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ABSTRACT 

 

This research thesis aimed to process beef bone extract into a flavoursome protein 

ingredient to be added to extruded meat analogues to form meat alternatives and study their impact 

on the structural, textural, and sensory properties of meat alternatives. The thesis consists of three 

main parts. In the first part, two methods namely enzymatic hydrolysis and Maillard reaction (MR) 

treatments were evaluated for their suitability of modifying the flavour character of beef bone 

extract to become flavoursome protein ingredients. The second part studied the effects of soy 

protein concentrate (SPC) to wheat gluten (WG) ratio as a way of improving the structural and 

textural properties of current extruded meat analogues. The third part studied the effects of 

flavoursome protein ingredient (i.e. Maillard-reacted beef bone hydrolysate) with plant proteins 

on extruded meat alternatives. It also investigated the effects of moisture contents on extruded 

meat alternatives and their application in sausages.  

 

To begin, an experimental study on the effects of enzymatic hydrolysis treatments (i.e. 

single, simultaneous and sequential) on the physicochemical properties of beef bone extract using 

Protamex®, bromelain, and Flavourzyme® was conducted. Next, the changes in the 

physicochemical properties and volatile compounds of beef bone hydrolysates during heat 

treatment as a result of the MR were investigated. Beef bone hydrolysates were combined with 

ribose in aqueous solutions and heated at 113°C to produce Maillard reaction products (MRPs). 

Results showed that Flavourzyme® was the most effective in increasing the proportion of low Mw 

peptides, reducing viscosity and enhancing the flavour intensity of beef bone extract. Concurrently, 

the effects of SPC to WG ratio at a constant mass of SPC and WG on the physicochemical 

properties of extruded meat analogues were studied. Meat analogues containing 30%WG showed 

the highest degree of texturisation, fibrous structure, hardness and chewiness using instrumental 

and sensory analysis. 

 

For the third part of this research thesis, the effects of flavoursome protein ingredient (i.e. 

Flavourzyme®-MRP) at different concentrations (0, 10, 20, 30 and 40% wet weight) with plant 

proteins on extruded meat alternatives were investigated. Meat alternatives containing 20%MRP 

obtained the highest sensory scores for appearance, meaty aroma, meaty taste, and overall 
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acceptability. Results showed that the addition of MRP with soy protein concentrate and wheat 

gluten to produce meat alternatives changed the textural, structural, and sensory properties 

significantly. The effects of moisture content (MC) on the physicochemical properties of extruded 

meat alternatives made from Flavourzyme®-MRP and plant proteins were studied. Samples were 

extruded at different dry feed rate of 1.8, 2.2, 2.6 and 3.0 kg/h to obtain MC of 60%MC, 56%MC, 

52%MC and 49%MC, respectively. Meat alternatives at 49%MC were the closest in terms of both 

textural and microstructural properties to reference sample, boiled chicken breast. Results showed 

that the change in MC as a process parameter played an important role in the formation of fibrous 

structure in extruded meat alternatives. Lastly, the physicochemical properties of sausages made 

from extruded meat alternatives at different MC were conducted. Five sausages made from meat 

alternatives (S49%MC, S52%MC, S56%MC and S60%MC) and chicken breast (SCB) as a 

reference sample were prepared. Results showed that S49%MC had the highest sensory scores 

among all sausages made from meat alternatives. However, SCB obtained the highest sensory 

scores for all attributes except for appearance among all sausages at a 95% confidence level.  

 

Overall, the present work demonstrated that a flavoursome protein ingredient (i.e. 

Flavourzyme®-MRP) from low-value meat by-product (i.e. beef bone extract) can be successfully 

incorporated into extruded meat analogues to form meat alternatives with high aroma and taste 

quality while maintaining fibrous structure. However, further work needs to be done to improve 

the textural and sensory properties of sausages made from extruded meat alternatives.   
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on the structural, textural and sensory properties of meat alternatives were investigated. Therefore, 

in this thesis, the development of flavoursome protein ingredients prepared using firstly enzymatic 

hydrolysis followed by MR was evaluated by incorporating the flavoursome protein ingredient to 

meat analogues through extrusion processing. A flow diagram of project overviews with research 

questions, aim and objectives are shown in Figure 1-1. 

 

The objectives of the thesis were: 

1. To investigate the effects of enzymatic hydrolysis treatments (i.e. single, simultaneous and 

sequential) on the physicochemical properties of beef bone extract using Protamex®, bromelain 

and Flavourzyme®. 

2. To compare the effects of single and simultaneous enzymatic hydrolysis treatments using 

Protamex®, bromelain and Flavourzyme® on the physiochemical properties and flavour 

compounds of beef bone hydrolysates with ribose after MR. 

3. To study the effects of soy protein concentrate (SPC) to wheat gluten (WG) ratio (89:0, 79:10. 

69:20 and 59:30% w/w dry ingredient) on the physicochemical properties of extruded meat 

analogues.  

4. To study the effects of Maillard-reacted beef bone hydrolysate at different concentrations (0, 

10, 20, 30 and 40% wet weight basis) with plant proteins (a combination of SPC and WG) on 

the physicochemical properties of extruded meat alternatives. 

5. To investigate the effects of moisture content (MC) on the physicochemical properties of 

extruded meat alternatives by varying the dry feed rate at a constant liquid feed rate. 

6. To characterise the physicochemical properties of sausages made from extruded meat 

alternatives at different MC. 



 

 
 

3 

 
Figure 1-1 A diagram of thesis overviews with research questions, aim and objectives, and the chapters where they are addressed. 
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Figure 1-2 A flow diagram of showing an overview of the thesis with the links between each 
experimental chapter. 
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Table 2-1 Proteases classified as Generally Recognised as Safe (GRAS), its temperature effects 
on enzyme activity, pH range of enzyme activity, and its strength in the hydrolysis of myofibrillar 
proteins and collagen (Calkins & Sullivan, 2007) 
Protease Papain Bromelain Bacillus protease Aspartic protease 
Type Vegetable Vegetable Bacterial Fungal 
Source Papaya Pineapple Bacillus Aspergillus  
Protease class Cysteine Cysteine Serine Aspartic 
Active temperature 50-80°C 50-80°C 50-65°C 40-60°C 
Active pH 4.0-9.0 4.0-7.0 5.0-9.0 2.5-7.0 
Hydrolysis of 
myofibrillar proteins  Excellent Moderate Poor Moderate 

Hydrolysis of collagen Moderate Excellent Excellent Poor 
 

The characteristics of proteases from plant, bacterial and fungal sources are summarised in 

Table 2-1. Proteases are enzymes that catalyse the hydrolysis of proteins into smaller peptides and 

FAA. Proteases are classified as endo- or exo-proteases. Endo-proteases cleave the peptide bonds 

within protein molecules whilst exo-proteases hydrolyse peptide bonds from either the N or the C-

terminal, respectively (Figure 2-2) (López-Otín & Bond, 2008; Benjakul et al., 2014). Proteases 

are also categorised into six different classes, namely, aspartic, glutamic, metallo, cysteine, serine, 

and threonine proteases, based on the mechanism of catalysis. For instance, cysteine, serine, and 

threonine proteases utilise an amino acid residue (Cys, Ser, or Thr, respectively) located in the 

active site from which the class name derives, as a nucleophile to attack the peptide bond of the 

substrate.  
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Figure 2-2 Enzymatic hydrolysis of proteins by endo- and exo-proteases (Benjakul et al., 2014). 
 

Enzymatic hydrolysis is usually conducted in a reaction system with controlled temperature, 

pH, agitation and time (Villamil et al., 2017). The temperature and pH of the system are adjusted 

to optimise the working conditions of the enzyme. Upon adding the enzyme, the spontaneous 

reaction between the enzyme and substrate causes the pH of the mixture to change. This is due to 

the cleavage of peptide bonds, forming new amino or carbonyl groups. In some studies, the optimal 

pH of enzyme activity is maintained by the constant addition of neutralising solution during the 

hydrolysis process (Kurozawa, Park, & Hubinger, 2008; Nchienzia, Morawicki, & Gadang, 2010; 

Pagán, Ibarz, Falguera, & Benítez, 2013; Liu et al., 2015). At the end of the hydrolysis, the mixture 

is deactivated by changes in temperature, pH or both variables concurrently.  
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dependent variables. It was reported that all three factors were significant with respect to the DH, 

where optimised conditions at 52.5°C, pH 8 and 4.2% w/w (E/S), with a hydrolysis duration of 

four hours, obtained a DH of 31% using the pH-stat method. 

 

2.1.3 Maillard reaction  

The MR, also known as Maillard browning or non-enzymatic browning, plays an important 

role in the development of volatile flavour compounds and the appearance of cooked food (Van 

Ba et al., 2012). The MR was discovered by French chemist Louis Maillard (1912) when he 

investigated the browning reaction between lysine and glucose. The MR takes place with the 

participation of primary precursors such as free amino compounds (e.g. amines, amino acids, 

peptides or proteins) and reducing sugars (e.g. ribose, xylose, glucose or fructose) at a specific 

heating condition to produce Maillard reaction products (MRPs) (Reineccius, 2005; Van Boekel, 

2006; Van Ba et al., 2012). These precursors react during heating in primary reactions to form 

intermediate products. The intermediate products further react with other degradation products to 

form a complex combination of volatiles responsible for flavour, aroma, and dark-coloured 

pigment. The MR is usually divided into three main phases.  
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Strecker degradation products then start a series of reactions that lead to the formation of meat 

flavour compounds. Most of the research on the formation of Maillard-based flavour compounds 

are based on mixtures of FAA and reducing sugars and with little research on protein-sugar or 

peptide-sugar mixtures (Van Boekel, 2006). Meat hydrolysates or meat extracts have been used as 

condiments to impart the same flavour as meat stock (Varavinit, Shobsngob, Bhidyachakorawat, 

& Suphantharika, 2000). The authors also highlighted that meat extracts impart inferior flavour 

and odour characteristics when compared with meat hydrolysates. 

 

2.1.5 Factors influencing the M aillard reaction  

Flavour development via MR largely depends on the reactants (e.g. nature of amino acids 

and reducing sugars), and the reaction conditions (e.g. pH, temperature and time) (Jousse, Jongen, 

Agterof, Russell, & Braat, 2002). The reactants, environment and heating conditions must be 

chosen wisely in order to produce the desired flavour, as the pathways leading to flavour are very 

specific (Reineccius, 2005). However, the choice of sugar type is of minimal importance in 

determining flavour character while the choice of the amino acid is very important when making 

a processed flavour. The type of amino acids determine the kind of flavour compounds formed, 

for instance, sulphur-containing compounds are usually generated from MR between cysteine and 

ribose (Elmore, Campo, Enser, & Mottram, 2002; Cerny & Davidek, 2003). The reaction 

conditions influence the kinetics of flavour development by MR (Van Boekel, 2006). The 

following factors have been found to affect the reactivity rate of MR. 

 

2.1.5.1 Reactants 

Both amino acids and reducing sugars influence the rate of the MR. In general, the reducing 

sugar has less influence on the sensory quality of the final flavour than the amino acids (de Roos, 

1992; Kerler et al., 2010). Hence, the use of reducing sugars appears to be an attractive approach 

to enhance the rate of meat flavour development without compromising too much on flavour 

quality. 

 

(a) Amino acids 

Amino acid selection generally plays a much greater role in flavour character than the 

reducing sugar which may only have some influence (Reineccius, 2005). The possible range of 
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flavours that can be realised by changing the amino acid heated with glucose under acidic condition 

is listed in Table 2-3. Amino acids have two different roles during the MR. The first role is to 

promote the first step in the reaction (e.g. sugar-amino condensation), while the second role is to 

generate specific aromas via Strecker degradation (Parker, 2015). Cysteine, an important precursor 

of meat flavour, is often being used in precursor systems for the industrial production of meat 

process flavouring (de Roos, Wolswinkel, & Sipma, 2005). Meat flavour development in these 

systems is usually based on the MR of cysteine as the favoured amino acid by heating with 

reducing sugars such as ribose at 100°C to produce compounds with meaty and roast beef flavour 

description (Lane & Nursten, 1983; de Roos et al., 2005).  

 

Table 2-3 Possible flavours generated from heating different amino acids with glucose under 
acidic conditions (Wong, Abdul Aziz, & Mohamed, 2008; Newton, Fairbanks, Golding, Andrewes, 
& Gerrard, 2012) 
Amino acid Odour generated on heating with glucose 
Indispensable amino acid 
Arginine Bitter, sour, fruity 
Histidine Sour 
Isoleucine Burnt, caramel 
Leucine Burnt, caramel 
Lysine Pleasant/ sweet, caramel, cardboard, herbal tea 
Methionine Potatoes, prawn crackers 
Cysteine Sulphur, meaty 
Phenylalanine Flowery, almond, bitter 
Tyrosine Fruity, flowery, tea-like 
Threonine Sweet, fruity, astringent 
Valine Caramel, biscuit, malty, chocolate, bitter 
Non-indispensable amino acid 
Alanine Fruity, flowery, sweet 
Aspartic acid  Fruity, sweet 
Glutamic acid Sour 
Glycine Caramel, sweet, flowery 
Proline Fruity, bitter 
Serine Fruity, sweet 

 

In a study on meat flavour generation in Maillard complex model systems using xylose, 

glucose, cysteine, glycine and glutamic acid, Martins, Leussink, Rosing, Desclaux, and Boucon 

(2010) reported that the formation of sulphur-containing meat flavour compound such as 2-methyl-

3-furanthiol (MFT) was highly dependent on cysteine content of the protein. The authors explained 





 

 
 

18 

2.1.5.2 pH 

The pH is also known to influence the reaction rate of specific Maillard pathways by 

changing the balance of volatiles formed. Most of the steps within the MR are sensitive to pH, and 

small changes in pH can alter the aroma profile of the final product (Parker, 2015). In general, 

carboxylic acids formed during the MR, which lead to a decrease in pH in the final product 

(Newton et al., 2012). Maillard browning is mostly favoured by high pH (e.g. maximum at pH 10) 

based on browning intensity and gas chromatography-mass spectrometry (GC-MS) analysis, 

where the pH affects flavour by influencing the yields of the various flavour compounds in 

different ways (Ashoor & Zent, 1984; de Roos, 1992). However, amino acids such as lysine, 

alanine and arginine reacted with glucose or fructose were only studied. Meat flavours are 

preferably prepared at low pH of 4.0-5.5, whereas roast and caramel flavours are obtained under 

neutral or slightly basic conditions (Ames, 1990; Kerler et al., 2010), where a large number of 

sulphur-containing compounds like MFT and 2-furfurylthiol form at lower pH condition (i.e. pH 

3-4) (Madruga & Mottram, 1995; Van Ba et al., 2012). 

 

In a study on the generation of meat-like flavourings from a mixture solution of protein 

hydrolysates of Brassica sp. with cysteine and xylose in reaction vessels between 100 and 180°C, 

Guo et al. (2010) reported that MRPs were strongly affected by pH (between pH 4 and 8). The 

authors stated that the number of volatile compounds obtained at pH 4 was greater than at pH 6 

and pH 8, at high temperatures (i.e. 160 and 180°C). Based on the effects of pH and reaction 

temperature, the authors reported that flavour generated at 160°C and pH 4 had more roasted meat 

aroma characteristics and these were strongly preferred, while flavour generated at 180°C and pH 

8 produced burnt odour which was the least preferred. The results correlated well with literature 

that meat flavours are preferably prepared at low pH. In another study on the formation of volatile 

compounds in meat-related model systems by Meynier and Mottram (1995), the effects of pH (i.e. 

4.5, 5.0, 5.5, 6.0 and 6.5) on the cysteine-ribose model system was studied. It was reported that the 

MRPs were strongly affected by pH. The authors described the cysteine-ribose model system as 

strongly sulphurous and unpleasant at pH 4.5 but became more roasted meat-like and less 

sulphurous at higher pH values. Pyrazines such as methylpyrazine and dimethylpyrazine in the 

cysteine-ribose model system were only detected at pH 6.0 and 6.5. This indicates that the control 

of pH is crucial for MR in foods and model systems. 
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2.1.5.3 Temperature and time  

Both the reaction temperature and time are known to have a significant impact on the 

formation of flavour through the MR systems (de Roos, 1992; Izydorczyk, 2005). Achieving a 

temperature (above 100°C) considerably impacts the initiation of the MR. Reineccius (2005) 

observed that stewed meat lacked the flavour characteristics of a roasted product as measured by 

sensory analysis. This is because the stewed product has a water activity of approximately 1.0 and 

never exceeds a temperature of 100°C. In contrast, roasting at 175°C on the same product causes 

drying of the surface, resulting in a surface water activity less than 1.0. Therefore, the surface 

temperature rises above 100°C. This indicates that lower water activity and higher surface 

temperatures favour the production of flavour compounds giving the product roasted notes from 

the same basic reactants. As for processing time, increasing the reaction time enables a greater 

extent of reaction and is one of the methods to get more of the flavour product in many situations. 

By increasing the reaction time of a MR does not necessarily increase the flavour intensity of the 

product but it changes the final balance of flavour compounds and thereby changes the flavour 

character indicating there may be an optimum time for the desired flavour (Reineccius, 2005).  

 

In a study on the effect of thermal treatment on the flavour generation from the MR of 

xylose and chicken peptides dissolved in deionised water, Liu et al. (2015) used reaction 

temperatures of 80, 100, 120 and 140°C for 30, 60, 90 and 120 min in a high-pressure stainless 

steel reactor. Based on the sensory evaluation results, it was reported that the flavour of the 

Maillard reacted products were strongly affected by reaction temperature and time. The intensity 

of basic meaty and roast aroma was slowly increased with heating times at 80 and 100°C treatments. 

While, at 120°C, the aroma attributes increased rapidly along with the increase of heating time. 

The results demonstrated that the higher temperature (i.e. >100°C) could increase the formation 

and concentration of meat flavour volatile compounds. In a different study on the changes of 

flavour compounds of hydrolysed chicken bone extracts during MR in a high-pressure stainless 

steel reactor at 105°C, Sun et al. (2014) analysed the volatile compounds at the different heating 

time of 0, 30, 60 and 90 min. It was reported that pyrazines (i.e. 3-ethyl-2,5-dimethylpyrazine, 2,3-

dimethyl-5-methylpyrazine and 3,5-dimethyl-2-methylpyrazine) detected in the MRPs increased 

in concentration from 0 to 90 min of MR. The authors also commented that the volatile compounds 
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1950s, is an emerging and promising technology for the agri-food processing industries as it is 

possible to manufacture and market a large number of new and novel products of varying size, 

shape, texture, and taste as shown in Figure 2-7 (Riaz, 2013; Alam et al., 2016). Extrusion 

processing is preferred over other conventional thermal processing (e.g. in-container sterilisation 

such as canning) as the operation is automated, continuous, versatile, energy-efficient, has a low 

operating cost, and has high capacity and productivity. In addition, extrusion processing can 

produce a broad range of high-quality finished products with minimum processing time using 

inexpensive ingredients.  

 

  
Figure 2-7 An example of products for human consumption produced using extrusion processing 
(Best, 1994; Fellows, 2009; Moscicki & van Zuilichem, 2011; Alam et al., 2016). 
 

2.3.2 Principles of extrusion cooking  

An extruder can be divided into five different components, which include (1) feeding 

system, (2) pre-conditioning system, (3) screws, (4) barrel, (5) die and cutting mechanism as 

shown in Figure 2-8 (Steel, Schmiele, Leoro, Ferreira, & Chang, 2012; Riaz, 2013). At the 

beginning of an extrusion process, dry ingredients (~15-30%MC) are transported from the feeding 

system to pre-conditioning system. The role of the feeding system is to provide consistent and 

uniform feeding, by mixing the ingredients using a screw feeder. The ingredients are then pre-

conditioned with water for hydration.  
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Figure 2-8 Schematic illustration of a twin-screw extruder for the production of high moisture 
meat analogues (Liu & Hsieh, 2008; Steel et al., 2012). 
 

The material is then transported from the feeding zone to the kneading zone. In the 

kneading zone, the screw depth and pitch are reduced, increasing shear rate, temperature (110-

180°C) and pressure (2026.5-3039.75 kPa). Under these conditions, solid material starts to convert 

into molten or dough-like material. The screw depth and pitch is even more reduced at the 

subsequent high-pressure zone, resulting in high shear and maximum heat generation causing the 

material to reach its maximum temperature and pressure. A reduction in apparent viscosity 

immediately before exiting the extruder. The material is expelled through the die under high 

pressure and expands to its final format when in contact with ambient pressure.  
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Figure 2-9 Schematic illustration of the mechanism of protein texturisation (Joshi & Kumar, 2015). 
 

For high-moisture meat analogues, a long cooling die is attached at the extruder outlet to 

prevent the expansion of the meat analogue and to allow texturisation to take place (Cheftel, 

Kitagawa, & Queguiner, 1992; Lin, Huff, & Hsieh, 2000). After the material exits the extruder, a 

cutting machine is used to cut the product to the desired length. The shape of the die determines 

the cross-sectional size and shape (Steel et al., 2012; Riaz, 2013). Extrusion processing is widely 

used to achieve the restructuring of protein-based products such as meat analogues (Strahm, 2005). 

The macromolecules in the proteinaceous ingredients lose their native and organised structure 

when mechanical and thermal energy is applied during extrusion. This results in the formation of 

a continuous, viscoelastic mass. In addition, the extruder barrel, screws and die also align the 

molecules in the direction of flow, resulting in cross-linking and texturisation (Figure 2-9).  

 

2.3.3 Twin -screw (TS) extruder  

Extruders exist in a wide range of sizes, shapes and operation modes. Food extruders 

operated in HTST (high temperature, short time) processing method and are capable of carrying 

out cooking under high pressure (Moscicki & van Zuilichem, 2011). This is beneficial for 
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vulnerable food, as exposure to high temperatures for only a short time is sufficient to cause the 

necessary cooking reactions. Yet, the short time at high temperatures limits unwanted detrimental 

effects on the nutritional and functional properties of foods. Three major types of extruders are 

being used for food processing, screw extruders, roller-type extruders, and piston extruders (Steel 

et al., 2012; Alam et al., 2016). Screw extruders are most commonly used and can be categorised 

as SS extruders and TS extruders. SS extruders are the most conventional extruders used in the 

food industry, while TS extruders are usually used for high moisture extrusion, whereby the 

products have higher quantities of components such as fibre, fat, etc. The role of the screw in these 

extruders is to convey, compress, melt and plasticise the ingredients and force it under pressure 

through small die holes located at the barrel end (Moscicki & van Zuilichem, 2011).  

 

 
Figure 2-10 Basic screw configuration of twin-screw extruders (a) non-intermeshing, counter-
rotating, (b) non-intermeshing, co-rotating, (c) fully intermeshing, counter-rotating, and (d) fully 
intermeshing, co-rotating (Bouvier & Campanella, 2014). 
 

A TS extruder is comprised of two screws that rotate inside a single barrel. The internal 

surface of the barrel is usually smooth (Steel et al., 2012). TS extruders can be grouped according 

to their screw positions and screw-rotation direction (Fellows, 2009; Riaz, 2013; Bouvier & 
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Figure 2-11 List of variables and parameters involved in extrusion processing (Chessari & 
Sellahewa, 2001; Campanella et al., 2002). 
 

The numerous variables involved and the complex interactions that occur in extrusion 

processing make it difficult to establish relationships for researchers to understand the process and 

the effect of variables on product quality (Campanella et al., 2002). However, in many studies, the 

effect of several variables using Design of Experiments (DoE) has been widely used to account 

for the quality of finished products. Rehrah, Ahmedna, Goktepe, and Yu (2009) used RSM design 

to optimise the extrusion process for peanut-based meat analogues. Input variables such as protein 

content, moisture level, barrel temperature and screw speed were used to achieve optimised 

peanut-based meat analogues with the highest consumer acceptance. In another study, Chen et al. 

(2010) used a 5×3 factorial experimental design to investigate extrusion of soybean protein meat 

analogues using TS extruder at relatively wide moisture range spanning low moisture and high 

moisture (i.e. 28, 36, 44, 52, 60% wet weight basis). The authors studied the effect of MC and 

cooking temperature on system parameters (i.e. SME, RTD and in-line viscosity) and product 

properties (i.e. tensile strength, hardness, chewiness, and shear stress), and analysed their 

interrelationship. These experimental design approaches involve a large number of experiments 

which may be disadvantageous, but the approach has been widely used and accepted in extrusion 
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research. It was said that the relationship between input and output variables could be studied by 

defining the key variables and also establishing the basis of the interactions between these key 

variables and product quality (Campanella et al., 2002).  

 

2.3.4.1 Factors influencing the extrusion process  

As mentioned in the previous section, the changes in product quality of meat analogues 

depend on variables such as extruder type, screw configuration, feed MC, barrel temperature 

profile, screw speed, feed rate and die profile (Ding, Ainsworth, Plunkett, Tucker, & Marson, 

2006). In this section, variables such as MC, extrusion temperature and screw speed are reviewed. 

 

(a) Moisture content 

MC has been widely studied for its effects on the product quality of meat analogues. It was 

reported that MC >50% is required for extrusion of high-moisture meat analogues to obtain fibrous 

structure (Cheftel et al., 1992).  

 

 
Figure 2-12 Scanning electron micrographs of samples extruded at 70% moisture at cooking 
temperatures of (a) 138°C, (b) 149°C and (c) 160°C, and 60% moisture at different cooking 
temperatures of (d) 138°C, (e) 149°C and (f) 160°C at 200× magnification. Reproduced with 
permission from John Wiley and Sons; Lin et al. (2002).  

 

In a study on the effect of moisture (i.e. 60, 65, 70%) on the qualities (i.e. microstructure, 

texture and sensory properties) of soy protein isolate (SPI) meat analogues, Lin et al. (2002) found 
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Table 2-7 Amino acid composition (mg/g protein) of plant proteins from legumes and cereal grains 
(Day, 2013) and an average of four raw beef cuts consist of the hind shin, oyster blade, rump centre 
and striploin (Purchas, Wilkinson, Carruthers, & Jackson, 2014) 
 Amino acid content (mg/g protein) 

Soybean Pea Wheat (grain) Beef cuts 
Indispensable amino acid  
Histidine 26 25 24 36 
Isoleucine 46 46 34 41 
Leucine 79 73 69 75 
Lysine 65 81 30 78 
Methionine 13 10 16 32 
Phenylalanine 50 49 47 38 
Threonine 39 44 30 36 
Tryptophan 13 10 11 10 
Valine 49 51 46 44 
Dispensable amino acid  
Alanine 43 44 57 51 
Arginine 73 102 48 65 
Aspartic acid a 119 118 51 81 
Cysteine 13 12 26 12 
Glutamic acid a 190 174 309 138 
Glycine 42 44 41 54 
Proline 56 42 103 32 
Serine 52 47 48 35 
Tyrosine 32 29 31 33 

a Including asparagine and glutamine respectively. 
 

Soybeans typically contain 35-40% protein, 15-20% fat, 30% carbohydrate, 10-30% 

moisture, and around 5% minerals and ash (Golbitz & Jordan, 2006; Day, 2013). Soybeans may 

vary in nutrient content based on their specific variety and growing conditions. Soybeans also 

contain the highest amount of protein of any legume or grain. Plant storage globulins are the major 

protein fraction in soybean, ranging between 40 and 80% of total soybean proteins (Day, 2013). It 

was reported that globulin proteins from plants contain relatively low levels of sulphur-containing 

amino acids such as cysteine and methionine. Soybean globulins consist of two major components, 

��-conglycinin and glycinin. ��-conglycinin has a sedimentation coefficient (the rate of 

sedimentation of the molecule in a unit gravitational field) of 7S whereas glycinin has a 

sedimentation coefficient of 11S (greater sedimentation rate) which is the major protein in soybean. 

��-conglycinin is a trimeric protein composed of three subunits with a molecular mass ranging 

between 150 and 200 kDa, while glycinin is a hexameric protein with a molecular mass ranging 
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between 300 and 380 kDa. Soybean proteins contain all eight amino acids essential for human 

health. However, it has been reported that soy protein has a lower quality than many animal 

proteins (Golbitz & Jordan, 2006). The amino acid compositions of soybean, pea, wheat and 

average of four beef cuts are summarised in Table 2-7. Soy proteins receive scores of between 

0.95 and 1.00 for Protein Digestibility-Corrected Amino Acid Score (PDCAAS), a routine assay 

for protein quality evaluation, while beef protein, casein, and egg white have a PDCAAS value of 

0.92, 1.00 and 1.00, respectively (Singh, Kumar, Sabapathy, & Bawa, 2008; Day, 2013).  

 

Table 2-8 Nutritional composition and favouring attributes of soy proteins on meat analogues 
(Malav et al., 2015) 
Characteristics Soy protein concentrate Soy protein isolate 
Nutritional composition (per 100g product) 
Total fat 1.8 g 3.3 g 
Protein  70.2 g 87.4 g 
Moisture  4.8 g 4.8 g 
Ash  4.4 g 3.8 g 
Carbohydrate  18.8 g <1 g 
Favouring attributes 
Flavour Low Low 
Flatulence No No  
Form/ shape Granules or chunks Fibres 
Cost (dry basis) Low High 
Recommended hydration level 3:1 4:1 
Cost of hydrated protein Low High 
Fat retention High Moderate 
Optimum usage level in meat extension  
(% hydrated level) 30-50 35-50 

 

SPC is comprised of 65-70% soy protein, with trace amounts of fat and 5-6% crude fibre 

(Golbitz & Jordan, 2006; Day, 2013). SPC is produced from defatted soy flakes that have been 

treated with either alcohol or water to remove the soluble sugars. The end-product is a concentrated 

form of soy flour with improved flavour and functional characteristics. Due to the alcohol washing 

step used to reduce the sugars, most of the isoflavones are removed during processing, though the 

quality of the protein is not reduced. It is also more easily digested than soy flour as most of the 

sugars responsible for creating flatulence are removed during the processing. SPI contains >85% 

protein and is produced by alkali extraction and isoelectric precipitation, to remove the fat, soluble 

sugars, insoluble sugars and dietary fibre. SPI is very low in flavour, highly digestible, and easy 
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to use in food, beverage, and baking formulations. They disperse easily in water and work well as 

emulsifiers, helping to bind water and fat together. Several favouring characteristics of soy proteins 

on meat analogues are shown in Table 2-8. SPC and SPI have been widely used in the production 

of extruded meat analogues throughout the years (Lin et al., 2000, 2002; Liu & Hsieh, 2007, 2008; 

Rareunrom et al., 2008; Chen et al., 2010; Fang et al., 2014). Cheftel et al. (1992) reported that 

SPC was easier to extrude and texturise compared to SPI under the same extrusion conditions. SPI 

exhibited homogenous structure while those that contained only SPC demonstrated an anisotropic 

structure with layers or coarse fibres in the direction of flow through the die. It was reported that 

the addition of WG to SPI enhanced the formation of fibrous structure. This confirmed the 

conclusion from previous studies from Lin et al. (2000) and Chen et al. (2010), as WG was mixed 

with SPI to form fibrous meat analogues during extrusion.  

 

2.3.5.2 Wheat gluten  

WG is the main storage protein in wheat (Triticum spp.) grains (Asgar et al., 2010; Day, 

2013). It forms a cohesive, viscoelastic proteinaceous network when mixed with water and this 

has a unique ability to produce leavened products. WG contains a protein content of 75-80%, 

through simple physical separation of wheat flour. The gluten protein consists of gliadins and 

glutenins, which make up approximately 80% of the protein contained in wheat seed. Gliadins are 

monomeric proteins with intramolecular S-S bonds with low or medium Mw, while glutenins 

contain different polypeptides connected by intermolecular S-S bonds, with size ranging from 

about 500,000 to more than 10 million Da (Wieser, 2007) (Figure 2-14).  
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Figure 2-14 Composition and classification of wheat proteins (Day, 2011). 
 

When WG is added as an ingredient in the manufacture of meat analogues, it has a 

supplementary role in holding the fibre together in the matrix for meat analogues (Rizvi, Blaisdell, 

& Harper, 1980), by serving as the main binding agent in the system to stick the product together 

and thus remain stable. Kumar, Sharma, Kumar, and Kumar (2012a) reported that with the 

increment of WG content from 10-18% in analogue meat nuggets, improved the texture and 

binding attributes. Harper and Clark (1979) reported that the presence of WG resulted in harder 

products, which was also observed by Ding et al. (2006), who reported that wheat-based extruded 

expanded snacks were harder than rice-based snacks.  

 

2.3.5.3 Starch 

Starch has a wide range of roles in a variety of foods such as binding and moisture retention 

in meat applications (Mason, 2009). Wheat starch (WS) is used as one of the ingredients for 

extruded meat analogues in many studies (Lin et al., 2000, 2002; Yao et al., 2004; 

Ranasinghesagara et al., 2005; Ranasinghesagara et al., 2006; Liu & Hsieh, 2007, 2008). WS 

comprises 54-72% of the dry weight of its kernels (Maningat, Seib, Bassi, Woo, & Lasater, 2009). 

It can help to improve the shelf-life of a product, for example providing freeze-thaw stability for 

frozen foods (Satin, 2014). WS has a bland flavour as compared to other cereal starches, and thus 

will not interfere with the desired end-product taste. It is useful when developing products that 
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Song et al., 2016), while water bath system utilised between 0 and 6 hours (Liu, Niu, Zhao, 

Han, & Kong, 2016).  

 

Many studies have been carried out to investigate the development of extruded meat 

analogues using different protein sources, by either altering the composition of the raw materials 

(e.g. protein content) or by changing the operational variables (e.g. screw profiles, temperature, 

etc.) to generate meat analogues with fibrous meat-like structure. The outcome of these studies 

provided good insights on the impact of ingredients and extrusion operation of variables on meat 

analogues. However, the gaps in the present literature are clear, and these are listed as follow: 

 

4. The main aim of developing meat analogues is to produce a meat alternative to real meat. 

However, there is no use of real meat (e.g. chicken breast) as a reference food to compare the 

non-meat analogues in terms of their textural, structural, and sensory properties. 

 

5. Some studies have investigated the interactions between two different plant proteins (Liu & 

Hsieh, 2007, 2008; Zhang et al., 2018). However, there are no published studies completed on 

the interactions between meat and plant proteins on the development of meat alternatives with 

fibrous meat-like texture and natural meat flavour. 

 
6. There have been many studies on the development of meat analogues using different types of 

plant proteins. In the literature, it was reported that meat analogues can be made into different 

types of food products (Table 2-5). However, there is a lack of published work using these 

meat analogues in food applications.  

 

With all of the above, it is clear from the literature review that a systematic study is needed 

to compare the different enzymatic hydrolysis treatments, determine their hydrolysis kinetics and 

efficiency. MR should be used to process the flavour of the hydrolysates, which will be added into 

meat analogues to improve flavour. A reference food should be included to compare with meat 

analogues. Finally, the study should investigate interactions between meat and plant proteins in 

the production of meat alternatives that have the texture and flavour profile of real meat.   
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 Experimental techniques  

 

3.1 Characterisation of meat hydrolysates/ flavours  

3.1.1 Degree of hydrolysis  

The DH is used to follow the reaction kinetics and get a measure for the extent of the 

hydrolytic degradation during enzymatic hydrolysis (Adler-Nissen, 1986; Kristinsson & Rasco, 

2000). DH is defined as the proportion of the total number of peptide bonds that are cleaved during 

protein hydrolysis (Rutherfurd, 2010). There are several methods in the literature being developed 

and used to determine DH; such as pH-stat, ortho-phthaldialdehyde (OPA), 2,4,6-

trinitrobenzenesulfonic acid (TNBS), formol titration, and soluble nitrogen after trichloroacetic 

acid precipitation (SN-TCA) methods. The pH-stat method is one of the simplest and most 

commonly used methods. It is based on the number of protons released during hydrolysis. The 

OPA, TNBS and formol titration methods are based on the measurement of free amino groups 

generated from hydrolysis. While the SN-TCA method measures the amount of TCA-soluble 

nitrogen, rather than DH in the protein hydrolysate. In this research thesis, the method used to 

determine the DH of protein hydrolysates after enzymatic hydrolysis was the OPA method. It is 

difficult to compare directly on the values of DH if the methods used to analyse the protein 

hydrolysates were different. The DH can only be compared by looking at the trend rather than 

comparing the actual values.  

 

Table 2-2 summarised the results from a range of studies that had examined hydrolysis of 

a range of proteases using different enzymes. Two of these studies used the pH-stat method 

(Kurozawa et al., 2008; Pagán et al., 2013), one study used the TNBS method (Nchienzia et al., 

2010), while three studies used the formol titration method (Dong et al., 2014; Sun et al., 2014; 

Song et al., 2016) to determine the DH of the meat protein hydrolysates. The pH-stat method is 

straightforward, eliminates derivatisation steps and allows real-time monitoring (Rutherfurd, 

2010). However, the relationship between the DH and base consumption used to maintain the pH 

at the optimum for the enzymes is complex and may not be accurate for all proteins. The TNBS 

method directly determines the free N-terminal amino groups in a hydrolysate. Although the 

method is considered accurate, there is no real-time monitoring, it uses a toxic compound (e.g. 2-
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3.1.2 Molecular weight distribution  

Enzymatic hydrolysis of proteins changes the Mw distribution. In general, the hydrolysis 

results in a reduction of higher Mw components and an increase in lower Mw components. Mw 

distribution is carried out using a size exclusion chromatography-high performance liquid 

chromatography (SEC-HPLC). SEC-HPLC is a high-throughput analytical technique for 

separating proteins and other biological macromolecules according to their size under isocratic 

condition (Schrag, Corbier, & Raimondi, 2014). The separation is done by the differential 

exclusion from the pores of the packing material in the SEC column, of the sample molecules as 

they pass through a bed of porous particles. The pores on the surface of the packing material work 

as a molecular sieve to separate proteins, peptides or amino acids based on their sizes. The largest 

components in the hydrolysates such as protein aggregates, penetrate the matrix particles to a lesser 

extent and are therefore eluted from the column ahead of smaller components, such as peptides 

and amino acids. The smaller components penetrate the matrix more readily and are therefore 

eluted after the protein aggregates. The components are identified by their typical retention time 

and position, relative to molecular markers (Figure 3-2). The proportion of the sample components 

is determined by calculating the peak areas of each component relative to the total integrated peak 

area. 
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of hydrolysis (652.01 mg/100 mL). The authors also reported that the increase of FAA appeared 

to be rapid during the first 8 hours of hydrolysis and then slowed down which was in accordance 

with the DH results. In another study, Song et al. (2016) reported that prior lipase pre-treatment 

on beef bone protein had a significant influence on the content of FAA. The proportion of total 

FAA of beef bone proteins hydrolysed by a combination of lipase and protease (porcine pancreatic 

lipase + papain, lipase + papain and porcine pancreatic lipase + Protamex®) was significantly 

increased compared to that hydrolysed by protease alone (papain and Protamex®). The total FAA 

of porcine pancreatic lipase + papain, lipase + papain, porcine pancreatic lipase + Protamex®, 

papain and Protamex® were 534, 505, 506, 152 and 105 mg/g, respectively.  

 

Meat protein hydrolysates, when heated with reducing sugar, exhibited a decrease in total 

FAA after the MR. In the MR, FAA reacts with reducing sugars resulting in the formation of 

volatile compounds and hence results in a reduction in FAA (Lan et al., 2010; Sun et al., 2014). In 

a study on the changes of the physicochemical properties of hydrolysed chicken bone extracts 

using Protamex® and Flavourzyme® in sequential treatment during MR, Sun et al. (2014) reported 

that the total FAA first increased and then decreased, where the highest proportion of total FAA 

was obtained at 60 min of heating (MR). The authors also noted that the proportion of total FAA 

increased first (before 60 min) and then decreased (at 90 min). They suggested that the increase of 

FAA in the hydrolysate before 60 min of heating could be due to thermal degradation of protein 

or peptides, while the decrease in FAA at 60 min could be associated with the formation of volatile 

compounds from the amino acids. The content of cysteine in the hydrolysate kept on decreasing 

from 3.14, 0.78, 0.61 and 0.42 mg/g at 0, 30, 60 and 90 min of heating, respectively. This indicated 

that the sulphur-containing peptides were involved in the production of meat flavour compounds.    

 

3.1.4 Gas chromatography -mass spectroscopy (GS-MS) 

GC-MS is used as a qualitative/ quantitative technique for volatile compounds analysis. 

GC is used in flavour chemistry to separate a sample into its individual chemical components, 

while MS is an analytical technique used to produce spectrum on each of the individual 

components of the sample (Reineccius, 2005). A typical GC system consists of a gas control unit 

that supplies a carrier gas to the column, a sample injection system, an analytical column, and an 

MS detector with associated data acquisition/ processing (Flanagan, Taylor, Watson, & Whelpton, 
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2008b; McNair & Miller, 2011). Sample preparation is performed to make the sample suitable for 

GC chemical analysis. After the sample preparation, an aliquot is injected into the injection port 

of the GC device using an injection needle, where it is immediately volatilised and mixed with the 

carrier gas. The gas serves to move or push the solute forward down the capillary column and is 

known as the mobile phase. The column provides a surface for components in the sample to 

interact with, which is known as the stationary phase. The solute interacts with the stationary phase 

depending on molecular mass where heavier components take a longer time to pass through the 

capillary column than lighter component, allowing for separation to occur. The different chemicals 

in the sample separate based on their volatility and mass. Mass spectrometry is used to separate 

molecular species according to their mass-to-charge ratio (m/z) (Flanagan, Taylor, Watson, & 

Whelpton, 2008a). Fragments of ionized species such as intact atom or molecule or a group of ions 

of different masses are formed when the solute is ionized. The ions are separated by magnetic or 

electrostatic fields in a high vacuum typically 10-5 Pa, and the plot of their relative abundance 

versus the m/z of each ion constitutes a mass spectrum.    

 

Gas chromatography-mass spectrometry (GC-MS) or gas chromatography-olfactory-mass 

spectrometry (GC-O-MS) are commonly used in the determination of volatile compounds of 

MRPs (Table 3-1). MRPs for GC analysis can be prepared using solvent extraction, solid-phase 

microextraction, or purge and trap concentration. Internal standards such as 1,2-dichlorobenzene 

or 2-methyl-3-heptanone are often used. The most commonly used mobile phase is helium, which 

is an inert carrier gas. A capillary column is often used as the stationary phase. The oven in GC is 

usually maintained at a lower temperature (e.g. 35-50°C) for 2 to 10 min, followed by raising to a 

higher temperature (e.g. 160-280°C) for an extended period with constant increasing rate (e.g. 2-

6°C/min) (Elmore et al., 2002; Guo et al., 2010; Sun et al., 2014; Liu et al., 2015; Song et al., 

2016).  
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Table 3-1 Various conditions used in gas chromatography-mass spectrometry to determine volatile 
compounds of Maillard reacted products 

Variables 
Reference  

Elmore et al. 
(2002) Guo et al. (2010) Sun et al. 

(2014) 
Liu et al. 
(2015) 

Song et al. 
(2016) 

Method a GC-MS GC-MS GC-MS GC-O-MS GC-MS 

Extraction 
method b SPME 

Solvent 
extraction using 
dichloromethane 
and sodium 
sulphate 

SPME 
Purge and 
trap 
concentrator 

SPME 

Internal 
standard 

1,2-
dichlorobenzene 
in methanol 

Dodecane 2-methyl-3-
heptanone 

2-methyl-3-
heptanone in 
n-pentane 

1,2-
dichlorobenzene 
in methanol 

Carrier gas 
(Mobile 
phase) 

Helium (16 psi) 
at 1.0 mL/min 
at 40°C 

Nitrogen Helium at 
1.01 mL/min 

Helium at 1.2 
mL/min 

Helium at 1.8 
mL/min 

Column 
type 
(Stationary 
phase) 

Capillary (60 m 
× 0.25 mm × 
0.25 µm) 

Capillary (30 m 
× 0.32 mm) 

Capillary (30 
m × 0.25 mm 
× 0.25 µm) 

Capillary (30 
m × 0.32 mm 
× 0.25 µm) 

Capillary (60 m 
× 0.25 mm × 
0.25 µm) 

Oven 
operating 
conditions 

40°C for 2 min, 
then increased 
at 4°C/min to 
280°C 

40°C for 10 min, 
then increased at 
2°C/min to 
160°C and held 
for 50 min 

40°C for 3 
min, then 
increased at 
5°C/min to 
120°C, 
followed by 
10°C/min to 
230°C and 
held for 5 
min 

35°C for 2 
min, then 
increase at 
6°C/min to 
230°C and 
held for 20 
min 

50°C for 3 min, 
then increased at 
3°C/min to 
230°C and held 
for 7 min 

Electron 
ionisation 
mode 

70 eV, 35 µA 70 eV 70 eV 70 eV 70 eV 

m/z scan 
range 

29 to 400 at 1.9 
scan/s Not stated 50 to 450  40 to 500 Not stated 

MS source 
temperature 170°C Not stated Not stated 230°C 230°C 

a GC-MS = gas chromatography-mass spectrometry, GC-O-MS = gas chromatography-
olfactometry- mass spectrometry. 
b SPME = solid phase microextraction. 
 

In a study on the use of lipase-pre-treated beef bone protein hydrolysates in MR, Song et 

al. (2016) studied five MRPs prepared using a xylose/ cysteine/ hydrolysate model in an oil-bath 

at 110°C for 90 min. The authors reported that lipase pre-treatment affected both the number of 

volatile compounds and the aroma intensity, where a total of 64 compounds (i.e. furans, pyrazines, 
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Figure 3-5 Schematic illustration of a general texture profile (force/ time) curve (Szczesniak, 
2002). 
 

Table 3-3 Texture profile analysis (TPA) parameters and its definitions (Szczesniak, 2002) 
TPA parameter Definition  How to measure? 

Hardness (N) The maximum force of the first 
compression Force at P1 

Cohesiveness  

How well the sample withstands a 
second deformation relative to its 
resistance under the first 
deformation 

Area 2/Area 1 

Adhesiveness (N.mm) 
Work required to overcome the 
sticky forces between the sample 
and the probe 

Area 3 

Springiness 

How well a sample physically 
springs back after it has been 
deformed during the first 
compression and has been allowed 
to wait for the target wait time 
between strokes 

Distance 2/ Distance 1 

Chewiness (N) The energy needed to chew a solid 
food until it is ready for swallowing 

Hardness × Cohesiveness × 
Springiness 
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SEM involves scanning the surface of a sample with a focused beam of electrons, whereby 

several interactions occur and generate a variety of signals that can be captured to create images 

(Aguilera & Bouchon, 2008). SEM mainly capture the secondary or backscattered electrons. One 

of the advantages of SEM is its capability to obtain a three-dimensional image of the surface of a 

wide range of materials, with excellent resolution (1-5 nm) and large depth of field. SEM was used 

by Lin et al. (2002) and Krintiras et al. (2015) of soy protein meat analogues, though each group 

used different sample preparation methods. Lin et al. (2002) cut the samples into small pieces of 

2 mm thick, 4 mm wide and 6 mm height, and then freeze-dried at -60°C, 10 µm Hg vacuum for 

72 hours in a freeze dryer. The freeze-dried sample was then fixed onto an aluminium holder with 

the cutting side facing up and coated with gold at 2.5 kV and 20 mA for 1.5 min. Krintiras et al. 

(2015) cut their samples into 5×5×5 mm cubes parallel to the fibres and then dried them for 24 

hours in an oven set at 60°C to reduce the MC. However, their samples were not coated with gold 

or any other coating prior to analysis due to the fact they were using a different type of scanning 

electron microscope. There is a risk that the removal of water by either oven-drying or freeze-

drying may alter the microstructure of the samples. Another sample preparation method was used 

by Takei, Hayashi, Umene, Kobayashi, and Masunaga (2016) when preparing enzyme-treated 

chicken breast meat for microscopy (Figure 3-6d). The authors fixed the samples in 2.5% 

glutaraldehyde in 0.1 M phosphate-buffered saline and post-fixed with 1% osmium tetraoxide 

(OsO4) buffered with 0.1 M PB. The samples were then dehydrated in a graded series of ethanol 

solutions and dried in critical point drying equipment with liquid carbon dioxide (CO2). Platinum/ 

gold was spatter-coated onto the samples before evaluation using the microscope. 
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Figure 3-6 Scanning electron micrographs of samples extruded at (a) 60% moisture and 160°C at 
200× magnification (fibrous structure), (b) 95°C at 30 rpm for 15 min (fibrous structure), (c) 100°C 
at 30 rpm for 15 min (layered structure) and (d) chicken breast, parallel to myofibril, at 100× 
magnification. Reproduced with permission from Elsevier; Krintiras et al. (2015), and John Wiley 
and Sons; Lin et al. (2002) and Takei et al. (2016). 
 

Both sample preparation methods by Lin et al. (2002) and Krintiras et al. (2015) were able 

to obtain fibrous microstructure images as shown in Figure 3-6. Lin et al. (2002) stated that as the 

MC decreased at a fixed cooking temperature, more fibrous and directional structure were 

observed (Figure 3-6a). The authors explained that lower extrusion moisture caused an increase 

in friction and shear inside the cooling die, resulting in a greater velocity gradient with a higher 

degree of texturisation and fibre formation. Krintiras et al. (2015) reported that fibrous and layered 

structures were observed when using a Couette cell (Figure 3-6b and c). The only difference in 

process parameters to obtain these two structures was the cooking temperatures (i.e. 95 and 100°C). 

The two fibre diameters were also different, where the structures in Figure 3-6b and c range 

between 150-300 µm and 50-200 µm, respectively. The authors explained that the fibrous 

structures were made of smaller fibres which were interconnected with much smaller fibres (1-5 

µm diameters). The authors also suggested that these interconnecting fibres were probably gluten.  
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3.2.4 Light microscopy (LM) (rapid freezing and cryosectioning)  

LM is another well-established method of studying the microstructure of food products 

(Heertje, Vlist, Blonk, Hendrickx, & Brakenhoff, 1987). The light microscope is an instrument 

that uses visible light to produce a magnified image of a sample that is projected onto either the 

retina of the eye or the photosensitive surface of an imaging device such as a digital camera 

(Murphy & Davidson, 2013). The working principle of the microscope involves a light source that 

can be focused onto the sample by using a condenser lens. The light that illuminates the sample 

reaches the objective lens, which produces a magnified image. The eyepiece, also known as an 

ocular lens, produces the final magnification (about 1000×) of the image of the sample.  

 

 
Figure 3-7 Light micrographs of samples extruded at (a) 70% moisture and 138°C, (b) 70°C 
moisture and 149°C, (c) 70% moisture and 160°C, (d) 70% moisture and 138°C, (e) 60°C moisture 
and 149°C, and (f) 60% moisture and 160°C at 100× magnification, and images of structured 
sample using toluidine blue stain mountant (dark purple-blue colour for SPI and pale blue-green 
colour for wheat gluten) at (g) 5× magnification and (h) 10× magnification. Reproduced with 
permission from John Wiley and Son; Lin et al. (2002), and Royal Society of Chemistry; Krintiras 
et al. (2014). 
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on the development of a novel staining procedure for visualising the gluten-starch matrix in bread 

dough and cereal products, rapid freezing and cryosectioning technique were used. Small pieces 

of samples were put into embedding plastic plate moulds and embedded in OCT compound. OCT 

(i.e. optimal cutting temperature) compound is a formulation of water-soluble glycols and resins, 

providing an excellent specimen matrix for cryostat sectioning at -10°C and below. It leaves no 

residue during the staining procedure and eliminates undesirable background staining. The plastic 

moulds were placed into a shock freezer at -50°C and were rapidly frozen for 10 min. The frozen 

samples were then fixed onto the cryostat at -30°C for thin sectioning. The samples were sliced to 

20 µm and were air-dried on the microscope slides.  

 

 
Figure 3-8 Photomicrograph of perivertebral tissues in Chinook salmon with LKS (lordosis, 
kyphosis and scoliosis). Section was sliced at 5 µm and stained with H&E dyes. Scale bar = 20 
µm. Reproduced with permission from Inter-Research; Munday et al. (2016). 
 

Haematoxylin and eosin (H&E) stain are regularly used for staining the sections of meat 

analogues. It is considered as the principal stain and the gold standard in histology. The basic 

staining process involves submerging the slides into a series of solvents such as xylene, alcohol 

and water, to give the samples an affinity for the dyes. The slides are then stained with 

haematoxylin (nuclear) dye and rinsed with water, then stained with eosin (counterstain) dye. The 

slides are then rinsed with water, followed by dehydration in different graded strengths (e.g. 50%, 

70%, 80%, 95% and 100%) of alcohols, clear in xylene, and lastly being cover slipped. With the 

use of rapid freezing and cryosectioning technique, together with H&E staining, the sample (e.g. 
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perivertebral tissues in a Chinook salmon) was able to be viewed under a light microscope and 

captured clearly by the digital camera (Figure 3-8). 

 

3.2.5 Protein solubility  

Extrusion processing is widely used in food industries to alter protein structure and 

solubility by a combination of heat (120-200°C), pressure (1.6-6.1 MPa), and shear (Corredig, 

2005; Day & Swanson, 2013). Oriented patterns are reorganised as a result of the complete 

restructuring of polymeric material during extrusion. Protein interactions (i.e. SS-bonding and 

non-covalent bonding) occur upon cooling of texturised proteins (Akdogan, 1999). Protein-protein 

interactions of texturised proteins may be enhanced by decreased temperature and macromolecular 

alignment. Parallel fibre formation of varying length and thickness is caused by crystalline 

aggregation. Recent research attribute S-S bonds, H-bonds and hydrophobic interactions as the 

main interactions responsible for protein texturisation by extrusion (Lin et al., 2000; Liu & Hsieh, 

2007; Rareunrom et al., 2008; Chen et al., 2011). 

 

Changes in protein structure can occur during extrusion. The changes were investigated by 

protein solubility where the forces responsible for stabilising the meat analogues during extrusion 

were studied (Lin et al., 2000). Besides that, protein-protein interactions formed during extrusion 

can be determined using protein solubility, by treating the meat analogues with various extracting 

buffers (Corredig, 2005). Sodium dodecyl sulphate (SDS) or urea is used to solubilise proteins that 

are made insoluble by non-covalent interactions, mainly hydrophobic interactions or H-bonding, 

respectively. DTT or 2-ME is used to cleave proteins with S-S bonds formed during extrusion. 

DTT will  be used in this study to examine disruption of S-S bonds, as 2-ME is considered toxic. 

2-ME irritates skin, eyes, and respiratory tract, and may be fatal if absorbed through the skin. 

However, DTT is relatively unstable due to oxidation; thus, fresh DTT solution will need to be 

prepared prior to protein solubility analysis. 

 

 Liu and Hsieh (2007) used three types of reagents, phosphate buffer (PB), urea, DTT and 

combination of the two (i.e. PB+U+DTT), to study the protein-protein interactions in high (60%) 

moisture-extruded SPI meat analogues and heat-induced SPI gels. It was reported that both SPI 

gels and meat analogues had the same type of chemical bonds (i.e. covalent S-S bonds and non-
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covalent bonds). The authors further explained that both covalent S-S bonds and non-covalent 

bonds were important in forming the fibrous structure of soy protein meat analogues made under 

high moisture extrusion. In a study by Rareunrom et al. (2008), the authors investigated the 

chemical linkages of soy protein meat analogues containing different SPI contents (i.e. 20, 40, 60 

and 80%) with defatted soy flour. Four types of selective reagents, PB, 2-ME, urea, SDS and their 

combinations were used for protein solubility analysis. The authors reported S-S bonds, 

hydrophobic interactions and H-bonds were the major linkages in SPI meat analogues structure. It 

was also reported that extrusion processing did not alter the type of chemical bond between the 

ingredient and meat analogues. In a study by Osen et al. (2015) when investigating the protein-

protein interactions in three commercial pea protein isolates (PPI) before and after extrusion at 60% 

MC, the authors used similar extracting buffers and combinations as Liu and Hsieh (2007). The 

authors reported that the structural integrity of PPI meat analogues could be attributed mainly to 

covalent SS-bonding, and, to a smaller extent, to non-covalent interactions. This was slightly 

different to the finding of Liu and Hsieh (2007) on SPI meat analogues, who reported that covalent 

SS bridges, hydrophobic interactions and H-bonding were the forces responsible for 

insolubilisation and rigid structure of extruded SPI meat analogues. Liu and Hsieh (2007) also 

stated that no conclusion could be deduced regarding which type of bonding played a more 

dominant role in the structural integrity of SPI meat analogues. Based on the above findings, it 

could be concluded that there were slight differences in the chemical linkages between SPI and 

PPI meat analogues.   
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zwitterionic and non-ionic detergents, respectively, and they also disrupt hydrophobic bonds. The 

authors explained that the use of these additional reagents helped to differentiate the relative 

importance among non-covalent interactions. Results from this study indicated that SS-bonding 

played a more important role than non-covalent bonds in not only holding the rigid structure of 

SPI meat analogues but also forming the fibrous structure. Based on the above finding, it could be 

suggested that subsequent protein solubility tests might not require the use of TU, TX, and CHAPS 

as the extracting buffers. 

 

Different types of protein analysis were used to determine the protein content and soluble 

protein content of meat analogues and extracting buffers. Both Liu and Hsieh (2007) and Liu and 

Hsieh (2008) used the Kjeldahl method to obtain the protein contents of meat analogues by using 

a conversion factor of 6.25 for SPI samples and 5.70 for WG. The soluble protein content of the 

supernatant from extracting buffers was determined using the Bradford protein assay at 595 nm. 

Osen et al. (2015) used the same method for determining soluble protein content of the supernatant 

as both Liu and Hsieh (2007) and Liu and Hsieh (2008). Instead of using the Kjeldahl method to 

determine the protein contents of meat analogues, Osen et al. (2015) used the Dumas combustion 

method by using a conversion factor from Total Nitrogen. Rareunrom et al. (2008) used the Lowry 

protein assay at 750 nm to determine the soluble protein content of their supernatant. 

 

From the previous studies, it could be concluded that meat analogues with a high degree 

of texturisation and fibrous structure were observed to have high levels of S-S bonds. The protein 

solubility results can be used to complement the results obtained from cutting force, sensory 

analysis and microscopy analysis. It will be interesting to investigate and understand the forces 

that are responsible for stabilising the meat analogues during extrusion when Maillard-reacted beef 

bone hydrolysate was added, or different concentrations of SPI and WG are used. The methods 

used to determine the protein contents and soluble protein contents were selected wisely.  

 

In this research thesis, the cutting force, TPA, SEM, LM and protein solubility of extruded 

meat alternatives at different SPC to WG ratio (Chapter 6), minced meat alternatives at different 

concentrations of MRPs (Chapter 7) and extruded meat alternatives at different MC (Chapter 8) 

were determined and studied.  
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3.3 Characterisation of sausages made from meat alternatives  

3.3.1 Protein oxidation  

Oxidation is one of the main factors for quality deterioration of food products during 

processing and storage (Zhang, Xiao, & Ahn, 2013). Protein oxidation, unlike lipid oxidation, has 

not been comprehensively studied, and its influence and mechanisms in meat products are still 

mostly unknown. Protein oxidation is defined as a covalent protein modification induced either 

directly by reactive species or indirectly by reaction with secondary by-products of oxidative stress 

(Bhattacharya, Kandeepan, & Vishnuraj, 2016). Protein oxidation results in the generation of 

different oxidation derivatives. These protein oxidative changes take place at the side chain of 

amino acids and include (i) loss of sulfhydryl (thiol) groups, (ii) formation of protein cross-linking, 

and (iii) formation of protein carbonyl groups (Lund, Heinonen, Baron, & Estévez, 2011; Estrada 

et al., 2018).  

 

The generation of protein carbonyl groups is the most commonly used measurement for 

protein oxidation of meat products (Lund et al., 2011; Zhang et al., 2013). Both AAS and GGS are 

the carbonyl compounds that are commonly identified in oxidised muscle protein due to metal ion-

catalysed oxidation. They are thought to account for approximately 70% of the total protein 

carbonyls formed in oxidised animal proteins. They are also used as an indicator for protein 

oxidation in raw meat and a large variety of processed foods such as patties, frankfurters, and dry-

cured meats. The quantification of protein carbonyl groups using DNPH (2,4-

Dinitrophenylhydrazine) method is widely used to measure protein oxidation in food products. 

DNPH derivatisation method is developed as a convenient and regular technique to determine the 

amount of carbonyl compounds (oxidised protein) in food products (Zhang et al., 2013). DNPH 

reacts with the protein carbonyl groups to generate hydrazones and the absorbance reading is 

measured at 370 nm (Levine et al., 1990). The amount of carbonyl content in the samples is then 

calculated as nmol/mg protein using an absorption coefficient of 22000 M-1cm-1 (Levine, Williams, 

Stadtman, & Shacter, 1994). 

 

Estrada et al. (2018) hypothesised that (i) process conditions, which often involves a 

thermomechanical process and (ii) fortification with nutritional micronutrients such as iron which 

have a pro-oxidant activity, may affect the chemical stability and induce protein oxidation in plant 
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product development process of a food product. It is also important to monitor the market position 

and also to find avenues for product improvement or optimisation after the launch of the product. 

For quantitative consumer tests, large numbers of panellists, a minimum of at least 100, are 

required if the results are to be meaningfully extrapolated to the larger population. However, 

opinions are varied on the number of consumers necessary for the sensory acceptability test. Singh-

Ackbarali and Maharaj (2014) reported that there should be a minimum of 20 consumers for pilot 

testing, and 75-150 consumers for the acceptance test. Meilgaard et al. (2006) stated that 50-300 

responses should be collected for central location tests, while 75-300 responses per city in three or 

four cities for home use tests. Stone, Bleibaum, and Thomas (2012) recommended 25-50 subjects 

per product in laboratory testing, 100 or more responses per product in central location tests, and 

50-100 families for home use tests. Quantitative consumer testing is used to measure either 

preference or acceptance of food products. Preference testing such as paired comparison and 

ranking tests, suggest some sort of hierarchy in the results but does not necessarily indicate if the 

consumer likes the product. Acceptance testing such as hedonic rating provides an indication of 

the magnitude of the level of liking for the product. The test ascertains how much consumers like 

the concept of the new food product and compares the level of liking with a control/ standard 

product.  

 

In this research thesis, the chemical stability of sausages made from extruded meat 

alternatives and chicken breast (Chapter 9) were compared. The protein carbonyl contents of 

sausages at chilled storage (4°C) at 0, 7, 14 and 21 days were determined using DNPH method. 

The sensory evaluation of beef gravies made from beef bone extract and Maillard-reacted beef 

bone hydrolysates (Chapter 5), extruded meat alternatives at different SPC to WG ratio and 

chicken breast (Chapter 6), minced meat alternatives at different concentrations of MRPs 

(Chapter 7) and sausages made from extruded meat alternatives at different MC and chicken 

breast (Chapter 9) were studied. All sensory evaluations were conducted using acceptance testing 

to compare the level of liking among a few food products in different chapters by untrained 

consumers through hedonic ratings.   
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 1 Effects of enzymatic hydrolysis treatments on the 

physicochemical properties of beef bone extract using endo - and 

exo-proteases  

 

4.1 Abstract  
This study reported the effects of enzymatic hydrolysis treatments on the physicochemical 

properties of beef bone extract using endo- and exo-proteases. The hydrolysis kinetics of each 

enzyme were studied using the Michaelis-Menten model and the ideal E/S ratio obtained for 

Protamex® (P), bromelain (B), and Flavourzyme® (F) was found to be 1.10, 1.60 and 4.70% w/w, 

respectively. Seven hydrolysates were produced from single (P, B, F), simultaneous (P+F, B+F) 

and sequential (P>F, B>F) treatments, where bone extract hydrolysed by Flavourzyme® exhibited 

highest DH and proportion of low Mw peptides (<5000 Da) in single treatment. When 

Flavourzyme® was used with Protamex® or bromelain in simultaneous or sequential treatments, 

no significant differences in Mw distribution, exposed SH content, SS content, and viscosity was 

evident compared with Flavourzyme® only. This indicated that without the addition of other 

enzymes, Flavourzyme® was capable of increasing the proportion of low Mw peptides and 

reducing viscosity.  

 

Keywords: beef bone extract; enzymatic hydrolysis; Michaelis-Menten model; degree of 

hydrolysis; molecular weight distribution; viscosity 

 

4.2 Introduction  
Proteins from meat, milk, wheat, and soy are commonly used as ingredients in the food 

industry (Nielsen, 2009). In this study, meat protein (i.e. beef bone extract) obtained from meaty 

beef bones was pressure-cooked in water at 121°C for at least two hours, before the resulting liquid 

was extracted, defatted, and concentrated. However, opportunities to use beef bone extract as a 

food ingredient are often limited due to its high viscosity and weak flavour, which constrains its 

 
1 This chapter is published as Chiang, J.H., Loveday, S.M., Hardacre, A.K., & Parker, M.E. (2019). Effects of enzymatic hydrolysis 
treatments on the physicochemical properties of beef bone extract using endo- and exo-proteases. International Journal of Food 
Science and Technology, 54(1), 111-120. doi: https://doi.org/10.1111/ijfs.13911 
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Table 4-1 Proteolytic activity of Protamex®, bromelain and Flavourzyme® at standard conditions 
(pH 7.5, 37°C) and recommended reaction conditions specified by the manufacturers  

Enzymes Standard 
condition 

Total activity  1,2 
(units/mg solid) 

Recommended 
conditions 

Total activity  1,2 
(units/mg solid) 

Protamex® 

pH 7.5, 37°C 
191.36 ± 30.43  pH 6.0, 40°C 240.84 ± 14.23  

Bromelain 154.77 ± 10.25  pH 5.0, 55°C 258.06 ± 7.76  
Flavourzyme® 290.54 ± 10.41  pH 6.0, 50°C 395.54 ± 9.85  

1 Values are expressed as the mean and standard deviation of three replicates.  
2 Enzyme activity (units/mg solid) which yielded the colour equivalent to 1 µmol of tyrosine per 
minute at each pH and temperature value assayed.  
 

4.3.4 Enzymatic hydrolysis of beef bone extract  

Beef bone extract was transferred into a 250-mL conical flask and pre-incubated in a 

temperature-controlled water bath before the enzyme was added. The enzymes were added on a 

weight basis rather than activity units. The native pH of bone extract was 6.68. The hydrolysis 

reaction was done in a shaking incubator (Multitron Standard, INFORS HT, Switzerland) at the 

recommended temperature of each enzyme (Table 4-1) for 120 min at 150 rpm. At the end of the 

hydrolysis, the flasks were placed in a heated water bath (85°C) for 15 min to inactivate the enzyme 

and then cooled in a cold-water bath for another 10 min. The hydrolysates were stored at 4°C 

before further analysis. The hydrolysis duration was limited to 120 min as most studies show that 

DH for similar enzymes started to exhibit a stationary phase at 120 min of hydrolysis (Pagán et al., 

2013; Jridi et al., 2014; Shu, Zhang, Chen, Wan, & Li, 2015). The different enzyme systems used 

in the hydrolysis of beef bone extract is shown in Table 4-2.  

 

To study the effect of E/S ratio, single-enzyme hydrolysis treatment was conducted at 

different E/S ratio at 0%, 0.5%, 1.0%, 1.5%, 2.0%, 2.5%, 3.0% and 4.0% w/w (enzyme weight to 

protein weight). The DH was calculated to determinate the optimum E/S ratio for each enzyme, 

and single, simultaneous, and sequential hydrolysis treatments were then conducted. For single 

treatment, the reaction temperature was based on the recommended temperature of each enzyme. 

Recommended temperature of Flavourzyme® was used for simultaneous treatment. While, for 

sequential treatment, P>F and B>F followed the recommended temperature for Protamex® and 

Bromelain for the first two hours, respectively, followed by adjusting to the recommended 

temperature of Flavourzyme® for the next two hours.  
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Table 4-3 Total amino acid composition of beef bone extract 

Amino acids Amino acids content 1 Predominant 
taste a,b mg/100 mg product mg/100 mg protein 

Essential amino acids  
Histidine 0.47 ± 0.01 0.99 ± 0.03 Bitter 
Isoleucine # 0.77 ± 0.01 1.63 ± 0.03 Bitter 
Leucine # 1.72 ± 0.01 3.63 ± 0.05 Bitter 
Lysine 1.75 ± 0.10 3.70 ± 0.21 Sweet and bitter 
Methionine 0.81 ± 0.01 1.70 ± 0.03 Bitter 
Phenylalanine 1.09 ± 0.04 2.30 ± 0.09 Bitter 
Threonine 0.96 ± 0.02 2.03 ± 0.05 Sweet 
Valine # 1.32 ± 0.02 2.79 ± 0.05 Bitter 
Non-essential amino acids  
Alanine 3.83 ± 0.13 8.09 ± 0.28 Sweet 
Arginine 3.47 ± 0.03 7.33 ± 0.10 Bitter 
Aspartic acid 2.81 ± 0.16 5.93 ± 0.34 Sour 
Cysteine 0.07 ± 0.01 0.14 ± 0.02 NA 
Glutamic acid 4.81 ± 0.15 10.16 ± 0.33 Sour 
Glycine 9.61 ± 0.25 20.29 ± 0.59 Sweet 
Proline 5.32 ± 0.06 11.23 ± 0.19 Sweet and bitter 
Serine 1.48 ± 0.01 3.13 ± 0.05 Sweet 
Taurine 0.02 ± 0.01 0.04 ± 0.02 NA 
Tyrosine 0.54 ± 0.02 1.14 ± 0.05 Bitter 
Hydroxyproline 4.77 ± 0.21 10.07 ± 0.46 NA 
Total amino acid content 45.62 ± 0.44 96.32 ± 0.99  
Essential amino acids 8.89 ± 0.11 18.77 ± 0.25 
Non-essential amino acids 36.73 ± 0.42 77.55 ± 0.95 
Hydrophobic amino acidsc 16.89 ± 0.15 35.67 ± 0.37 

1 Values are expressed as the mean and standard deviation of three replicates. 

a Li -Chan and Cheung (2010). 
b NA = Not available 
c Hydrophobic amino acids (AA): Alanine, Cysteine, Histidine, Isoleucine, Leucine, Methionine, 
Phenylalanine, Proline, Threonine, Tyrosine, Valine (Damodaran, 2008). 
# Branched-chain amino acids (BCAAs). 
 

Bone extract contained all essential amino acids other than tryptophan (not analysed), 

making it nutritionally beneficial. Clemente (2000) reported that the hydrophobic amino acid 

content contributed to the bitter flavour of peptides, which could be an issue when used in foods. 

The use of enzymes such as Flavourzyme®, which cleave at the C- or N-terminal end of 

hydrophobic amino acids, could be used to reduce the bitterness of bone extract. The predominant 

amino acids in bone extract were glutamic acid, glycine, proline and hydroxyproline. Bone extract 

contained 10.16 mg/100 mg protein of glutamic acid, the sweet-umami amino acid used in the 
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hydrolysis treatment. This correlated well with the previous study by Nchienzia et al. (2010), 

where simultaneous and sequential hydrolysis treatment of poultry meal using Acalase® and 

Flavourzyme® had higher DH than single hydrolysis treatment using Acalase® or Flavourzyme®. 

Bone extract hydrolysed using sequential hydrolysis treatment showed higher DH than 

simultaneous hydrolysis treatment, which was in accordance with Nchienzia et al. (2010). This 

could be due to longer reaction time, a total of four hours for sequential hydrolysis treatment and 

two hours for simultaneous hydrolysis treatment, allowing the enzymes to have more time to 

hydrolyse bone extract. Besides that, the conditions used for simultaneous hydrolysis treatment 

followed by Flavourzyme® at its recommended temperature, hence, Protamex® and bromelain 

might not be able to perform at its optimum when hydrolysing bone extract. However, there was 

no significant difference in simultaneous and sequential hydrolysis treatment when using the same 

enzyme combinations. The small gains of DH in sequential hydrolysis treatment may not be 

worthwhile, as it required twice as long to hydrolyse bone extract as compared to simultaneous 

hydrolysis treatment. 

 

4.4.4 Effects of hydrolysis treat ments on the molecular weight distribution of beef 

bone hydrolysates  

The Mw distribution of beef bone extract hydrolysed by Protamex®, bromelain and 

Flavourzyme® at different hydrolysis treatments are shown in Table 4-4. Different molecular 

standards were injected in separate runs and a regression equation that relates Mw and elution time 

was established (Equation (5)). The samples were separated into five fractions (i.e. <1000, 1000-

5000, 5000-10000, 10000-30000, >30000 Da) by SEC column at UV wavelength of 214 nm. 
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with increasing DH, the hydrolysates tended to have a decrease in exposed SH content and an 

increase in SS content. All samples contained a similar proportion of total SH contents (results not 

shown) as there was complete extraction of SH groups in bone extract and hydrolysates using tris-

glycine buffer containing urea and SDS, due to the comparable protein contents in all samples. 

Bone extract hydrolysed by bromelain showed highest exposed SH contents compared to 

Protamex® and Flavourzyme® in single hydrolysis treatment. This could be due to bromelain, a 

cysteine protease containing one reactive SH group per molecule, that reacts stoichiometrically 

with DTNB (Murachi, 1976). As there was no centrifugation step in the enzymatic hydrolysis 

process, the SH group in the bromelain residue could contribute to the exposed SH contents. When 

combining Flavourzyme® with Protamex® or bromelain in simultaneous and sequential hydrolysis 

treatment, there was no significant difference in exposed SH contents when compared with 

Flavourzyme® only, except for B+F. Besides that, there was no significant difference in SH 

contents for the hydrolysates in simultaneous and sequential hydrolysis treatments. Enzymatic 

hydrolysis led to the decrease of exposed SH contents in bone hydrolysates relative to bone extract, 

which was also reported by Zhao, Liu, Zhao, Ren, and Yang (2011). Proteases caused the partial 

unfolding of proteins or peptides, by uncovering the buried hydrophobic or SH group, leading to 

exposure of the thiol groups to the molecular surface and could then form aggregates (e.g. 

sulfhydryl-disulphide bond interchange) (Zhang et al., 2017). 
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Similar to exposed SH contents, bone extract hydrolysed by bromelain showed highest SS 

contents compared to Protamex® and Flavourzyme® in single hydrolysis treatment. When 

combining Flavourzyme® with Protamex® or bromelain in simultaneous and sequential hydrolysis 

treatment, there was only significant difference in SS contents for B+F and B>F when compared 

with single hydrolysis treatment. There was also no significant difference in SS contents between 

simultaneous and sequential hydrolysis treatments. It was observed that increased DH led to 

significant changes in SS contents, except for hydrolysates produced using bromelain. The SH 

group in the bromelain residue could undergo SH/SS interchange that led to the increase in SS 

contents for hydrolysates produced using bromelain. The increasing DH could promote exposure 

and formation of SS during the enzymatic hydrolysis which was also reported by Zhang et al. 

(2017).  

 

4.4.6 Effects of hydrolysis treatments on viscosity of beef bone hydrolysates  

The apparent viscosity of beef bone extract decreased from 7.48±0.51 to 5.24±0.03 Pa.s as 

the shear rate increased from 1 to 100 s-1, showing slight shear thinning behaviour. Shear-thinning 

behaviour was attributed to the stretching of fibrous meat protein (mainly collagen) and parallel 

alignment with flow stream during shearing (Tornberg, 2005). The apparent viscosity of bone 

extract was approximately 10× higher than the hydrolysates that exhibited Newtonian behaviour. 

The apparent viscosities of seven hydrolysates were found to be lower than bone extract. This 

could be due to the higher DH, where a larger proportion of high Mw peptides being cut into 

smaller fragments by the enzymes, resulted in reducing the viscosity of the hydrolysates.  

 

Bone extract hydrolysed by Flavourzyme® (0.181±0.009 Pa.s at a shear rate of 100 s-1) in 

single hydrolysis treatment exhibited the lowest apparent viscosity. Protamex® and bromelain were 

0.379±0.007 and 0.349±0.017 Pa.s at a shear rate of 100 s-1, respectively. When combining 

Flavourzyme® with Protamex® or bromelain in simultaneous and sequential hydrolysis treatment, 

there was no significant difference in apparent viscosities at a shear rate of 100 s-1 when compared 

with Flavourzyme® only. This shows that Flavourzyme® is efficient in reducing the viscosity of 

bone extract, without the addition of other enzymes. Overall, the results indicated that enzymatic 

hydrolysis affected beef bone extract by reducing the viscosity of hydrolysates. 
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4.5 Conclusion 
The objective of this study was met where Protamex®, bromelain, Flavourzyme® and its 

combinations, had successfully hydrolysed beef bone extract into bone hydrolysates. Bone extract 

contained high protein content, low-fat level and was rich in flavour amino acids (aspartic and 

glutamic acids), making it a potential ingredient in food applications. The use of the Michaelis-

Menten model for optimum E/S ratio determination had effectively shown the hydrolysis kinetics 

for the three enzymes. Of the three enzymes in single hydrolysis treatment, Flavourzyme® 

provided the greatest increase in DH, and consequentially the largest proportion of small Mw 

peptides (<5000 Da) and the greatest reduction in viscosity. Combining Flavourzyme® with 

Protamex® or bromelain significantly increased DH. However, simultaneous or sequential 

hydrolysis treatments made little difference in any of the measured parameters. Hence, 

simultaneous hydrolysis treatment was preferred as it required a shorter hydrolysis time. The 

enzymatic hydrolysis of bone extract demonstrated potential in converting these low-value meat 

products into high-value functional ingredients with low viscosity and non-gelling characteristics. 

The impact of these changes on meat flavour development will be further studied.  

 

 

 

  



 

 
 

87 

 2 Changes in the physicochemical  properties  and 

flavour  compounds  of beef bone hydrolysates after  Maillard 

reaction  

 

5.1 Abstract  
This study investigated the changes in physicochemical properties and volatile compounds 

of beef bone hydrolysates during heat treatment as a result of the MR. Five beef bone hydrolysates 

obtained from single (P-Protamex®, B-bromelain, and F-Flavourzyme®) and simultaneous (P+F 

and B+F) enzymatic hydrolysis treatments were combined with ribose in aqueous solutions and 

heated at 113°C to produce MRPs. Total FAA decreased after heat treatment indicating the 

occurrence of the MR. MRPs showed a decrease in pH and an increase in browning intensity as 

the DH of hydrolysates increased. The volatile compounds generated during heat treatment were 

evaluated using gas chromatography-mass spectrometry (GC-MS) with headspace solid-phase 

microextraction (SPME) sampling. A total of 40 volatile compounds were identified in all MRPs 

and their concentration was found to increase with increasing DH. Pyrazines were the most 

abundant class of compounds produced as a result of the MR. F-MRP showed the highest peak 

area intensity for 17 volatile compounds in single hydrolysis treatment followed by heat treatment. 

There was also no significant difference in those major volatile compounds between F-MRP and 

P+F-MRP or B+F-MRP from simultaneous hydrolysis treatment after heating. F-MRP obtained 

the highest score for meaty taste and overall acceptability. Hence, the use of Flavourzyme® alone 

to increase the flavour intensity of beef bone extract is recommended. Overall results indicated 

that enzymatic hydrolysis and MR could be used to modify the flavour characters of beef bone 

extract. 

 

Keywords: Maillard reaction, beef bone hydrolysates, peptide contents, free amino acids, volatile 

compounds 

 
2 This chapter is published as Chiang, J.H., Eyres, G.T., Silcock, P.J., Hardacre, A.K., & Parker, M.E. (2019). Changes in the 
physicochemical properties and flavour compounds of beef bone hydrolysates after Maillard reaction. Food Research International, 
123, 642-649. doi: https://doi.org/10.1016/j.foodres.2019.05.024 
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5.2 Introduction  
The MR, also known as Maillard browning or non-enzymatic browning, plays an important 

role in the development of volatile flavour compounds and the appearance of cooked food (Van 

Ba et al., 2012). MR was described by French chemist Louis Maillard (1912) when he investigated 

the browning reaction between lysine and glucose. MR takes place with the involvement of 

primary precursors, such as compounds with an available amino group (e.g. amines, FAA, peptides 

or proteins) and reducing sugars (e.g. ribose, xylose, glucose or fructose) at specific heating 

conditions to produce MRPs (Reineccius, 2005; Van Boekel, 2006; Van Ba et al., 2012). These 

precursors react during heating in primary reactions to form intermediate products. The 

intermediate products further react with other degradation products to form a complex combination 

of volatiles responsible for flavour, aroma, and dark-coloured pigments.   

 

The MR plays an important role in meat flavour development, together with lipid oxidation, 

caramelisation or ascorbic acid browning (Reineccius, 2005). The most abundant flavour 

compounds formed via MR are aliphatic aldehydes, ketones, diketones, and short-chain fatty acids. 

However, heterocyclic compounds containing oxygen, nitrogen, sulphur, or combinations of these 

atoms, are much more numerous and play a significant role in the flavour development of thermally 

processed foods. The development of meat flavour is often influenced by reacting sulphur-

containing compounds, such as amino acids, with reducing sugars (Kerler et al., 2010). Flavour 

development via MR largely depends on the type of amino acids and reducing sugars present, and 

the reaction conditions such as temperature, time and pH (Jousse et al., 2002). The choice of sugar 

type is of minimal importance in determining flavour character while the choice of the amino acid 

is very important (Reineccius, 2005). The type of sugar tends to play a larger role in determining 

the rate of reaction, rather than influencing the flavour character (Izydorczyk, 2005). In this study, 

the pentose sugar ribose was used to study MRPs made with beef bone hydrolysates. This 

monosaccharide is known to be associated with the ribonucleotides in meat muscle, highly 

involved in MR during thermal processing of meat flavour, and has a greater order of reactivity 

and rate of reaction than hexoses, disaccharides, trisaccharides, etc. (Jayasena et al., 2013). The 

type of amino acids determines the flavour compounds formed, for instance, flavour-active 

sulphur-containing compounds are usually generated from MR between cysteine and ribose 

(Elmore et al., 2002; Cerny & Davidek, 2003).  
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in the generation of nitrogen-containing heterocyclic compounds such as pyrazines and pyrroles 

(Table 5-6). The Mw distribution results indicated that low Mw peptides at 1000-5000 Da could 

be the main participant in cross-linking reaction during MR. 

 

5.4.3 Changes in free amino acids after Maillard reaction  

The proportion of FAA in BE, hydrolysates and MRPs is shown in Table 5-5. The 

proportion of total FAA in MRPs decreased after heat treatment, which supports the occurrence of 

MR during heating. This could be due to the interactions (i.e. cross-linking) between amino acids 

and sugar or their degradation products (Lan et al., 2010). Alternatively, it could be associated 

with the formation of volatile compounds from the amino acids (Sun et al., 2014). Although the 

DH achieved using Protamex® and bromelain were somewhat similar (Table 5-1) in single 

hydrolysis treatment, B-MRP (1.57 mg/g protein) had a larger change in total FAA than P-MRP 

(0.18 mg/g protein), in terms of the magnitude change. MRPs derived from simultaneous 

hydrolysis treatment (P+F-MRP; 7.30 mg/g protein) had a lower change in total FAA compared 

to F-MRP (9.40 mg/g protein) from single hydrolysis treatment.  

 

Other FAAs such as hydrophobic, umami and sulphur-containing for each MRP decreased 

after heat treatment. Amino acids with hydrophobic side chains usually have an unpleasant bitter 

taste (Chen & Zhang, 2007). It was shown that with the usage of Flavourzyme® for the hydrolysis 

treatments, the amount of hydrophobic amino acids in F-MRP, P+F-MRP and B+F-MRP 

decreased greatly after MR, but the final contents in MRPs were still higher than BE-MRP, P-

MRP and B-MRP. Yu et al. (2018) reported that umami amino acids could be increased by utilising 

MR, due to the preferential degradation of peptides containing glutamic acid or aspartic acid. 

However, this effect was not encountered in this study. It was shown that umami amino acids 

decreased after heat treatment, which could be due to these amino acids participating in the 

formation of volatile compounds via the MR. F-MRP and B+F-MRP had the greatest loss in 

sulphur-containing amino acids in single and simultaneous hydrolysis treatment, respectively.  
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5.4.4 Changes in volatile compounds after Maillard reaction  

The volatile compounds formed after heat treatment can be classified into three groups 

such as (1) sugar dehydration or fragmentation products (e.g. furans, pyrones, cyclopentenes, 

carbonyls and acids), (2) amino acid degradation products (e.g. aldehydes) and (3) volatiles 

produced by further interactions (e.g. pyrroles, pyridines, imidazoles, pyrazines, oxazoles, and 

thiazoles) (Nursten, 2005). A total of 40 compounds, consisting of pyrazines, thioethers, furans, 

pyrroles, aldehydes, ketones, esters, alcohols, acids, and other miscellaneous compounds that 

might have no contribution to the aroma characteristics, were identified in BE and MRPs (Table 

5-6). It was observed that most pyrazines, 2-furanmethanol and benzaldehyde gradually increased 

when the DH of the hydrolysates increased. Pyrazines were the main class of compounds produced 

as a result of the MR based on total peak area. Normalised peak responses for these compounds 

were calculated by comparison of peak area with that of the internal standard. Some of them were 

the major volatile components, and others were intermediates in the formation of other volatiles.  

 

The BE had the lowest number of compounds detected and the lowest total normalised 

peak response of all treatments, with pyrazines present in the highest relative peak area intensity 

relative to the other compounds present in BE. BE contained the lowest proportion of pyrazines 

when compared with the MRPs. This indicated the weak flavour intensity of the original extract, 

supported by informal odour assessment. BE also contained the lowest proportion of acetic acid 

among all samples. This corresponded with the higher pH of BE compared to the MRPs. After 

heat treatment, BE-MRP showed the generation of previously undetected volatile compounds such 

as 2-methylpyrazine, dimethyl disulphide and dimethyl trisulphide, which are considered to 

contribute to a roasted, sulphurous and meaty flavour (Mahajan, Goddik, & Qian, 2004). The 

relative content of pyrazines doubled from a peak area (×106) of 410.7 ± 18.1 to 878.4 ± 15.5 as a 

result of the heat treatment. The relative content of acetic acid increased greatly from a peak area 

(×106) of 6.3 ± 1.2 to 189.6 ± 30.4. This correlated with pH analysis, where BE-MRP achieved a 

pH of 5.50 ± 0.01 after heat treatment. There was also an increase in 2-furanmethanol, which may 

contribute a burnt and bitter character in BE-MRP, as reported by Mahajan et al. (2004) and Naudé 

and Rohwer (2013), who investigated the aroma compounds of sweet whey powder and coffee 

flavour in Pinotage wine, respectively.   
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When BE was hydrolysed by either Protamex®, bromelain or Flavourzyme® in single 

hydrolysis treatment followed by heat treatment, F-MRP showed the highest peak area intensity 

for most volatile compounds (Table 5-6). This could be due to its high DH, where a higher 

proportion of FAA or peptides were available to react with ribose during heat treatment (Table 5-

5). F-MRP showed a significantly higher proportion of some pyrazines, thioethers and other 

volatile compounds when compared with P-MRP and B-MRP. Volatile compounds such as 2,5-

dimethyl-3-isopentylpyrazine and 2-acetyl-3,5-dimethylpyrazine were generated in F-MRP but 

were not present in P-MRP and B-MRP in single hydrolysis treatment. This could be due to 

Flavourzyme® being a mixture of endo- and exo-proteases, which can hydrolyse peptide bonds 

within polypeptides and from either the N or C-terminal ends (O'Sullivan et al., 2017), and thus 

generate volatile compounds that endoproteases (i.e. Protamex® and bromelain) are unable to 

generate during MR. There was no significant difference in the proportion of acetic acid for P-

MRP, B-MRP and F-MRP, which correlated with similar pH results. There were no significant 

differences for any of the volatile compounds between P-MRP and B-MRP.  

 

When combining Flavourzyme® with Protamex® or bromelain in simultaneous hydrolysis 

treatment followed by MR, there was no significant difference in the proportion of most volatile 

compounds between P+F-MRP and B+F-MRP (Table 5-6). The magnitude of the differences was 

small for some volatile compounds even when they were significantly different. When comparing 

F-MRP in single hydrolysis treatment with both P+F-MRP and B+F-MRP in simultaneous 

hydrolysis treatment, there were no significant differences between the major volatile compounds 

for the three MRPs. This showed that Flavourzyme® is effective in generating major volatile 

compounds during MR, without the need for the addition of other enzymes. 

 

It has been reported that meaty flavour is associated mainly with sulphur compounds and 

their derivatives (Van Boekel, 2006). However, in this study, only two sulphur-containing volatiles, 

dimethyl disulphide and dimethyl trisulphide were detected in the MRPs. BE-MRP contained the 

least amount of these thioethers, while F-MRP had the highest amount. Both B-MRP and B+F-

MRP obtained from hydrolysates made using bromelain was found to have a lower proportion of 

thioethers in their respective hydrolysis treatments. It was also shown that B-MRP and B+F-MRP 

contained a higher proportion of furans, which typically have a sweet, caramel-like flavour (Song 
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et al., 2016). This could potentially decrease the meaty aroma in the two MRPs. Interestingly, 

compounds such as butylated hydroxytoluene (BHT), and sorbic acid having antioxidant and 

antimicrobial activity, respectively, were detected in the MRPs. BHT was found in BE-MRP, P+F-

MRP and B+F-MRP, while sorbic acid was found in F-MRP, P+F-MRP and B+F-MRP. 

 

The occurrence for the hazardous compounds such as carcinogenic (e.g. acrylamide) and 

mutagenic (e.g. heterocyclic aromatic amines) products formed during MR was assumed low. 

There are no exact regulation limits (e.g. tolerable daily intake) on these hazardous compounds 

specified by FAO/WHO (Food and Agriculture Organisation/ World Health Organisation), FDA 

(Food and Drug Administration), EFSA (European Food Safety Authority) or FSANZ (Food 

Standard Australia New Zealand). Acrylamide is a substance that forms through the chemical 

reaction between asparagine (containing an amide group) and reducing sugars. Therefore, to 

minimise the amount of acrylamide formed during MR, the amount of free asparagine to react with 

reducing sugar should be as low as possible (Nursten, 2005). Heterocyclic aromatic amines (HAA) 

are formed when amino acids, reducing sugars, and creatine or creatinine (substances found in 

muscle) react at high temperatures. However, creatine or creatinine was not analysed in this study. 

It was expected to be low as the extract was obtained from beef bone with a low amount of muscle 

meat. Both acrylamide and HAA form during high-temperature cooking, such as frying, roasting, 

grilling and baking (above 120°C) and in low moisture contents (Food Drug Administration, 2016).  

 

In this study, the formation of acrylamide was not measured. However, the highest amount 

of free asparagine was 2.38 mg/g protein (or 1.13 mg/g product) for B+F treatment and over half 

of this reacted during MR (Table 5-5). In comparison, Song et al. (2016) found that the amount of 

free asparagine contained in beef bone hydrolysates was much higher 8.6-19.7 mg/g product.  

 

The heat treatment for MR was conducted at 115°C, and in high moisture content (>50%) 

and these conditions are not optimal for the formation of acrylamide. Furthermore, these MRPs 

were intended as a high-intensity flavour ingredient to be used at low usage levels, thus limiting 

the concentration of hazardous compounds in final food products. Therefore, it is assumed that 

acrylamide and HAA values are low, but these could be tested in further work. (Nursten, 2005).   
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Table 5-6 Volatile compounds in the beef bone extract and Maillard reaction products (MRPs) with different enzymatic hydrolysis 
treatment 

Compounds RI  2 Peak area (×106) 1 
BE BE-MRP P-MRP B-MRP F-MRP P+F-MRP B+F-MRP 

Pyrazines 
2-Methylpyrazine 1311 ND 57.8 ± 2.1d 74.0 ± 2.0c 89.5 ± 1.8b 117.6 ± 5.6a 112.3 ± 5.5a 119.2 ± 6.7a 
2,5- and 2,6-Dimethylpyrazine 
(coeluting) 1378 147.7 ± 14.6d 249.4 ± 0.9c 547.0 ± 23.6b 568.9 ± 9.3b 741.2 ± 31.9a 794.4 ± 50.6a 802.6 ± 27.5a 

2-Ethyl-6-methylpyrazine 1441 6.6 ± 1.1d 19.0 ± 1.9c 23.1 ± 1.2bc 26.1 ± 1.3b 40.7 ± 1.5a 42.4 ± 1.3a 43.7 ± 1.8a 
2-Ethyl-5-methylpyrazine 1447 75.2 ± 3.3d 60.4 ± 0.5e 106.6 ± 1.9c 100.4 ± 4.4c 145.3 ± 2.0b 168.2 ± 3.2a 163.5 ± 5.3a 
Trimethylpyrazine 1470 35.9 ± 2.0e 60.2 ± 0.6d 95.5 ± 2.9c 101.0 ± 2.8c 158.3 ± 3.6b 171.0 ± 3.8a 171.6 ± 6.8a 
3-Ethyl-2,5-dimethylpyrazine 1506 134.5 ± 10.0d 363.3 ± 15.1c 451.9 ± 18.7b 432.8 ± 14.6b 512.8 ± 18.5a 533.8 ± 14.8a 538.1 ± 25.6a 
3,5-Diethyl-2-methylpyrazine 1579 10.7 ± 0.1c 68.4 ± 1.0b 81.8 ± 4.4a 79.2 ± 2.1a 81.0 ± 3.1a 84.9 ± 1.5a 84.3 ± 4.2a 
2,5-Dimethyl-3-isopentylpyrazine 1723 ND ND ND ND 64.7 ± 2.2b 76.5 ± 0.7a 68.1 ± 5.5b 
2-Acetyl-3,5-dimethylpyrazine 1766 ND ND ND ND 7.5 ± 0.2ab 8.3 ± 0.6a 7.4 ± 0.5b 
Total pyrazines  410.7 ± 18.1 878.4 ± 15.5 1379.8 ± 30.7 1397.9 ± 18.3 1869.3 ± 37.7 1991.8 ± 53.3 1998.5 ± 39.8 
Thioethers 
Dimethyl disulphide 1043 ND 15.5 ± 6.4c 31.6 ± 5.5bc 27.6 ± 1.6c 52.5 ± 7.5a 47.2 ± 7.5ab 48.7 ± 9.4ab 
Dimethyl trisulphide 1428 ND 18.3 ± 9.7b 28.8 ± 2.1b 21.8 ± 2.8b 87.6 ± 5.9a 87.9 ± 8.9a 75.4 ± 11.7a 
Total thioethers  - 33.8 ± 11.7 60.4 ± 5.9 49.4 ± 3.2 140.1 ± 9.5 135.1 ± 11.6 124.1 ± 15.0 
Furans 
2-Methylfuran 840 ND 41.6 ± 9.9ab 69.8 ± 10.3a 68.2 ± 10.8a 47.7 ± 3.7ab 41.7 ± 1.9ab 34.5 ± 18.3b 
Furfural 1531 ND 79.6 ± 3.6a ND ND ND ND 76.7 ± 3.4a 
2-Propanoylfuran 1647 ND 32.0 ± 2.6a ND 34.6 ± 2.1a ND ND ND 
3-Phenylfuran 1914 ND ND MD ND 36.5 ± 2.5b 38.7 ± 0.4b 42.7 ± 1.0a 
Total furans  - 153.1 ± 10.8 69.8 ± 10.3 102.8 ± 11.0 84.2 ± 4.4 80.4 ± 1.9 153.9 ± 18.6 
Pyrroles 
1-Furfurylpyrrole 1879 ND 26.7 ± 2.5c 42.1 ± 1.5a 33.8 ± 1.4b 43.1 ± 1.8a 40.2 ± 2.9a 37.6 ± 3.2ab 
2-Acetylpyrrole 2010 ND ND ND ND 6.6 ± 0.2c 8.0 ± 0.6b 12.7 ± 0.3a 
2-Formylpyrrole 2057 ND ND 9.4 ± 0.5a 9.7 ± 0.7a ND ND ND 
Total pyrroles  - 26.7 ± 2.5 51.5 ± 1.6 43.5 ± 1.6 49.7 ± 1.9 48.2 ± 2.9 50.4 ± 3.2 
Ketones 
5-Methyl-2-hexanone 1130 ND ND ND ND 25.0 ± 2.0a 26.7 ± 2.4a 22.9 ± 7.3a 
6-Methyl-2-heptanone 1253 ND ND ND ND 15.7 ± 0.3a 15.7 ± 0.6a 14.0 ± 2.0a 
Total ketones  - - - - 40.7 ± 2.0 42.3 ± 2.4 36.9 ± 7.6 
Esters 
Furfuryl acetate 1591 ND 37.6 ± 1.9a 38.1 ± 1.5a 39.6 ± 1.8a ND ND ND 
3-Hydroxy-2,2,4-trimethylpentyl 
isobutyrate 1911 23.6 ± 14.7a 26.2 ± 13.0a 37.2 ± 15.0a 22.8 ± 6.9a 24.8 ± 9.3a 36.9 ± 3.2a 25.1 ± 12.9a 

Total esters  23.6 ± 14.7 63.9 ± 13.2 75.3 ± 15.0 62.4 ± 7.1 24.8 ± 9.3 36.9 ± 3.2 25.1 ± 12.9 
Alcohols 
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perceive the aroma more distinctly. There were no significant differences in meaty taste among all 

samples. F-MRP scored the highest in overall acceptability but was only significantly different to 

BE. This indicated that enzymatic hydrolysis and MR could be used as an effective approach to 

increase the flavour quality of BE as a natural meat flavour enhancer. As F-MRP obtained the 

highest score for meaty taste and overall acceptability, further works can be conducted using F-

MRP to optimise the beef gravy or other food product development.  

 

5.5 Conclusion 

In this study, MRPs produced using beef bone extract or hydrolysates from single and 

simultaneous enzymatic hydrolysis treatments were compared. The decrease in pH, low Mw 

peptides and total FAA, and the increase in browning intensity and high Mw peptides after heat 

treatment indicated the occurrence of MR during pressure-cooking. Low Mw peptides at 1000-

5000 Da could be the main participant in the cross-linking reaction during MR. A total of 40 

volatile compounds were identified with GC-MS and their concentration was found to increase 

with increasing DH. F-MRP showed the highest peak area intensity for the major volatile 

compounds in single treatment followed by heat treatment. However, combining other enzymes 

with Flavourzyme® in simultaneous treatment followed by heating did not result in significant 

differences in the detected levels of volatile compounds. F-MRP obtained the highest score for 

meaty taste and overall acceptability. The changes in volatile profiles and sensory scores of beef 

bone hydrolysates after MR indicated that enzymatic hydrolysis and heat treatment as a result of 

MR could be used to modify the flavour characters of beef bone extract as a natural meat flavour 

product.   
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 3Effects of soy protein to wheat gluten ratio  on the 

physicochemical properties of extruded meat analogues  

 

6.1 Abstract  
This study reported on the effects of SPC to WG ratio at a constant mass of SPC and WG 

on the physicochemical properties of extruded meat analogues. Meat analogues (~57%MC) were 

extruded at a maximum barrel temperature of 170°C, at a dry and water feed rate of 2.8 kg/h and 

3.6 kg/h, respectively. The physical, chemical and textural properties of meat analogues were 

studied, where meat analogues containing 30%WG showed the highest degree of texturisation, 

fibrous structure, hardness and chewiness using instrumental and sensory analysis. Layered or 

fibrous microstructure of meat analogues was observed using SEM and LM. Meat analogues 

containing 20%WG and 30%WG were found to exhibit fibrous microstructure with large fibrous 

structures interconnected with much smaller fibres. The types of chemical bonding in meat 

analogues were tested with urea, DTT and SDS; findings suggested that a large portion of 

aggregated proteins were linked with hydrogen bonds. Disulphide bonds became increasingly 

important as the amount of WG was increased, and synergies between hydrogen bonds and 

disulphide bonds were evident from increased solubility effects with mixed solvents, especially U 

and DTT. It was concluded that processing conditions during extrusion denatured the proteins, 

allowing increased crosslinking, which facilitated the formation of fibrous structures. 

 

Keywords: meat analogue; wheat gluten; soy protein; high-moisture extrusion cooking; degree of 

texturisation; fibrous structure 

 

6.2 Introduction  
Meat analogues are food products that are designed to have sensory properties that are 

similar to meat but are made from plant proteins (Wild et al., 2014; Malav et al., 2015). Extruded 

chunked products with porous meat-like structure were first made during the early 1960s by 

 
3 This chapter is published as Chiang, J.H., Loveday, S., Hardacre, A., & Parker, M. (2019). Effects of soy protein to wheat gluten 
ratio on the physicochemical properties of extruded meat analogues. Food Structure, 19, 100102. doi: 
https://doi.org/10.1016/j.foostr.2018.11.002 
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Wenger laboratory (Sadler, 2004; Strahm, 2005), and the product was typically sold dry as 

texturised vegetable protein (TVP). The development of high-moisture meat analogues using 

extrusion cooking technology began in the early 1990s (Wild et al., 2014), and was probably 

dependent on the development of the TS food extruder. Meat analogues resemble meat in terms of 

its aesthetic properties such as structure, texture, flavour, colour, and appearance (Strahm, 2005; 

Asgar et al., 2010). They provide a high amount of protein and are designed as low-calorie food 

products for the human diet (Riaz, 2004).  

 

The conventional development of meat analogues consists of two main steps, which are 

mixture preparation and chunk formation (Orcutt et al., 2006; Malav et al., 2015). The mixture is 

prepared either prior to extrusion or within the extruder by blending, chopping and mixing the 

proteins, fat, salts, and other ingredients to form a matrix of proteins that encapsulate the fat and 

non-soluble components. After blending of ingredients, the mixture is then extruded as water is 

being added during processing to obtain a final MC of about 60% (Lin et al., 2002; Chen et al., 

2010). After water is injected into the extruder, the ingredients are heated to above 150°C before 

being forced through a cooling die (Cheftel et al., 1992). During extrusion processing heat and 

shear denature the proteins, allowing new chemical bonds to form between adjacent protein 

molecules and creating fibrous meat-like structure (Cheftel et al., 1992). 

 

In this study, high moisture meat analogues were mainly made from SPC and WG. SPC is 

extracted from soybeans (Glycine max) and comprises 65-70% w/w soy protein (Golbitz & Jordan, 

2006; Day, 2013). SPC-based meat analogues were reported to be easier to extrude and texturise 

compared to formulations based on SPI under similar conditions (Cheftel et al., 1992). SPI-based 

analogues exhibited homogenous structure while those that contained only SPC demonstrated an 

anisotropic structure with layers or coarse fibres in the direction of flow through the die. The 

primary storage protein group in wheat (Triticum spp.) grains is termed WG (Asgar et al., 2010; 

Day, 2013). It forms a cohesive viscoelastic network that is important in the production of many 

food products. WG is comprised of two protein classes: gliadin and glutenin. Gliadins are low or 

medium Mw monomeric proteins with intramolecular S-S bonds, while glutenins are much larger 

molecules containing different polypeptides connected by intermolecular S-S bonds (Wieser, 
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mm). The barrel was segmented into the feeding zone (T1) and six temperature-controlled zones 

(T2 to T7), which was heated by steam and cooled by running water pipes (~25°C). A gravimetric 

feeder (K-ML-D5-KT20 and LWF D5, Coperion K-Tron, Switzerland) was used to feed the dry 

ingredients into the extruder at a rate of 2.8 kg/h. Water was injected into the extruder through an 

inlet port at a constant flow of 3.6 kg/h to obtain the MC of approximately 60% w/w (wet basis) 

in the final product. The screw speed was 400 rpm and the barrel temperatures were set at 20, 50, 

80, 110, 150, 170 and 150°C in the seven zones from feed to die.  

 
Figure 6-1 Schematic illustration of twin-screw extruder used to produce meat analogues. 
 

Table 6-2 Formulation of extruded meat analogues at different soy protein concentrate (SPC) to 
wheat gluten (WG) ratio 

Sample 
Formulation (% non-water ingredients) 

Soy protein 
concentrate 

Wheat 
gluten 

Wheat 
starch Oil  Salt Pumpkin 

powder 
0%WG 89 0 2.7 5 0.3 3 
10%WG 79 10 2.7 5 0.3 3 
20%WG 69 20 2.7 5 0.3 3 
30%WG 59 30 2.7 5 0.3 3 

 

6.3.3 Preparation of cooked chicken breast  

Cooked chicken breasts were prepared according to Lyon and Lyon (1991) and Morey and 

Owens (2017) with modifications. Chicken breasts were individually packaged in plastic bags and 

cooked in a heated water bath. The breasts were cooked to an internal temperature of 75-80°C, 

removed from the water bath and cooled at room temperature for 30 min, drained and sectioned 

for cutting force and TPA to ensure uniform sampling temperature.    
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results from TPA. Boiled chicken breast had hardness in between meat analogues containing 

10%WG and 20%WG in TPA. However, grilled chicken scored the lowest hardness in sensory 

analysis. This could be due to the loss of moisture from meat analogues during grilling, thus 

increasing the hardness. Results from both instrumental and sensory analysis indicated that the two 

methods were useful in differentiating the textural properties of meat analogues at different SPC 

to WG ratio.  

 

6.4.3 Effects of SPC to WG ratio on the microstructural properties of soy -based meat 

analogues 

Scanning electron and light micrographs for meat analogues with different SPC to WG 

ratio are shown in Figure 6-3. From the SEM micrographs, a layered structure was observed for 

meat analogues containing 0%WG and 10%WG (Figure 6-3a(i) and b(i)) ranged between 90-160 

µm and 40-100 µm, respectively, with multiple segmented layers observed for meat analogues 

containing 10%WG. Fibrous microstructure was observed for meat analogues containing 20%WG 

and 30%WG (Figure 6-3c(i) and d(i)) ranged between 10 and 40 µm. Similar trends were also 

observed for light micrographs, where meat analogues containing 0% WG and 10% WG (Figure 

6-3a(ii) and b(ii)), showing layered structure, while a fibrous network was observed for meat 

analogues containing 20% WG and 30% WG (Figure 6-3c(ii) and d(ii)).   

 



 

 
 

123 

 
Figure 6-3 (i) Scanning electron and (ii) light micrographs of extruded meat analogues with 
different soy protein concentrate to wheat gluten ratio (a) 0%WG, (b) 10%WG, (c) 20%WG, (d) 
30%WG, and (e) micrographs of boiled chicken breast, at 250× magnification and 100× 
magnification, respectively. 
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It was also noted that the large fibrous structures observed in meat analogues containing 

20%WG and 30%WG were interconnected by much smaller fibres, which were also reported in 

the study by Krintiras et al. (2015) on meat analogues made from SPI containing 22.6%WG. 

Krintiras et al. (2015) suggested that those smaller fibres were probably WG. This indicated 

evidence for the existence of anisotropic structures in the four meat analogues and higher WG 

levels contributed to the fibrous microstructures. The SEM micrograph for cooked chicken breast 

(Figure 6-3e) demonstrated the muscle fibres with connective tissues, which was in accordance 

with Takei et al. (2016). The muscle fibres in cooked chicken breast ranged between 25 and 55 

µm, which were larger than those in meat analogues containing 20%WG and 30%WG. 

 

6.4.4 Effects of SPC to WG ratio on the protein solubility  of soy-based meat analogues 

The effects of SPC to WG ratio on protein solubility were conducted by determining the 

amount of protein from meat analogues that were solubilised by eight different extracting solutions 

consisting of four selective reagents (Figure 6-4). These solutions solubilised the protein by 

breaking different classes of intermolecular chemical bonds (Lin et al., 2000). Phosphate buffer 

(PB) extracted the least amount of protein in all samples. This reflects the strength and diversity 

of intermolecular bonding in meat analogues. Increasing WG led to decreasing PB extractability, 

which illustrates that WG is a more effective binder than SPC (Liu & Hsieh, 2007). 
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of PB+Urea and PB+DTT. This could be due to the synergistic effect of the two reagents. Liu and 

Hsieh (2007) reported a similar synergy between urea and DTT.  

 

The protein solubilised by a combination of PB+DTT+SDS (S-S bonds and hydrophobic 

interactions) was approximately equal to the sum of PB+DTT and PB+SDS (Figure 6-4), and the 

same could be said for PB+U+SDS vs. PB+U and PB+SDS. Lin et al. (2000), Rareunrom et al. 

(2008) and Chen et al. (2011) reported that the disruption of non-covalent forces (PB+U+SDS) 

solubilised the lowest amount of protein. However, in this study, the lowest amount of protein was 

solubilised by PB+DTT+SDS. On the other hand, for the combination of PB+U+DTT+SDS, the 

amount of protein solubilised was greater than 45%. This indicated that the protein structure of 

meat analogues was supported by H-bonds, S-S bonds, hydrophobic interactions and their 

combinations, which was in accordance with Liu and Hsieh (2008) and Chen et al. (2011).  

 

6.5 Conclusion 
The objective of this study was met where four extruded meat analogues at different SPC 

to WG ratio had successfully been produced using a TS extruder. The change in SPC to WG ratio 

affected the formation of fibrous structure in the meat analogues, where decreasing SPC to WG 

ratio showed increased fibrous structure using textural, sensory and microscopy analysis. Meat 

analogues containing 30%WG exhibited the highest DT, fibrous structure, hardness and chewiness 

when compared with others. The use of boiled chicken breast as a reference food helped for 

comparison purposes. Meat analogues containing 20%WG and 30%WG were found to be the 

closest in terms of structural properties rather than textural and sensory properties. H-bonds were 

the major force in the formation and stabilisation of the structure of meat analogues. However, S-

S bonds were the key force in forming the fibrous structure of the meat analogues made from high 

moisture extrusion. Overall, WG played an important role by contributing to the increase in S-S 

bonds in meat analogues to form fibrous structure. 
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 4Effects of Maillard -reacted beef bone hydrolysate on 

the physicochemical  properties of extruded meat alternatives  

 

7.1 Abstract  
Meat analogues are made from plant proteins using high-moisture extrusion processing, to 

have the same sensory properties as meat. However, meat analogues exhibit very weak aroma and 

are almost tasteless which has resulted in limited market success. Maillard-reacted beef bone 

hydrolysate (MRP) provides important sensory characteristics of heat-treated food products, by 

contributing to their appearance, texture, flavour and aroma. Therefore, MRP added at different 

concentrations to the plant proteins before extrusion may produce meat alternatives with high 

aroma and taste quality whilst maintaining a fibrous structure. This study investigated the effects 

of MRP at different concentrations (0, 10, 20, 30 and 40% wet weight) with plant proteins on the 

textural, microstructural, chemical and sensory properties of meat alternatives. Meat alternatives 

consisting of 40%MRP showed the lowest degree of texturisation and were observed to have 

multiple-segmented layers accompanied with some fibrous microstructure. Results from protein 

solubility analysis suggested that a large proportion of the aggregated proteins were held together 

by hydrogen bonds. While the key force in the formation of fibrous structure in meat alternatives 

was disulphide bonds. Meat alternatives containing 20%MRP obtained the highest sensory scores 

for appearance, meaty aroma, meaty taste and overall acceptability. Overall, results showed that 

the addition of MRP to produce meat alternatives changed the textural, structural and sensory 

properties significantly.  

 

Keywords: Maillard reaction products; extrusion cooking; meat alternatives; degree of 

texturisation; fibrous microstructure; sensory quality 

 

 
4 This chapter is published as Chiang, J.H., Hardacre, A.K., & Parker, M.E. (2020). Effects of Maillard-reacted beef bone 
hydrolysate on the physicochemical properties of extruded meat alternatives. Journal of Food Science, 85(3), 567-575. doi: 
https://doi.org/10.1111/1750-3841.14960   
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Table 7-2 Extrusion formulation of meat alternatives at different concentrations of Maillard 
reaction products (MRP) 

Sample 
Formulation (% w/w)  

Soy protein 
concentrate 

Wheat 
gluten 

Wheat 
starch Oil  Salt Pumpkin 

powder MRP Water 

0%MRP 23.60 12.00 1.08 2.00 0.12 1.20 0 60.0 
10%MRP 20.95 10.65 0.96 1.78 0.11 1.07 10 54.5 
20%MRP 18.29 9.30 0.84 1.55 0.09 0.93 20 49.0 
30%MRP 15.64 7.95 0.72 1.33 0.08 0.80 30 43.5 
40%MRP 12.98 6.60 0.59 1.10 0.07 0.66 40 38.0 

 

7.3.4 Moisture, protein, pH and colour analysis  

The methodologies for MC, protein content, pH level and L*  value of the meat alternatives 

were reported in Section 6.3.4. 

 

7.3.5 Textural properties analysis   

The methodologies for cutting force, hardness and chewiness (2-bite test) of meat 

alternatives were reported in Section 6.3.5.  

 

7.3.6 Microscopy analysis  

The methodologies for SEM and LM of meat alternatives were reported in Section 6.3.7. 

 

7.3.7 Protein solubility and chemical cross -linking analysis  

The methodology to determine the amount of protein solubilised for meat alternatives was 

reported in Section 6.3.8.  

 

7.3.8 Sensory evaluation  

Extruded meat alternatives were used in the formulation of minced meat alternatives (see 

Table 7-3) for sensory evaluation. The samples were ground with a food processor (Compact 3100, 

Magimix, Australia) equipped with a 9 cm mini blade for 10 min at the highest speed. The minced 

meat alternatives were then stir-fried with other ingredients using a cooking pan at medium heat 

for 5 min.  
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chicken breast. Boiled chicken breast had the lowest chewiness compared to meat alternatives, but 

this was not significantly different to meat alternatives containing 10%MRP and 20%MRP.  

 

7.4.3 Microstructural properties of meat alternatives  at different concentrations of 

MRP 

SEM and light micrographs for meat alternatives at different concentrations of MRP are 

shown in Figure 7-2. From the SEM micrographs, the extent of fibrous microstructure for meat 

alternatives appeared to decrease with increasing MRP concentrations. Fibrous microstructure was 

observed for meat alternatives consisting of 0%MRP to 20%MRP (Figure 7-2a(i), b(i) and c(i)) 

and fibre diameters ranged from 10 and 50 µm. Multiple segmented layers accompanied with some 

fibrous microstructure was noticed for meat alternatives consisting of 30%MRP and 40%MRP 

(Figure 7-2d(i) and e(i)) and fibre diameters ranged from 15 and 90 µm. The loss of fibrous 

microstructure for meat alternatives with increasing MRP concentration could be due to dilution 

of plant protein, in particular WG that has been shown to influence the formation of fibrous 

structure (Chiang et al., 2019c). The presence of MRP may also disrupt the formation of fibrous 

networks by the plant proteins. The muscle fibres in boiled chicken breast (Figure 7-2e(i)) were 

thicker than meat alternatives consisting of 0%MRP to 20%MRP. 

 

Similar trends were detected for the light micrographs, where meat alternatives consisting 

of 0%MRP to 20%MRP (Figure 7-2a(ii), b(ii) and c(ii)) exhibited fibrous microstructure, while 

a layered structure was observed for meat alternatives consisting of 30%MRP and 40%MRP 

(Figure 7-2d(ii) and e(ii)). Further to that, it was observed that the proportion of non-uniform 

voids (white areas) decreased with increasing MRP concentrations in the light micrographs. These 

voids could be formed either due to escaping steam as the pressure in the hot mixture decreased as 

it passed through the die or shear stresses as the cooling meat alternatives dragged against the wall 

of the die. These voids could also be the air that was entrapped during the structuring of the meat 

alternatives (Dekkers, Boom, & van der Goot, 2018). Air pockets could be formed in the meat 

alternatives during extrusion, as air bubbles were entrapped and elongated in the shear flow 

direction of the extruder, and expansion of the final product due to water evaporation.  
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Figure 7-2 (i) SEM and (ii) light micrographs of extruded meat alternatives at different 
concentrations of Maillard-reaction products (MRP) (a) 0%MRP, (b) 10%MRP, (c) 20%MRP, (d) 
30%MRP, (e) 40%MRP, and (f) boiled chicken breast#, at 250× and 100× magnification, 
respectively. 
# Retrieved from Chiang et al. (2019c). 
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7.4.4 Protein solubility  of meat alternatives  at different concentrations of MRP  

The amount of protein solubilised by the eight extracting solutions comprising four 

selective reagents for meat alternatives at different concentrations of MRP was determined (Figure 

7-3a and b). These extracting solutions solubilised the proteins in meat alternatives by breaking 

down different intermolecular chemical bonds (Lin et al., 2000). Phosphate buffer which 

solubilises proteins in their native state (Hager, 1984; Horvath & Czukor, 1993), extracted the least 

amount of protein in all samples, which found to be in accordance with Liu and Hsieh (2007), 

Chen et al. (2011), Osen et al. (2015) and Chiang et al. (2019c). The low solubility of protein in 

phosphate buffer indicates that the proteins in meat alternatives were denatured and polymerised 

by the heat and pressure during extrusion cooking (Osen et al., 2015). There was a trend of 

increasing solubilised protein in phosphate buffer when MRP concentrations increased. The trend 

was expected as the MRP is a water-soluble extract and hence increased solubility would be 

expected in the meat alternatives at higher concentrations of MRP (Oliver, Melton, & Stanley, 

2006).  

 

  

(a) 
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Figure 7-4 Pictures of minced meat alternatives at different concentrations of Maillard reaction 
products (MRP) for sensory evaluation (a) 0%MRP, (b) 10%MRP, (c) 20%MRP, (d) 30%MRP, 
and (e) 40%MRP. 
 

The addition of flavours is known to have an optimum level, too low and the flavour is not 

detectable or considered too weak, while if the level is too high, it can be overwhelming and 

unpleasant. MRP contained a large number of compounds which contribute to flavour in cooked 

foods including meat (Mottram, 1998). The optimum level of MRP was 20%MRP. Meat 

alternatives containing 40%MRP obtained the lowest score for meaty taste. This could be due to 

its very high concentration of 2-furanmethanol (Chiang et al., 2019a). High levels of 2-

furanmethanol cause the sample to be most undesirable due to its intense burnt and bitter taste 

(Lee, Moon, & Lee, 2010). 

 

There were no significant differences among all samples for the meaty aroma attribute. 

Overall acceptability results indicate that meat alternatives containing 20%MRP attaining the 

highest score were well-received by the panellists. This suggests that further work can be 

conducted using meat alternatives containing 20%MRP to develop new food products.  
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7.5 Conclusion 
In this study, the interactions between Maillard-reacted beef bone hydrolysates at different 

concentrations with plant proteins on the physicochemical properties of extruded meat alternatives 

were investigated. The change in MRP concentrations affected the formation of fibrous structure 

in meat alternatives, where increasing MRP concentrations showed decreased fibrous structure 

using textural and microscopy analysis. Meat alternatives containing 40%MRP showed the lowest 

DT, but highest hardness and chewiness when compared with meat alternatives incorporated with 

at least 10%MRP. Boiled chicken breast used as reference food suggested that meat alternatives 

containing 10%MRP and 20%MRP were the closest in terms of structural properties rather than 

textural properties. The major forces responsible for developing and stabilising the structure of the 

meat alternatives were H-bonds as well as the interactions between H-bonds and S-S bonds. The 

main force involved in fibrous structure in meat alternatives is S-S bonds. Meat alternatives 

containing 20%MRP obtained the highest sensory score for appearance, meaty aroma, meaty taste 

and overall acceptability among all meat alternatives. Overall, the addition of MRP to meat 

analogues changed the textural, structural and sensory properties of the meat alternatives 

significantly.   
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texturised proteins) (Riaz, 2000; Steel et al., 2012). Extrusion processing is preferred over other 

conventional processing methods (high-temperature/ long-time, e.g. baking, roasting. boiling, 

deep-frying, sterilization, etc.), as the operation is automated, continuous, versatile, energy-

efficient, has a low operating cost, and has high capacity and productivity. In addition, extrusion 

processing has the capability to produce a broad range of high-quality finished products with 

minimum processing time using inexpensive ingredients.  

 

Table 8-1 Process parameters such as moisture content, temperature, screw speed that were widely 
studied to influence the product properties of extruded meat analogues/ alternatives 

References Process parameters 
Moisture content (%)  Temperature (°C) Screw speed (rpm) 

Lin et al. (2000) and Lin 
et al. (2002) 60, 65, 70 a 138, 149, 160 150 

Rehrah et al. (2009) 40, 50, 60 a 150, 160, 170 60, 80, 100 
Chen et al. (2010) 28, 36, 44, 52, 60 a 140, 150, 160 160 
Osen et al. (2014) 55 b 100, 120, 140, 160 150 
Pietsch, Emin, & 
Schuchmann (2017) 40 a 90, 100, 120, 155, 

170 300 

Palanisamy et al. 
(2018a) 40, 47, 55, 62, 68 a 135, 145, 155, 165, 

180 400, 800, 1200, 1600 

Palanisamy, Töpfl, 
Berger & Hertel (2019) 50, 55 60 a 145, 160, 175 500, 800, 1200 

Pietsch, Bühler, 
Karbstein, & Emin 
(2019) 

60 a 100, 140, 160 180, 500, 800 

Samard, Gu, & Ryu 
(2019) 30, 70 a 160 150, 200 

a Feed moisture content  
b Moisture content of extruded product 
 

The development of high-moisture meat analogues using extrusion processing began in the 

early 1990s (Wild et al., 2014). One of the main functions of an extruder in the development of 

meat analogues is texture alteration, where the physical textures of the ingredients are altered using 

different extrusion parameters (Riaz, 2000). Meuser and Van Lengerich (1984) recommended a 

basic system analysis model to categorise extrusion parameters that mostly influenced the product 

properties. They are namely (a) process parameters (Table 8-1) which include MC, barrel/ 

cooking/ extrusion temperature, screw speed, screw configuration, die dimension, raw material 

characteristics (i.e. ingredient variations or protein contents of the ingredient), (b) system 

parameters which comprise energy input, RTD, SME, and (c) product properties such as colour, 



 

 
 

146 

texture, microstructure, sensory, nutrition. Among these three groups of parameters, process 

parameters have the most effects on the final product properties (fibrous structure in meat 

analogues) by affecting extrusion system parameters (Chen et al., 2010).  

 

Water plays an important role due to its effects on heat transfer during extrusion processing 

(Chiang, 2007). Higher MC lowers the viscosity, shear and friction during extrusion processing, 

and improves heat transfer from extruder barrel to the material being processed (Lin et al., 2000). 

Water also helps in the separation of protein and facilitates the formation of protein fibrous 

structure. During extrusion processing, the protein component unfolds, denatures and aggregates 

which leads to a change in physical state (Qi & Onwulata, 2011). Large amounts of water, when 

combined with starch, could lead to a phase separation which enhances protein-protein interaction 

(Chiang, 2007; Zhang, Li, Zhang, Drago, & Zhang, 2016). This phase separation could then cause 

the proteins to form fibrous structure during the texturisation stage that occurs in the cooling die.  

 

The effects of MC on meat analogues have been extensively studied. Lin et al. (2000) 

observed that as MC decreased from 70% to 60%, the structure of SPI meat analogues became 

more directionally aligned. The authors also reported that MC was more important input variable 

on the product texture and sensory characteristics (Lin et al., 2002) than cooking temperature. Liu 

and Hsieh (2008) reported that among the three SPI-based meat analogues extruded at MC of 60.11, 

66.78 and 72.12%, only extrudates at 60.11%MC exhibited well-defined fibre orientation. Rehrah 

et al. (2009) stated that the fibrous structure of peanut-based meat analogues was more apparent at 

about 55%MC. Chen et al. (2010) found that MC (at a broad range of 28, 36, 44, 52 and 60%MC) 

had a significant effect on the degree of texturisation on extruded SPI, where the extrudates at 

60%MC had the best fibrous structure. Palanisamy et al. (2018a) reported that the cutting force of 

extruded lupin protein was mostly affected by water feed, where meat analogues with 55% water 

feed exhibited long aligned layers. These previous studies show that meat analogues at MC of 55-

60% exhibit the most prominent fibrous structure.  

 

Based on our previous study on the interactions between MRP of beef bone hydrolysate at 

different levels (0, 10, 20, 30 and 40% wet weight) and plant proteins on extruded meat alternatives 

(Chapter 6), we found that meat alternatives incorporating MRP had a fibrous structure at MC 
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Chiang et al. (2019c), where the dry ingredients were fed into the extruder at a different dry feed 

rate of 1.8, 2.2, 2.6 and 3.0 kg/h, in order to obtain meat alternatives with different MC marked as 

60%MC, 56%MC, 52%MC and 49%MC, respectively. The MC of the meat alternatives were 

determined using the air-oven method as described by Chiang et al. (2019c). Shredded samples (2 

g) in numbered pans and lids were placed in the oven at 108°C for 24 hours. 

 

8.3.3 Protein content, pH level and colour ( L* value) analysis  

The methodologies for MC, protein content, pH level and L*  value of meat alternatives 

were reported in Section 6.3.4. 

 

8.3.4 Textural properties analysis  

The methodologies for cutting force, hardness and chewiness (2-bite test) of meat 

alternatives were reported in Section 6.3.5.  

 

8.3.5 Microstructural properties analysis  

The methodologies for SEM and LM of meat alternatives were reported in Section 6.3.7. 

 

8.3.6 Protein solubility analysis  

The methodology to determine the amount of protein solubilised for meat alternatives was 

reported in Section 6.3.8.  

 

8.3.7 SDS-PAGE electrophoresi s 

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) was conducted 

with Mini-Protean® 3 Cell (Bio-Rad Laboratories, USA) using Mini-Protean® Precast TGX 4-20% 

gradient gels with 10 × 30 ��L wells (Bio-Rad Laboratories, USA). Running buffer contained 25 

mM Tris, 192 mM glycine and 0.1% SDS (pH 8.3 at 20°C) and the sample buffer contained 62.5 

mM Tris-HCl at pH 6.8, 2% SDS, 10% glycerol and 0.003% bromophenol blue (pH 6.8 at 20°C). 

The supernatant of PUS and PUDS from protein solubility analysis were used as non-reduced and 

reduced samples, respectively. Each supernatant was diluted to a protein content of 50 mg/mL 

with PB and then diluted again with the sample buffer at a ratio of 1:1 to obtain a final 

concentration of 25 mg/mL to obtain sharp and visible bands.  
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extrusion that led to poor formation of protein cross-linking and WG being an important ingredient 

in the formation of fibrous structure by increasing the amount of S-S bonds (Ketnawa et al., 2016; 

Chiang et al., 2019c). Another possible reason could be due to higher MC, the meat alternatives 

were unable to build up enough die pressure before the cooling die because of its lower viscosity 

(Lin et al., 2002), which resulted in meat alternatives with a more sponge-like texture with little 

fibrous structure. The fibres in boiled chicken breast reference (Figure 8-2e(i)) ranged between 25 

and 55 µm, which were thicker than the meat alternatives at 49% and 52%MC.  
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Figure 8-2 (i) SEM and (ii) LM micrographs of extruded meat alternatives at different moisture 
contents (a) 49%MC, (b) 52%MC, (c) 56%MC, (d) 60%MC, and (e) micrographs of boiled 
chicken breast#, at 250× magnification and 100× magnification, respectively. 
# Retrieved from Chiang et al. (2019c). 
 





 

 
 

156 

8.4.4 Protein solubility of meat alternatives at different moisture contents  

The protein solubility of the meat alternatives at different MC was conducted by 

determining the amount of protein solubilised by different extracting solutions that consisted of 

selective reagents such as phosphate buffer, urea, DTT and SDS (Figure 8-3). These eight 

extracting solutions are designed to establish what types of intermolecular bonding are involved 

in structure formation (Lin et al., 2000). Phosphate buffer (P), which disrupt proteins in their native 

states (Liu & Hsieh, 2007; Osen et al., 2015), had the lowest amount of protein solubilised in all 

samples (Chiang et al., 2019c). This showed that the proteins in the meat alternatives at different 

MC were denatured and polymerised by the heat and pressure during extrusion (Osen et al., 2015). 

There was an increasing trend of solubilised protein in P with increasing MC, which was in 

accordance with Chiang (2007). At lower MC, this could be due to localised chemical modification 

of proteins leading to lower solubility, while at higher MC, the proteins were dispersed and 

solubilised in the extrudates (Qi & Onwulata, 2011). It could be also due to the amount of protein 

denaturation and viscosity inside the extruder which decreased at higher MC, thus reducing the 

protein interactions and cross-linking (Palanisamy et al., 2018a). The same explanation could be 

used for the increasing trend of solubilised proteins in PU, PS, PUD, PUS, PDS and PUDS with 

increasing MC. 

  

The amount of protein solubilised in the meat alternatives at different MC increased as P 

was combined with one of the other reagents (Urea, DTT or SDS). This indicated that more than 

one type of chemical bond was involved in the aggregated protein in the meat alternatives (Lin et 

al., 2000). The amount of protein solubilised by PU was found to be the greatest for two-

component solvents. This showed a large portion of protein was linked with H-bonds. The amount 

of protein solubilised by PD followed by PS showed that S-S bonds and hydrophobic interactions 

were lower than PU. The amount of DTT-solubilised protein correlates with DT and 

microstructural properties (Table 8-3 and Figure 8-2a(i) to d(i)), where the highest amount of 

protein solubilised by PD showed the highest DT and fibrous microstructure in the meat 

alternatives. This indicated that S-S bonds played an essential role in fibrous structure formation 

(Chiang et al., 2019c).  
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8.4.5 Aggregation of meat alternatives at different moisture contents  

The relevance of disulphide-mediated polymerisation of meat alternatives was further 

investigated by SDS-PAGE. The samples (PUS and PUDS in non-reduced and reduced conditions, 

respectively) from the protein solubility analysis were used to observe the difference in Mw 

distribution between the two treatments. The electrophoresis of meat alternatives at different MC 

under non-reduced (Lane 2-5) and reduced (Lane 7-10) conditions is shown in Figure 8-4. 

Comparing both non-reduced and reduced lanes, it was observed that the 7S (Mw of 72 and 49 

kDa) and 11S (Mw of 35 and 19 kDa) bands become darker as the MC increased. This could be 

due to the fact that large Mw peptides in meat alternatives were unable to penetrate the pores of 

the gel (Chen et al., 2010; Chen et al., 2011). This indicated that the amount of peptides at the 

bands became lower to higher, as increasing MC caused the raw protein to undergo polymerisation 

and cross-linking during extrusion, which led to the formation of protein-protein polymers with 

large Mw.  

 

 
Figure 8-4 SDS-PAGE of extruded meat alternatives at different moisture contents under non-
reduced (Lane 2-5) and reduced (Lane 7-10) conditions. PM referred to the molecular size markers. 
 

When S-S bonds were broken under the reduced condition with the addition of DTT, the 

bands at 67 (7S alpha), 55 and 26 kDa dissociated, revealing new bands at 17 kDa. Furthermore, 

the bands at 50 (7S beta or low Mw glutenins) kDa became less intense, and more pronounced 
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bands observed at 35 (11S acid) and 20 (11S basic) kDa, which was in accordance with Chiang 

(2007). Overall results showed from the difference in bands intensities and new bands formed 

indicated the importance of S-S bonds contribution to protein aggregation and the formation of 

fibrous structure in meat alternatives. 

 

8.5 Conclusion 

The change in MC affected both the textural and the microstructural properties of the meat 

alternatives, where meat alternatives at 52%MC and 60%MC had the highest and lowest DT, 

which did not correspond with published literature value for 55-60%MC that was reported as 

forming the most prominent fibrous structure in meat analogues. Meat alternatives at 52%MC 

exhibited fibrous microstructure, while meat alternatives at 60%MC had a disoriented structural 

pattern under SEM and LM. The use of boiled chicken breast as a reference food showed that meat 

alternatives at 49%MC could be the closest in terms of both textural and microstructural properties. 

H-bonds were the major force responsible for forming and stabilising the structure of meat 

alternatives, while S-S bonds were the main force in the formation of fibrous structure. In 

conclusion, not all extruded products at 55-60%MC exhibited fibrous structures and by adjusting 

MC as a process parameter played an important role in the formation of fibrous structure in meat 

alternatives.  
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 6 Extruded meat alternatives made from Maillard -

reacted beef bone hydrolysate and plant proteins.  Part II - 

Application in sausage s. 

 

9.1 Abstract  
This study investigated the physicochemical properties of sausages made from meat 

alternatives that included from Maillard-reacted beef bone hydrolysate and plant proteins (soy 

protein and WG) at different MC (S49%MC, S52%MC, S56%MC and S60%MC). S49%MC had 

the highest hardness and chewiness, observed with chunks of long fibres under SEM. The hardness 

and chewiness of sausages decreased as MC increased. S60%MC exhibited a soft and mushy 

texture, and no fibre structure was observed. Sausages made from meat alternatives had higher 

protein oxidation as compared with reference sausage made from the chicken breast (SCB), which 

could be due to longer storage period, as meat alternatives were extruded, frozen and stored before 

making into sausages. Sensory results showed that SCB obtained the highest scores for all 

attributes except for appearance, among all sausages. Overall results showed that further 

improvements can be made when using extruded meat alternatives to make sausages.  

 

Keywords: meat alternatives; sausage; texture properties; microscopy; protein oxidation; sensory 

quality 

 

9.2 Introduction  

Meat analogues can be formulated to have protein, fat and MC that resemble whole muscle 

meats such as chicken breast (Lin et al., 2002; Chiang et al., 2019c). They exhibit striated and 

anisotropic structures which are similar to chicken breast in terms of visual appearance and texture. 

Meat analogues can be used to imitate coarse ground meat and other products that are available in 

various shapes and sizes. In recent years, there have been many studies on the development of 

meat analogues using different types of plant proteins such as soy, pea, lupin and peanut (Lin et 

 
6 This chapter is published as Chiang, J.H., Hardacre, A.K., & Parker, M.E. (2020). Extruded meat alternatives made from Maillard-
reacted beef bone hydrolysate and plant proteins. Part II - Application in sausages. International Journal of Food Science and 
Technology, 55(3), 1207-1217. doi: https://doi.org/10.1111/ijfs.14362  
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 Rehrah et al. (2009) prepared puff pastry snacks using ground extruded peanut-based meat 

analogue and compared them with a control commercial soy-based meat analogue to evaluate its 

sensory acceptability. Meat analogues were flavoured with beef flavour extract and flavour 

enhancers, cooked and ground into ground beef analogues. The ground beef analogues were then 

used in the preparation of puff pastry snacks, which were used as carriers to test consumer 

acceptability of ground beef analogues. Peanut-based meat analogue comprised of beef flavour, 

sugar, crushed red peppers and soy sauce, had the best sensory attributes compared to the other 

peanut-based meat analogue formulations and were liked equally to the control, a soy-based meat 

analogue. The authors concluded that meat analogues produced from low-cost defatted peanut 

flour had the potential to compete with commercial meat analogues and appeal to health-conscious 

consumers and vegetarians.  

  

Sausages are defined as ground meat products (contain no less than 50% of fat-free meat) 

made from red meat and/ or poultry with water, binders and seasoning (Essien, 2003; Food 

Standards Australia New Zealand, 2019). They are usually stuffed into a casing and may be cured, 

smoked or cooked. Sales of processed meat such as sausages, bacon, ham, salami, canned meat 

and meat-based sauces grew 5% in current retail value and 4% in retail volume to reach NZD492 

million and 29,900 tonnes in 2018 (Euromonitor, 2017), where convenience was the key driver 

behind consumer decision making. It was reported that the actual sales of meat analogues in New 

Zealand grew from NZD23.7 million in 2013 to NZD33.5 million in 2018, and it is expected to 

grow further from 2018 to 2023 to NZD56.1 million, where the key driver is expected to be due 

to increasing concern about the environmental impact of animal farming (Euromonitor, 2017).   

 

No studies were found in the literature that used extruded meat alternatives as the main 

ingredient in sausages. Furthermore, no studies are comparing the application of products made 

from extruded meat analogues/ alternatives and real meat. Therefore, in this study, extruded meat 

alternatives at different MC were made into the form of a sausage. Chicken breast was also made 

into sausages as a reference sample. The physicochemical properties of sausages made from 

extruded meat alternatives at different MC were reported. The oxidative stability and sensory 

evaluation of sausages were studied, to provide an understanding of how the textural and 
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Figure 9-1 Visual images of cross-sectional view of sausages made from extruded meat 
alternatives at different moisture contents (a) S49%MC, (b) S52%MC, (c) S56%MC, (d) S60%MC, 
and chicken breast (e) SCB. 
 

The cooking yield, MC, protein content, pH and colourimetric properties of the sausages 

are shown in Table 9-3. The average cooking yield of all sausages was found to be above 99%. 

The collagen casing of each sausage did not rupture after vacuum packing and water-bath cooking, 

hence there were no leakage or moisture loss, and this may explain the high cooking yield. The 

use of modified starches, STPP and kappa-carrageenan may also contribute to a high cooking yield. 

Modified starch has been shown by Mohammadi and Oghabi (2012) to improve water-holding 

capacity and cooking yield of sausage due to the swelling of the starch granules embedded in the 

protein gel matrix. STPP has been widely used at a level of up to 0.5% of the final product to 

reduce moisture losses during cooking (Young, Lyon, Searcy, & Wilson, 1987). STPP can also be 

used in combination with sodium chloride as the two act synergistically to improve moisture-

binding much more than when alone. Trius and Sebranek (1996) highlighted that the addition of 

kappa-carrageenan contributed to gel formation and water retention in meat products, by absorbing 

and trapping water during the heating process, which resulted in a higher cooking yield and lesser 

purge during storage.  

 

The use of meat alternatives with higher MC resulted in sausages with higher MC.  Overall 

due to the addition of water in the sausage formulation, the MC of sausages were higher than MC 

of meat alternatives they were made from. The protein content and L*  value of sausages decreased 
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This could be due to higher hardness in 49%MC (40.25 ± 5.73N) than 52%MC (28.36 ± 3.64N), 

which resulted in less disruption of the structure of S49%MC as the grinding settings for all 

sausages were set the same. Small and short fibres were observed in S56%MC, while no fibre was 

spotted in S60%MC. This could be its softer texture due to higher MC, which led to larger 

disruption on its structures after grinding. SCB had somewhat similar disoriented-pattern structure 

as S60%MC, but their textural properties were significantly different.   

 



 

 
 

173 

 
Figure 9-2 Scanning electron micrographs of sausages made from extruded meat alternatives at 
different moisture contents (a) S49%MC, (b) S52%MC, (c) S56%MC, (d) S60%MC, and chicken 
breast sausage (e) SCB, at 250× magnification. 
 
9.4.4 Oxidative stability of sausages  

Protein oxidation is one of the main causes of quality deterioration during the processing 

and storage of food products (Zhang et al., 2013). Some of the major protein oxidative 

modifications take place at the side chains of amino acids, which includes thiol oxidation, aromatic 


































































































