al., 2014). Firm tofu and mock 

chicken had significantly lower (p<0.05) hardness than all four meat analogues and steamed 

chicken, and the difference ranged from 4.24 to 93.11 N. There was also significant negative 

association between hardness (rs=-0.92, p-value<0.001) and chewiness (rs=-0.89, p-

value<0.001) of meat analogues and WG concentrations. Steamed chicken had a hardness 

similar to meat analogues made with 100%WG, and lowest chewiness due to its low 

Cohesiveness and Springiness (results not shown).  
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3.3 Ultrastructural properties 

 

 Figure 3 SEM micrographs on longitudinal sections of meat analogues with different wheat 

gluten to soy protein isolate (WG-SPI) ratio of 100%WG and 40%WG (Scale bars: 35× 
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magnification: 200 µm, 500× magnification: 20 µm, 60000× magnification: 200 nm). SEM 

micrographs on cross-sections of firm tofu, mock chicken and steamed chicken (Scale bars: 

35× magnification: 200 µm, 500× magnification: 20 µm, 2000× magnification: 5 µm). 

 

Scanning Electron Microscopy (SEM) was performed to characterise the ultrastructural 

characteristics of meat analogues with different WG-SPI ratio, and to also compare with the 

fine morphology of firm tofu, mock chicken and steamed chicken (Figure 3). For each sample, 

the imaging data were collected from multiple regions in three technical replicates and showed 

consistent results.   

 

The ultrastructure of the meat analogues was very distinct from the commercial control samples. 

The surface of the meat analogue sections was smooth, revealing a very compact matrix with 

numerous pores and cavities of heterogeneous size and shape (10-200 µm in diameter), but the 

porosity (approximately 10%) was much lower in comparison to mock chicken (approximately 

50%). There was no sign of compression or distortion in the section plane, but the amount and 

distribution of fat droplets and/ or starch granules, which are difficult to distinguish by SEM, 

on the surface was similar to the mock chicken (marked with arrowheads). All meat analogues 

exhibited a striation texture on the surface of a compact matrix, which was distinct from layered 

fibrils (15-20 µm in diameter) found in extruded meat analogues described earlier by Chiang 

et al. (2019). However, under an ultra-high magnification (60000×), it was observed that the 

striated texture was formed by highly compacted ultrathin filaments (20-30 nm in diameter) 

and their bundles in uni-directional orientation. 

 

Interestingly, there was no difference in the ultrastructure between the meat analogues of 

different WG-SPI ratios. This suggests that although the composition of meat analogues affects 
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the physicochemical and textural properties of the samples, it may not necessarily impact the 

fine structure of the processed product. It should be noted, however, that since SEM analysis 

requires quite a complex chemical processing of samples (factor largely neglected in published 

reports on food product ultrastructure), some subtle ultrastructural differences between samples 

of different WG-SPI ratio may become lost during the process and thus finally indiscernible 

under the SEM.  

 

SEM micrograph of firm tofu showed very compact morphology, with a distinct rough surface 

and fine-granular texture on cross-section, without any specific pattern. In contrast, mock 

chicken exhibited a sponge-like reticular matrix of a high porosity that was noticeably distorted 

(flattened) into layers which could be attributed to non-elastic compression either during 

manufacturing or during dissection of the sample for SEM analysis. Smooth spherical 

structures reminiscent of fat droplets and/ or starch granules (marked with arrowheads) were 

also detected in this sample with a moderately homogeneous distribution on the cross-section. 

In contrast, steamed chicken showed typical muscle fibres (50 µm in diameter in average) 

enwrapped in connective tissue (endomysium), composed of bundles of individual myofibrils 

(1-2 µm in diameter) which were clearly discernible on the cross-sections of steamed chicken.  

 

3.4 Total amino acid compositions  

The proportion of total amino acids (AA) in meat analogues, firm tofu, mock chicken and 

steamed chicken is shown in Table 3. The proportion of total AA in meat analogues decreased 

with decreasing WG concentrations. As all the samples were subjected to acid hydrolysis (e.g. 

6M HCl under vacuum at 110°C for 24 h), the proteins were expected to cleave into single 

amino acids. However, Davidson (2003) stated that no hydrolysis can effectively cleave protein 

to single amino acids completely. This is due to the varying stability of the peptide bonds 
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between the different amino acids and the amino acid side chains, which are susceptible to the 

reagents and conditions used to cleave the peptide bonds. This showed that meat analogues 

with higher WG concentrations were much easier to hydrolyse than those with higher SPI 

concentrations due to the higher proportion of total AA. The other three commercial products 

contained lower total AA as compared to meat analogues, with steamed chicken had the least 

amount of total AA among all samples. This showed that the peptide bonds were not easily 

hydrolysed by acid due to the nature of the products and its manufacturing process. 

 

Other than tryptophan, which was not analysed, the meat analogues contained between 21.22-

23.71 mg/100 mg protein of essential amino acids (EAA), making it a good source of complete 

protein. The total EAA for firm tofu and steamed chicken were similar to the meat analogues, 

while the total EAA for the mock chicken was comparatively lower. As mentioned previously, 

WG lacks lysine, and therefore meat analogues containing 100%WG displayed a low lysine 

content of 1.40±0.12 mg/100 mg. However, lysine content significantly increased (p<0.05) to 

2.85±0.17 mg/100 mg when WG was replaced with SPI (meat analogues containing 40%WG), 

and the difference ranged from 1.40 to 2.85 mg/100 mg. Steamed chicken contained 

significantly highest (p<0.05) of lysine among all samples, and the difference ranged from 1.01 

to 5.12 mg/100 mg, while mock chicken contained the lowest amount of lysine.  

 

The predominant amino acids in the meat analogues were glutamic acid, proline, leucine and 

aspartic acid. The meat analogues contained a higher proportion of cysteine than firm tofu and 

steamed chicken, except for mock chicken which contained slightly lower cysteine than meat 

analogues containing 100%WG and 80%WG. Results from the total amino acid composition 

showed that the meat analogues are a viable alternative to meat products (e.g. steamed chicken). 
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Table 3 Total amino acid composition of meat analogues at different wheat gluten to soy protein isolate (WG-SPI) ratio, firm tofu, mock chicken 

and steamed chicken. 

Samples Total amino acids (mg/ 100 mg protein)1 

100%WG 80%WG 60%WG 40%WG Firm tofu Mock chicken Steamed chicken 

Essential amino acids 

Histidine 1.72 ± 0.10a 1.53 ± 0.08ab 1.58 ± 0.17ab 1.51 ± 0.03ab 1.58 ± 0.04ab 1.26 ± 0.05b 1.73 ± 0.04a 

Isoleucine 3.26 ± 0.14a 2.85 ± 0.20abc 2.93 ± 0.29ab 2.82 ± 0.10abc 2.90 ± 0.06ab 2.24 ± 0.02c 2.57 ± 0.07bc 

Leucine 5.92 ± 0.33a 5.15 ± 0.31ab 5.20 ± 0.49ab 4.87 ± 0.08b 4.97 ± 0.11ab 4.24 ± 0.13b 4.27 ± 0.09b 

Lysine 1.40 ± 0.12de 1.73 ± 0.00d 2.59 ± 0.11c  2.85 ± 0.17c  4.15 ± 0.20b 1.01 ± 0.14e 5.12 ± 0.26a 

Methionine 1.34 ± 0.06b 1.13 ± 0.16bc 1.06 ± 0.10cd 0.96 ± 0.00cd 0.86 ± 0.04d 1.00 ± 0.02cd 1.58 ± 0.03a 

Phenylalanine 4.55 ± 0.38a 3.91 ± 0.18ab 3.89 ± 0.44ab 3.60 ± 0.04ab 3.64 ± 0.11ab 3.46 ± 0.25b 2.15 ± 0.01c 

Threonine 2.20 ± 0.11a 2.01 ± 0.14ab 2.13 ± 0.24a 2.08 ± 0.04a 2.35 ± 0.06a 1.57 ± 0.07b 2.32 ± 0.06a 

Valine 3.32 ± 0.17a 2.92 ± 0.16ab 2.96 ± 0.30ab 2.84 ± 0.05ab 3.00 ± 0.07ab 2.43 ± 0.08b 2.68 ± 0.06b 

Non-essential amino acids 

Alanine 2.18 ± 0.13c 2.05 ± 0.14c 2.28 ± 0.21bc 2.26 ± 0.05bc 2.64 ± 0.05ab 1.64 ± 0.08d 3.06 ± 0.06a 

Arginine 3.07 ± 0.11d 3.13 ± 0.14cd 3.71 ± 0.32bc 3.92 ± 0.05b 4.93 ± 0.11a 2.22 ± 0.10e 4.07 ± 0.11b 
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Aspartic acid 2.68 ± 0.17cd 3.46 ± 0.08c 4.81 ± 0.48b 5.50 ± 0.15b 7.32 ± 0.14a 2.11 ± 0.10d 5.05 ± 0.13b 

Cystine 2.01 ± 0.03a 1.74 ± 0.16ab 1.33 ± 0.24bcd 1.17 ± 0.01cd 0.91 ± 0.07de 1.44 ± 0.17bc 0.65 ± 0.02e 

Glutamic acid 31.50 ± 1.95a 23.96 ± 1.91b 20.99 ± 1.98bc 16.94 ± 0.56cd 11.61 ± 0.26de 21.99 ± 1.47bc 7.83 ± 0.19e 

Glycine 2.79 ± 0.29a 2.33 ± 0.12ab 2.64 ± 0.15ab 2.43 ± 0.17ab 2.59 ± 0.09ab 1.96 ± 0.34b 2.20 ± 0.11ab 

Proline 10.42 ± 0.60a 7.76 ± 0.61b 6.54 ± 0.67bc 5.00 ± 0.19c  3.20 ± 0.07d 7.38 ± 0.40b 1.97 ± 0.04d 

Serine 3.89 ± 0.20a 3.31 ± 0.23ab 3.36 ± 0.29ab 3.05 ± 0.05b 3.25 ± 0.07ab 2.79 ± 0.29bc 2.05 ± 0.07c 

Tyrosine 2.92 ± 0.17a 2.54 ± 0.18ab 2.58 ± 0.30ab 2.41 ± 0.08abc 2.48 ± 0.07abc 2.11 ± 0.12bc 1.89 ± 0.04c 

Total AA 85.17 ± 2.17 71.49 ± 2.11 70.59 ± 2.39 64.21 ± 0.68 62.37 ± 0.45  60.86 ± 1.65 51.19 ± 0.42 

Total EAA 23.71 ± 0.62 21.22 ± 0.56 22.33 ± 0.89 21.52 ± 0.23 23.45 ± 0.35 17.22 ± 0.37 22.42 ± 0.34 

1 Data are presented as the mean and standard deviation of three replicates (n=6). Overall one-way ANOVA was found to be significant (p<0.05). 

Columns with different lowercase alphabets within the same row are significantly different from each other (p<0.05, using Tukey’s post hoc test). 
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3.5 Chemical bond elucidation by selective solubilisation   

 

Figure 4 The protein solubility in each extracting solution grouped by the product type (i.e. 

unheated protein gels or meat analogues) while adjusting for WG percentage. There was a 

signification interaction (p<0.001) between the product type and extracting solution while 

controlling for WG percentage. Same alphabets indicate extracting solution that were 

significantly different from each other within each product type after bonferroni correction.  

^Represents extracting solution that were significantly different (p<0.05) in their mean protein 

solubility when comparing between unheated protein gels and meat analogue.  

 

The protein solubility of unheated protein gels and meat analogues at different WG-SPI ratios 

was carried out to determine the amount of protein solubilised by four extracting solutions. 

These solutions consist of reagents such as phosphate buffer, urea, DTT and SDS, which 

solubilises proteins by breaking down different classes of intermolecular chemical bonds (Lin 

et al., 2000). The results showed similar trends for unheated protein gels and meat analogues, 
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where the amount of protein solubilised increased with decreasing WG concentrations (see 

Supplementary data). Overall, there was significant interaction between the extracting 

solution and product type (p<0.001) while controlling for WG percentage. Further 

investigation showed that meat analogues had a lower amount of solubilised proteins for all 

extracting solutions as compared to unheated protein gels (Figure 4), while controlling for WG 

percentage, which was in accordance with Liu and Hsieh (2007). This showed that heat 

treatment caused the amount of solubilised protein to decrease, due to the formation of new 

chemical linkages such as non-disulphide covalent bonds that were not disrupted by these 

extracting solutions. Another possible explanation could be due to the formation of some 

aggregated polymers with very high molecular weight as reported by Lin et al. (2000), which 

resulted in the decrease of solubilised proteins. 

 

Phosphate buffer (P), which disrupts protein only in its native state (Liu & Hsieh, 2008), 

extracted the lowest amount of proteins in both unheated protein gel and meat analogue 

compared (but was not significantly different from PS) to the other extracting solutions while 

controlling for WG percentage. The lower protein solubility in P for meat analogues indicates 

that the proteins were denatured during heating, which was in accordance with Osen et al. 

(2015). Furthermore, increasing WG concentration led to a decrease in P extractability, which 

was also reported by Apichartsrangkoon (2002) in which the heating of gluten/soy protein gels 

resulted in a decrease in gluten extractability. This was speculated to be due to the lack of 

ordered structure in WG, as mentioned by Liu and Hsieh (2007).  

 

As urea, DTT or SDS was mixed with P, the amount of protein extracted from unheated protein 

gels and meat analogues increased, however, the protein extracted was not significantly 

different between P and PS for meat analogues (Figure 4). This indicates that the aggregated 
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protein in unheated protein gels and meat analogues had more than one type of chemical bond 

as described by Lin et al. (2000) and Liu and Hsieh (2007). The amount of protein extracted 

by PU was the highest among the two-component solvents, which suggests that a large amount 

of protein was associated with hydrogen bonds. The amount of protein extracted by PS for 

meat analogues was significantly lower (p<0.001) than unheated protein gels while controlling 

for WG percentage, while the amount of protein extracted for unheated protein gels by PS was 

not significantly higher than PD. This shows that hydrophobic interaction was slightly 

important during gel formation but less important after heating to form the meat analogues.  

 

On the other hand, the increase in DTT-solubilised proteins with decreasing WG concentrations 

could be attributed to sulfhydryl-disulphide (SH-SS) interchange reactions due to oxidation in 

unheated SPI as described by Shimada and Cheftel (1988). Similarly, the decrease in 

solubilised proteins after heat treatment from unheated protein gels to meat analogues (p=0.002) 

could have been caused by the breakdown of disulphide bonds, along with the release of 

hydrogen sulphide (Shimada & Cheftel, 1988). Through this protein solubility analysis, it can 

be concluded that the protein structures of meat analogues were largely supported by hydrogen 

bonds.  

 

4. Conclusion 

This study aimed to determine the suitability and applicability of using WG and WG-SPI in 

the mechanical elongation method for the development of meat analogues. This was achieved 

whereby four meat analogues at different WG-SPI ratios were prepared via the mechanical 

elongation method. WG demonstrated potential in structuring meat analogues using the 

mechanical elongation method. Although the physicochemical, textural and structural 

properties of the meat analogues were different as compared to commercial control samples, 
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results indicated that the mechanical elongation method yielded meat analogues with fibrillar 

structure. As much of the meat analogue process and manufacturing around the world use 

extrusion as a common processing tool, this study demonstrated the possibility of using the 

mechanical elongation method as a novel approach in developing meat analogues for the Asian 

and global market at a lower cost as compared to extrusion processing. With increasing 

interests for meat analogues in Asia and around the world, the mechanical elongation method 

may serve as a low cost but highly applicable technology in an expanding consumers’ demand 

for palatable meat alternatives.   
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Supplementary data 

Product P PU PD PS 

Meat analogues -0.83 ** -0.51 * -0.96 ** -0.96 ** 

Unheated protein gels -0.85 ** -0.87 ** -0.90 ** -0.97 ** 

This is to indicate the association between the WG percentage and the protein solubility for 

each of the extracting solution using Pearson correlation values. *p<0.05; **p<0.01.  
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