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ABSTRACT 

 

BACKGROUND: There is a growing interest in texturally and nutritionally satisfying 

vegetable alternatives for meat. Wheat gluten proteins have unique functional properties but a 

poor nutritional value in comparison to animal proteins. This study investigated the potential 

of egg white and bovine milk casein with well-balanced amino acid composition to increase 

the quality of wheat gluten-based protein-rich foods. 

RESULTS: Heating a wheat gluten (51.4 g) - water (100.0 ml) blend for 120 minutes at 100 

°C increased its firmness less than heating a wheat gluten (33.0 g) - freeze dried egg white 

(16.8 g) - water (100.0 ml) blend. In contrast, the addition of casein to the gluten-water blend 

negatively impacted firmness after heating. Firmness was correlated to loss of protein 

extractability in sodium dodecyl sulfate containing medium during heating, which was higher 

with egg white than with casein. Even more, heat-induced polymerization of the gluten-water 

blend with egg white but not with casein was larger than expected from the losses in 

extractability of gluten and egg white on their own.  

CONCLUSION: Structure formation was favored by mixing gluten with egg white but not 

with casein. These observations were linked to the intrinsic polymerization behavior of egg 

white and casein, but also to their interaction with gluten. Thus, not all nutritionally suitable 

proteins can be used for enrichment of gluten-based protein-rich foods. 
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INTRODUCTION 

Since 1950, the world population increased from 2.5 to over 7 billion people. The United 

Nations estimates a further growth to over 9 billion people by 2050. A large part of this 

increase will take place in third world countries1 where the improving standard of living will 

have profound implications on food consumption. This will include a gradual transition from 

vegetable to animal protein in the diet.2 Meat products have enjoyable organoleptic properties 

as well as a generally more favorable amino acid profile than vegetable protein sources.3; 4 

However, meat production generates between 10 and 51% of the worldwide emission of 

greenhouse gases.5; 6 This alone justifies the search for vegetable alternatives for meat.7 

Most of the dry matter of meat consists of protein and protein plays a key role in giving meat 

its desired structure and texture.3; 8 An important challenge in the production of meat analogs 

is to provide them with satisfying texture.  

The storage protein of wheat is referred to as gluten. It is not soluble in water and upon 

mixing with water forms a visco-elastic network and an even stronger three-dimensional 

network when heated.9 Wheat gluten’s functional properties and its availability as co-product 

of industrial wheat starch isolation10 make it a useful starting material for meat analogs. 

However, it should be mentioned that a minority of the population, suffering from celiac 

disease or non-celiac gluten sensitivity, must completely ban gluten proteins from their 

diet.11; 12 These wheat gluten-based meat analogs can be prepared by extrusion13 or heating. 

Seitan is a popular vegetarian protein-rich food made by heating wheat gluten.14 Despite its 

commercial importance, scientific literature about this particular product is scarce.  

Whereas meat products have a favorable amino acid profile4, this is not the case for gluten 

proteins, with Lys and, to a lesser extent, Thr as limiting amino acids.3; 15 Enrichment of 

gluten with other non-meat proteins can increase its nutritional quality. Combining cereal 

with oilseed or legume proteins7 yields a well-balanced amino acid profile and desirable 
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product textures. Blends of wheat gluten and soy have been used in extrusion processes16 as 

have blends of wheat gluten and pea proteins, i.e. arrum.17 In such mixtures, gluten proteins 

are considered to be responsible for the meat-like fibrous structure.18; 13 While egg white 

protein is extensively used in a variety of applications, its application in wheat gluten-based 

blends has to the best of our knowledge not been reported. Bovine casein, which can be 

produced industrially by acid coagulation from milk and is used in various food and non-food 

applications3, has also not been investigated in this context.  

Protein cross-linking can take place during heating and is critical for food structure 

formation.19 Different protein cross-links have been detected in food. They include disulfide 

(SS) and isopeptide bonds and cross-links originating from dehydroproteins, tyrosine, or 

Maillard reactions.20 SS bonds are the most important gluten cross-links formed during 

moderate heating. At high temperature and/or pH, the dehydroalanine-derived cross-links 

lanthionine (Lan) and lysinoalanine (Lal) are also formed.21 Besides its impact on structure, 

Lal formation decreases Lys levels and thereby the nutritional quality.  

To create wheat gluten-based protein-rich foods enriched with other proteins with satisfying 

structural and nutritional quality, a fundamental understanding of interactions between the 

different proteins is necessary. Against this background, we investigated whether seitan-like 

protein mixtures consisting of gluten on the one hand and egg white or casein from bovine 

milk on the other hand form a good basis for protein-rich foods with favorable texture and 

nutritional properties. The texture of wheat gluten-based protein blends, in some cases 

enriched with various nutritionally suitable protein fractions, was compared with that of 

chicken breast muscle as a benchmark. The heat-induced protein cross-linking was 

investigated to understand protein structure formation. Heat-induced changes in isolated 

proteins were compared to those in their mixtures.  
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MATERIALS AND METHODS 

Materials 

Chicken breast muscle meat (further referred to as chicken meat) and fresh chicken eggs were 

purchased in a local supermarket. Commercial wheat gluten was obtained from Syral (Aalst, 

Belgium). Casein from bovine milk and all chemicals, solvents and reagents were from 

Sigma-Aldrich (Bornem, Belgium) unless indicated otherwise. Lan and Lal standards for 

amino acid analysis were from TCI Europe (Zwijndrecht, Belgium) and Bachem (Weil am 

Rhein, Germany), respectively. 

 

Sample preparation 

For texture analysis, chicken meat was used as is. For other analyses it was homogenized in a 

blender (Braun, Kronberg im Taunus, Germany), freeze-dried and passed through a 250 µm 

sieve. The freeze-dried sample contained 0.923 g/g protein content on dry matter basis (db). 

Protein content (N x 5.7 for gluten and N x 6.25 for the other proteins) was determined using 

an adaptation of the AOAC22 Official Method to an automated Dumas protein analysis 

system (EAS Variomax N/CN Elt, Gouda, The Netherlands). Egg white was separated from 

egg yolk, freeze-dried and passed through a 250.0 µm sieve (0.896 g/g protein content, db). 

Casein from bovine milk (0.903 g/g protein content, db) was passed through a 250.0 µm 

sieve prior to further use. Commercial wheat gluten (0.833 g/g protein content, db) was dry 

blended in a head-over-head shaker for 24 h with freeze-dried egg white or casein. The ratio 

of gluten to egg white or casein was 1.8:1 on a dry matter protein basis. The dry protein 

blends are further referred to as gluten-ew and gluten-cas respectively.  
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Heating 

For heating prior to texture analysis, chicken meat was used as is, while wheat gluten-based 

protein blends with protein and moisture contents similar to those of chicken breast muscle 

were prepared by mixing a total protein mass of 71.5 g of wheat gluten, gluten-ew or gluten-

cas with 178.6 ml of water (ratio of protein to water of 1:2.5) in a 100.0 g pin mixer (National 

Manufacturing, Lincoln, NE, USA) for 13 min. Chicken meat and wheat gluten-based protein 

blends were then boiled at 100 °C for 120 min and samples were withdrawn after 0, 5, 10, 20, 

35, 45, 55 and 120 min.  

For size exclusion high performance liquid chromatography (SE-HPLC) and amino acid 

analysis, wheat gluten, egg white, casein and dry protein blends (gluten-ew, gluten-cas) were 

heated for 120 min in a water bath at 100 °C. The ratio of protein to water during heating was 

1:30.  

 

Texture analysis 

Firmness of full chicken breast muscle and wheat gluten-based protein blends was evaluated 

with a standardized pressure test based on Cavitt et al.23, Christensen et al.24 and Lyon et al.25 

From each sample, 6 strips of 5.0 x 1.0 x 1.0 cm were cut. The force (N) needed to compress 

a sample to 40% of its initial thickness was measured with an Instron (Norwood, MA, USA) 

3343 using a rectangular blade (70.0 mm width and 3.0 mm thickness) moving down at a 

speed of 5.0 mm/s and is further referred to as firmness. The firmness was regarded as zero 

for samples from which no strip could be cut out.  

 

Size exclusion high performance liquid chromatography 
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(Un)heated samples were extracted (1.0 mg per mL of solvent) with 0.05 M sodium 

phosphate buffer (pH 6.8) containing 20 g/L sodium dodecyl sulfate (SDS). To evaluate 

extractability under reducing conditions, extraction was carried out under N2 atmosphere in 

the same SDS buffer, now also containing 10 g/L dithiothreitol (DTT). Protein extracts were 

analyzed by SE-HPLC as described by Lagrain et al.26 using a Shimadzu (Kyoto, Japan) LC-

2010HT system with protein elution monitoring at 214 nm.   

After centrifugation (10 min, 10000 g) and filtration (Millex-GP, 0.45 μm, polyethersulfone; 

Millipore, Carrightwohill, Ireland) samples (60.0 µl) were loaded on a Biosep-SEC-S4000 

column (separation range from 15 to 500 kDa, Phenomenex, Torrance, CA, USA). The 

elution solvent was acetonitrile – MilliQ water (1:1, v/v) containing 0.5 g/L trifluoroacetic 

acid. The flow rate was 1.0 mL/min and the temperature 30 °C. The amount of proteins 

extractable in SDS containing buffer, further referred to as SDSEP, was calculated from the 

area under the SE-HPLC chromatogram and expressed as a percentage of the total amount of 

protein, i.e. the amount of extractable proteins from the corresponding unheated sample under 

reducing conditions.  

 

Amino acid analysis 

Amino acids and the amino acid cross-links Lal and Lan were liberated by acid hydrolysis 

and separated by high-performance anion-exchange chromatography with integrated pulsed 

amperometric detection (HPAEC-IPAD) as described by Rombouts et al. 27. Samples (10.0 

mg of protein, db) were hydrolyzed in 1.0 mL of 6.0 M HCl containing 1.0 g/L phenol and 

3.0 mM norleucine (as internal standard) while heating at 110 °C for 24 h. Reaction mixtures 

were subsequently diluted (200-fold) in deionized water and filtered (Millex-GP, 0.22 μm, 

polyethersulfone; Millipore). Amino acids were separated (injection volume = 25 μL, flow 

rate = 0.25 mL/min, 30 °C) on an AminoPac PA10 column (250 × 2 mm; Dionex Benelux, 
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Amsterdam, The Netherlands) using a Dionex (Sunnyvale, CA, USA) system BioLC 

equipped with Chromeleon version 6.70 software (Dionex). Gradient conditions and 

detection waveform were as in Rombouts et al.27 Amino acid levels were expressed in μmol/g 

protein. To calibrate the method, response factors were determined using standard solutions 

that contained all amino acids and the internal standard. Correction factors were used to 

account for incomplete cleavage of peptide bonds involving Val and Ile during acid 

hydrolysis. Trp is degraded during hydrolysis and could not be quantified.  

 

Statistical analysis 

Heating of all samples was carried out in duplicate. SE-HPLC analyses and amino acid 

analyses were conducted at least in duplicate and triplicate, respectively. All data was 

analyzed using statistical software JMP Pro 11, with a Tukey multiple comparison test and 

the significant difference set at p < 0.05.  

 

RESULTS AND DISCUSSION 

Texture analysis of chicken breast meat and gluten-based protein blends 

First, the firmness readings of wheat gluten-based protein blends were compared to those of 

chicken breast. The force needed to reduce the samples to 40% of their initial thickness was 

determined before and after heating for different times at 100 °C. Before heating, the gluten 

blend had no measurable firmness (Figure 1). In contrast, the anisotropic structure in which 

chicken proteins are ordered in muscle fibers28 provided them with firmness. Manski et al.29 

emphasized the importance of anisotropy for the texture of food structures. Heating increased 

firmness significantly (P < 0.05) for both chicken breast and a gluten blend. In the gluten 

blend, heat-induced strengthening of the protein structure was crucial to obtain a product with 

satisfying firmness. Figure 2 compares the firmness of chicken breast muscle and gluten-
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based blends with different compositions before and after heating for 120 min at 100 °C. 

Whereas no visible differences between the heated protein blends could be noted, the addition 

of egg white to gluten increased firmness after heating significantly (P < 0.05), while that of 

casein resulted in a less firm gluten blend (P < 0.05).  

These results thus show that different proteins have a different impact on texture formation 

during heating, which was further investigated in the following sections. 

 

Impact of heating on individual protein fractions  

The polymerization potential of different individual protein fractions was evaluated based on 

heat-induced changes in protein molecular weight and extractability in SDS containing 

medium.  

SDSEP readings of gluten before and after heating were 82% and 36%, respectively (Figure 

3A). A part of the unheated gluten was not extractable. Heating formed even more non-

extractable protein compounds 30. Reduction of SS bonds by DTT almost fully restored the 

SDSEP content of heated gluten (Figure 3A, right), indicating that most non-extractable 

compounds formed during heating resulted from further SS cross-linking. 

Unheated egg white protein had an SDSEP content of 98% under non-reducing conditions 

(Figure 3B, left). Heating egg white lowered its SDSEP content to nearly zero (Figure 2B, 

left), and the addition of reducing agent to the extraction medium did not restore it (Figure 

2B, right). The SDSEP results demonstrate that the extent of network formation and the 

contribution of non-SS cross-links hereto is larger in egg white than in gluten.  

Unheated casein was also fully extractable (Figures 2C; left). Heating casein decreased the 

SDSEP content neither under non-reducing (Figure 2C, left), nor under reducing conditions 

(Figure 2C, right). Nevertheless, shifts in the profiles of casein extracted under non-reducing 
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and reducing conditions (Figure 2C, left and right) suggested the formation of extractable 

oligomers. 

 

Thus, all studied proteins but gluten were almost completely extractable in their native state. 

Heating for 120 min at 100 °C caused protein cross-linking as observed by extractability loss 

for gluten and egg white, and by an increased level of protein compounds with high 

molecular weight for casein. The decrease in SDSEP under non-reducing conditions was 

largest for egg white and nonexistent for casein, implying a larger intrinsic cross-linking 

potential for egg white proteins. Reducible SS cross-links were very important for network 

formation, but indications for non-SS cross-links were also found, especially for egg white. 

Amino acid analysis of different protein fractions before and after heating showed that a 

significant level of Lan (9.3 mg/g protein and Lal (1.4 mg/g protein) was formed in egg white 

proteins, but not in gluten or casein. 

 

Impact of heating on gluten-based protein blends 

In the gluten-based blends, different protein-types co-exist. Texture differences can be related 

to cross-linking capacities of the isolated protein fractions, but in some cases also to 

interactions between the different protein fractions. To investigate the latter, heat-induced 

protein cross-linking of isolated protein fractions was compared with that of mixtures by 

comparing SDSEP values before and after heating (Table 1). When no interactions between 

proteins from different sources occur, the SDSEP of a protein mixture would be expected to 

equal the weighted average of the SDSEP values of the isolated compounds. This calculated 

value for SDSEP is further referred to as SDSEPcalc (Table 1). 

In gluten-ew, experimental SDSEP under non reducing conditions before heating was lower 

than the anticipated SDSEPcalc (Table 1). This indicated that gluten and egg proteins 
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influenced each other’s extractability during mixing. Either gluten decreased the 

extractability of egg white, egg white decreased the extractability of gluten, or both. Heating 

then further decreased the SDSEP content. The SDSEP content under non reducing 

conditions of the heated gluten-ew sample was almost zero and much lower than SDSEPcalc 

(Table 1). This  shows that gluten and egg white protein also impact each other’s heat-

induced polymerization (Table 1). Egg white proteins were rendered almost completely 

unextractable upon heating in absence of other proteins (Figure 2C) and appeared to trigger 

polymerization of gluten proteins in the gluten-ew blend. These findings were confirmed for 

gluten-ew blends with ratios of gluten to egg white protein ranging from 0.9:1 to 4.5:1 (data 

not shown). In a similar study, Rombouts et al. 31 noted that wheat gluten and bovine serum 

albumin (BSA) impact each other’s heat-induced extractability loss, but in an opposite way. 

The heat-induced extractability loss of a gluten-BSA blend was lower than expected based on 

that of the isolated compounds.31 For gluten-cas, the heat-induced extractability loss was not 

significantly different (P > 0.05) from the calculated one. Thus, while the heating step 

induced oligomerization of isolated casein and polymerization of isolated gluten, no 

indications were found that gluten and casein impact each other’s polymerization. All of the 

above demonstrate that the impact of different protein types on each other’s cross-linking 

behavior is complex. The protein blends used here consist of proteins that are 

thermodynamically incompatible 32 before heating, but the impact of heat thereupon may play 

a role as well. That a reducing agent partially restored extractability in SDS containing 

medium for both gluten-based mixtures indicates the importance of heat induced SS bond 

formation. Low levels of Lan (1 mg/g protein) were detected in gluten-ew after heating. This 

was not the case in gluten-cas. 

Thus, heat induced texture properties of protein mixtures can be related to SDSEP losses, but 

it is important to consider the compatibility of proteins from different solubility classes. 
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Network formation during heating led to a firm wheat gluten structure. Addition of egg white 

protein or casein to wheat gluten respectively increased or decreased heat-induced structure 

formation. The formation of intermolecular cross-links in and probably between gluten and 

egg white proteins substantially the increased average molecular sizes of protein components 

in the system. In contrast, gluten and casein did not impact each other’s polymerization. It is 

therefore hypothesized that the structure is weakened when some of the proteins in a mixture 

do not take part in the polymerization reactions. 

 

Nutritional value of different protein sources 

Chicken breast muscle proteins have a better nutritional profile than gluten proteins but their 

respective nutritional values have, to the best of our knowledge, never been compared using 

the same methodology. Essential amino acids cannot be synthesized de novo and therefore 

must be supplied by the diet.3; 33 The amino acid scoring pattern (AASP) of a protein 

(mixture) describes the degree of match between the levels of essential amino acids and their 

metabolic demands34. It is evaluated by dividing the level of each essential amino acid by its 

amino acid scoring pattern requirement (AASPR), taking into account its biological value as 

described by Millward34. Table 2 compares the levels of all essential amino acids (except 

Trp) in wheat gluten, egg white and casein to the levels of their respective metabolic demands 

and to those of chicken breast muscle. The sulfur-containing amino acids (SAA) Met and Cys 

can be converted into each other. Likewise, the aromatic amino acids (AAA) Phe and Tyr are 

considered a single pool of nutritionally equivalent amino acids. For these two groups, amino 

acid requirements were evaluated as a whole.  

The scores of all essential amino acids in chicken breast muscle exceeds 100% (Table 2B) 

indicating a favorable profile for human nutrition as mentioned earlier.4 In addition, our 

results largely confirm previously reported levels of essential amino acids in chicken breast 
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muscle. Only Phe and Val were significantly lower (Tukey multiple comparison, α = 0.05) 

than the averages of several values from literature.35 The levels of His, Ile, Lys, Met and Thr 

were lower in gluten than in chicken breast muscle. The results confirmed that Lys is the first 

limiting amino acid of wheat15, with an AASP of 52%. All AASP values of egg white 

proteins and casein exceeded 100%. For the above mentioned protein blends, theoretical 

calculations were made based on the AASP values of the individual protein fractions. All 

theoretical AASP values exceeded 100% for gluten-ew and gluten-cas (data not shown), 

except for Lys in gluten-ew. The calculated AASP for Lys in gluten-ew was 87%, which is 

still significantly higher than that of wheat gluten proteins. 

Heat treatment can induce various reactions which decrease the levels of certain amino acids 

directly. In this regard, it is of note that our SDSEP results suggest the formation of non-SS 

cross-links in all samples, and especially in egg white. In gluten, the most known non-SS 

cross-links are the dehydroalanine-derived cross-links Lan and Lal. The formation of Lal 

decreases the level of available Lys and hence is important from a nutritional point of view. 

Furthermore, it has been suggested that lysinoalanine may be toxic.36 No Lal or Lan were 

detected in heated wheat gluten and casein. Relatively high levels of Lan and Lal were 

detected in egg white protein. In addition, heating decreased Lys levels in egg white protein 

from an AASP of 149 to 128%. In casein, heating did not decrease Lys levels significantly (P 

> 0.05). However, despite the presence of these non-SS cross-links in heated egg white 

proteins, only very low levels of Lan (1 mg/g protein) and no Lal were detected in gluten-ew. 

Also, Lys levels of gluten-ew before and after heating were not significantly different (P > 

0.05). Remarkably, heating negatively impacted the nutritional quality of egg white proteins, 

but less so of the gluten-ew protein blend.  

 

CONCLUSIONS 
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In conclusion, heating increased firmness of a wheat gluten blend as a model for wheat guten-

based protein-rich products. Casein only polymerized to a low extent during heating in 

absence of other proteins and caused a decrease in firmness in a heated gluten-cas blend. In 

contrast, egg white protein polymerized quite extensively when heated in absence of other 

proteins and also seemed to interact with the gluten proteins when heated in a gluten-ew 

mixture. Firmness of such a heated gluten-ew blend was higher than that of a heated gluten 

blend without egg white proteins. Thus, not all food proteins can be used in combination with 

gluten proteins to obtain products of appropriate texture. It is important to take the intrinsic 

polymerization potential of the individual protein components as well as the interactions 

between different proteins during food processing into account. Besides the significant 

differences in texture between different heated protein blends, it should be noted that 

firmness of all heated blends was still lower than that of a heated chicken breast muscle. 

Nutritional quality of gluten-based protein-rich products was improved by adding egg white 

or casein. However, heating slightly decreased the level of Lys in an egg white enriched 

gluten-based protein-rich product. 
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Table 1. Theoretical and actual SDSEP values under non-reducing (NRED) and reducing 

(RED) conditions of gluten-based protein mixtures before and after heating (120 min at 100 

°C). 

 
 Heating time 

(min) 
SDSEPcalc SDSEP 

NRED RED NRED RED 

Gluten-ew 
0 88 100 69 100 

120 24 62 2 40 

Gluten-cas 
0 89 100 90 100 

120 59 97 59 98 
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Table 2. A. Levels of His, Ile, Leu, Lys, Met, Phe, Thr and Val (mg/g protein) of total 

chicken breast muscle, wheat gluten, egg white and casein. B. Amino acid requirements and 

amino acid scoring pattern for His, Ile, Leu, Lys, SAA, AAA, Thr and Val (%) of total 

chicken breast muscle, wheat gluten, egg white and casein. 

*AA: Amino acid. AASP(R): Amino acid scoring pattern (requirement). SAA: Sulfur containing amino acids; 

the joint contents of Met and Cys were taken into account. AAA: Aromatic amino acids; the joint contents of 

Phe and Tyr were taken into account. 

A  B   

AA 

Amino acid levels (mg/g protein) 

AA 

AASP
R 

(mg/g 
protei

n) 

AASP (%) 

Chicken 
breast 
muscle 

Wheat 
gluten 

Egg 
white Casein 

Chicken 
breast 
muscle 

Wheat 
gluten 

Egg 
white Casein 

His 29 ± 1 22 ± 1 26 ± 1 47 ± 2 His 12 246 187 219 390 

Ile 50 ± 0 39 ± 1 58 ± 2 64 ± 4 Ile 24 207 164 241 267 

Leu 74 ± 0 72 ± 1 85 ± 1 110 ± 6 Leu 47 157 152 181 233 

Lys 68 ± 6 19 ± 0 54 ± 2 95 ± 12 Lys 36 190 52 149 264 

Met 23 ± 3 15 ± 1 38 ± 1 34 ± 2  SAA 17 155 177 325 413 

Phe 16 ± 0 69 ± 1 77 ± 2 61 ± 4 AAA 30 158 341 379 220 

Thr 47 ± 2 27 ± 0 45 ± 1 50 ± 3 Thr 18 260 148 251 279 

Val 34 ± 1 40 ± 1 64 ± 1 79 ± 5 Val 31 111 130 206 256 
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