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1.1. Meat analogues: ingredients, process, and nutritional aspects 

Meat production is an inefficient way to make nutritious food products (Steinfeld et 

al., 2006). Among meat products, beef contributes most to a negative environmental 

impact (de Vries & de Boer, 2010). Nevertheless, the worldwide consumption of 

meat is expected to increase by 73% by 2050 (FAO, 2011) and unless more efficient 

food products are developed, we may not be able to supply sufficient food based on 

a diet rich in animal proteins. However, a decrease in meat intake, and in particular 

red and processed meat, is related to beneficial health aspects, such as prevention of 

colorectal cancer (Boada, et al., 2016; Demeyer et al., 2016; Lippi et al., 2016).  

Thus, it can be concluded that there is a need to lower meat consumption and to 

shift to a more plant protein-based diet (Stehfest et al., 2009) because the latter is 

expected to generate less effluent. However, switching to such a diet is a challenge 

among most meat eaters, because they highly appreciate the unique sensory attributes 

of meat, such as texture and taste (Grunert et al., 2004; Hoek et al., 2011; Lea & 

Worsley, 2003). One strategy to decrease meat consumption is to develop plant-

based products that closely resemble the texture and taste of meat: so-called meat 

analogues. 

1.1.1. Ingredients for making meat analogues 

Generally, meat analogues contain water, plant proteins (texturized or non-

texturized), flavors, fat, binding and coloring agents (Kyriakopoulou et al., 2018). The 

most commonly used plant proteins are soy proteins because of their functional 

properties and low cost. Further, soy protein concentrate and isolate have a protein 

digestibility-corrected amino acid score (PDCAAS), close to 1 (Thrane et al., 2016), 

which is comparable with the scores for beef and egg proteins (Hughes et al., 2011). 

Soy flours are not suitable as a starting material for meat analogues, but protein 

concentrate and isolates derived from soy flours are. To obtain the ingredients, 

soybeans are first milled into a full-fat flour, which is then defatted using solvents 

such as hexane. Soy protein concentrate (SPC) can be prepared from defatted flour 

by aqueous alcohol extraction or isoelectric leaching, which consists of insolubilizing 
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the protein and extracting soluble components (Johnson et al., 2008). The 

preparation of soy protein isolate (SPI) from the defatted flour involves separation 

steps under alkaline or acidic conditions (Alibhai et al., 2006; Lawhon et al., 

1981).The final step to prepare both SPC and SPI is spray or freeze drying. About 

80% of the proteins in SPI are storage globulin proteins: β-conglycinin, formed by 

three subunits α, α′ and β; and glycinin, composed of acid and basic subunits linked 

by disulfide bonds (Nishinari et al., 2017). Typically, the protein yield is around 60% 

of the protein present in the original soybeans (Johnson et al., 2008). Clearly, the 

isolation process requires a large amount of water and chemicals (van der Goot et al., 

2016). Further, the process conditions applied to isolate proteins generally cause 

protein denaturation and loss of solubility (Jafari et al., 2016; Schutyser & van der 

Goot, 2011). 

Given the inefficiency of current fractionation route, there is an interest arising to 

develop more energy-efficient methods under less severe conditions, such as aqueous 

or dry fractionation (Geerts et al., 2018; Xing et al., 2018). Such methods do not yield 

high protein purity, however, some native components and structures are still present 

in protein-enriched fractions. Fractions obtained under such mild condition can be 

beneficial for structuring purposes, for instance when making meat analogues with a 

soy protein ingredient that intrinsically contains fat (Geerts et al., 2018).  

Recent research has focused on the use of alternative plant protein sources, such as 

starch- or oil-rich plants (Schreuders et al., 2019). The use of alternatives could 

increase the variety of food products on the market, in terms of sensory properties 

and nutritional value. In addition, the use of alternatives would add value to these 

other crops. 

  



Introduction 

4 

1.1.2. Processes to make meat analogues 

To make meat analogues with a fibrous structures, the plant protein ingredients are 

exposed to processes that are able to align the protein domains and supramolecular 

structures in an anisotropic material. High temperatures and mechanical forces are 

often applied in these processes (Dekkers et al., 2018a). 

About a decade ago, a novel technique was introduced to generate fibrous structures 

from dairy proteins based on the use of well-defined shear flow (Manski et al., 

2007a,b, 2008). The technology makes use of so-called shearing devices that combine 

simple shear flow and large shear stresses with high temperatures in a cone-in-cone 

or Couette geometry device (van den Einde et al., 2003). Under heating and shearing 

conditions, the proteins form a gel, which can entrap the anisotropic structure 

formed during processing upon cooling (Dekkers et al., 2016). Fibrous structures 

have been obtained using blends of SPI and wheat gluten (Grabowska et al., 2014), 

SPC (Grabowska et al., 2016) and SPI with pectin (Dekkers et al., 2016).  

1.1.3. Nutritional aspects of meat analogues 

Meat provides high quality proteins, all essential amino acids, and a broad range of 

micronutrients. To make a meat analogue with a similar nutritional profile would 

require intensive processing of the ingredients, because plant materials contain 

carbohydrates in addition to proteins and lipids. However, intensive processing to 

make isolates might influence protein quality. For example, the processes could lead 

to protein denaturation, crosslinking, or oxidation. Milder processing could avoid 

some of those disadvantages, but it would be difficult to reach a similar nutritional 

value if some of the carbohydrates are still present. However, given that the average 

person consumes excess protein, a reduced protein intake and subsequent increase 

in dietary fiber might even contribute to a more balanced diet. 

Another difference between plant protein-based products and meat is related to the 

content of micronutrients, especially iron and vitamin B12. This explains why meat 

analogues are often fortified with iron, to mitigate the most common micronutrient 
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deficiency (Blanco-Rojo & Vaquero, 2018). The preferred choice of iron for food 

fortification is a water-soluble compound, e.g., ferrous sulfate, due to its high 

bioavailability (Hurrell et al., 2004). However, the incorporation of soluble iron in 

food products is still a challenge due to its prooxidant activity (Zuidam, 2012). This 

explains why products containing water-soluble iron have lower storage stability than 

products enriched with insoluble iron (Figure 1.1). In addition, water-soluble iron 

gives an undesirable metallic taste (Simiqueli, et al., 2019ab). Therefore, it is clear that 

inclusion of water-soluble iron in food products requires balancing the advantages 

and challenges for physicochemical stability and bioavailability. Encapsulation is 

often suggested as a route to optimize the balance.  

 

Figure 1.1. Conflicting requirements for incorporating water-insoluble or water-soluble 
iron in food: storage stability and bioavailability. Encapsulation of iron can be used to 
overcome those requirements. Adapted from Zuidam (2012). 
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The process conditions used to make meat analogues generally comprise high 

temperatures. High temperature processing leads to nutritional and sensory changes 

in food products (Fellows, 2017). Part of the changes are beneficial such as improved 

protein digestibility by denaturation and inactivation of antinutritional factors and 

food pathogens (Alonso et al., 2000). However, heat processes can also decrease the 

amount of heat-sensitive vitamins and lead to loss of essential amino acids and the 

formation of toxic compounds such as acrylamide when reducing sugars react with 

amino acids by Maillard reaction (Singh et al., 2007). Lysine was the most affected 

amino acid during extrusion of wheat flour that contained egg albumen proteins and 

reducing sugars (Singh et al., 2007). High temperature processing can further induce 

oxidation of protein, which deteriorates the protein quality as well. The extent of 

those modifications described above depends on the composition of the food and 

the exact process conditions.  

1.2. Understanding oxidation in plant protein-based products 

The quality of protein-rich foods can change after processing and storage. In 

products of animal origin, oxidation is often taken as a measure of deterioration of 

protein quality. Plant-based protein products are rarely investigated based on those 

product characteristics. The main focus so far has been on the creation of novel, 

attractive structures and the development of novel ingredients. However, the process 

conditions used to make those ingredients and products are often harsh, which 

means oxidation of proteins and lipids is likely to occur. As described above, 

oxidation may even be enhanced when fortification with iron is applied. A good 

understanding of protein and lipid oxidation in this new category of products is 

therefore needed and could give rise to routes to prevent or reduce oxidation in plant-

based products.  

1.2.1. Implications of oxidation for food products and human nutrition 

Many process conditions applied in industry and cooking processes used at home 

can induce protein oxidation (Gatellier et al., 2010; Gatellier et al., 2009b; Hu et al., 
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2017; Jacobsen, 2016; Promeyrat et al., 2011). It has been shown that protein 

oxidation in meat depends on the temperature and time of the treatment. Some 

related findings are summarized in Table 1. Protein oxidation increased with 

temperatures above 100 °C for all meat types. Noticeably, cooking bacon led to 

higher protein oxidation than other meat products and raw bacon already had a 

substantial level of oxidation. 

Protein oxidation often leads to changes in the secondary and tertiary structures of 

proteins, altering their physical properties, such as solubility and hydrophobicity 

(Santé-Lhoutellier et al., 2007). Table 1, outline studies showing that cooking meat 

increased hydrophobicity, due to protein denaturation. In meat products, protein 

oxidation has been associated with a loss of water-holding and gelling capacities, 

modification in color and flavor, altered texture, loss of essential amino acids and 

impaired digestion (Decker et al., 1993; Estévez & Luna, 2017; Lund et al., 2007; 

Santé-Lhoutellier et al., 2007; Xiong, 1994). The effect of oxidation on digestion 

depends on the level of oxidation (Davies, 2001; Grune et al., 2004). At a low level 

of oxidation, subtle changes in protein structure and partial unfolding can favor 

recognition through digestive enzymes, thus increasing digestion. Higher levels of 

oxidation induce protein aggregation and polymerization, which changes the 

recognition sites for digestive enzymes and decreases digestion (Bax et al., 2012; 

Santé-Lhoutellier et al., 2007; Santé-Lhoutellier et al., 2008a). 

Apart from some research on the effects on in vitro protein digestion, studies on the 

effect of the intake of oxidized proteins in vivo are rare. The intake of unsaturated 

lipids and animal proteins has been associated with increased oxidation and 

inflammation markers in the blood of humans and of animals models (Estévez & 

Xiong, 2019). In addition to the possible presence of oxidation products in those 

foods pre-ingestion, oxidation can occur during gastrointestinal digestion (Estévez & 

Luna, 2017).  
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Furthermore, studies on experimental animals showed that there is a link between 

the intake of oxidized tyrosine proteins and organ dysfunction (Ding et al., 2017; Li 

et al., 2017; Yang et al., 2017) It should be noted though that the concentrations of 

oxidized tyrosine in those studies may be much higher than values normally reported 

for food products. Nevertheless, more studies are needed to understand the effect of 

oxidative modifications of proteins, regarding notably the concentration and 

bioavailability of the formed products, as a possible threat to human health. 

 1.2.2. Mechanisms of protein oxidation and promoting factors 

Protein oxidation can be induced by two routes: (1) directly by reactive oxygen 

species (ROS), free or non-free radicals, and reactive nitrogen species (RNS); (2) 

indirectly by secondary products of oxidative stress, such as oxidized lipids (Lund et 

al., 2011). Each amino acid has a specific sensitivity to reactive species, which explains 

the formation of a wide variety of oxidation products. Rout 1 involves irreversible 

(mechanisms 1–3) and reversible modifications (mechanisms 4–6), as shown in 

Figure 1.2. Mechanism 1 is a reaction involving the protein backbone, whereby 

hydroxyl radicals (�OH) attack the amino acids via hydrogen abstraction, resulting in 

cleavage of the protein backbone and carbonyls (C=O) fragments. Mechanism 2 is 

also involved in the formation of protein carbonyls or nitration by metal-catalyzed 

oxidation reactions (MCOR) which occurs at metal chelating amino acids, such as 

lysine, threonine, arginine, and proline. 

Mechanism 3 involves aromatic amino acids, such as tryptophan, tyrosine, 

phenylalanine, and histidine, and results in hydroxylated or nitrated residues, such as 

3-nitrotyrosine (Figure 1.2). In addition, the oxidation of histidine can also lead to 

the formation of carbonyls. Mechanisms 4–6 involve amino acids containing sulfur 

groups, which are more susceptible to reaction with ROS and oxidizing lipids. 

Mechanisms 4 and 5 show the oxidation of cysteine, in this case of the thiol (R-SH) 

and thiolate (R-S−) residues by free radicals, which results in the formation of disulfide 

bonds or intermediate sulfenic acid (R-SOH). Further reactions can lead to sulfinic 
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(R-SO2H) and sulfonic acids (R-SO3H). Mechanism 6 shows the oxidation of 

methionine, resulting in methionine sulfoxide (R-S=O) (Reiniers et al., 2014). 

Figure 1.2. Mechanisms of protein oxidation (1-6) induced by ROS/RNS (top) and 
oxidation modifications (bottom). The top scheme shows the protein backbone with 
individual amino acid and the yellow shaded circles indicate the sites of oxidation. The 
bottom scheme shows the structural changes after oxidation (orange shaded circles). R, 
all amino acids; Rch, metal-chelating amino acids; Ra, aromatic amino acids; Rc, cysteine; 
Rm, methionine; polygonal/circular form, aromatic structures on the respective amino 
acid residues. Adapted from Reiniers et al. (2014). 

Furthermore, route 2 can lead to protein carbonylation through glycation in the 

presence of reducing sugars and their oxidation products, such as α-dicarbonyls, with 

basic amino acids; and covalent binding to non-protein carbonyl compounds such as 

4-hydroxyl-2-nonenal or malondialdehyde formed by lipid oxidation (Estévez, 2011). 

Protein-bound carbonyls are the most common protein oxidation markers 

investigated as a measure for protein oxidaation in biological samples and food 

proteins.  
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In summary, protein oxidative modifications can occur in an amino acid side chain 

or in the protein backbone. The modifications lead to cleavage of peptides bonds 

and modification of the amino acid side chain, such as the formation of carbonyls. 

In addition, the formation of inter-molecular covalent cross-links, such as disulfide 

bonds and dityrosine, can occur, which induces polymerization of the proteins and 

eventually to formation of large and insoluble protein aggregates (Lund et al., 2011).  

1.2.3. Controlling the effect of iron on protein oxidation  

As stated earlier, iron is known for its prooxidant effect and participates in the 

MCOR, resulting in protein carbonylation (mechanism 2, Figure 1.2). In the MCOR, 

reduced forms of iron, but also other transition metals, can react with hydrogen 

peroxide (H2O2), resulting in a reactive intermediate (hydroxyl radical, �OH) via the 

Fenton reaction (Reaction 1) (Stadman & Levine, 2000).  

����		 +	���� → ���
		+	��. +	���  (1) 

Several reducing agents (ascorbate, thiol compounds, superoxide anions, etc.) can 

recycle ferrous iron from ferric iron (Reaction 2) (Stadman & Levine, 2000). Both 

reduced and oxidized forms of iron are able to promote protein carbonylation via 

ROS-mediated reactions in vitro conditions (Estévez et al., 2009). The presence of 

metal binding sites is the reason why some amino acid residues are more sensitive to 

MCOR.  

	���� 	+ 	�� 	→ ���
				 +	��. −	  (2) 

Most of the reactions described here are difficult to avoid, therefore a commonly 

proposed strategy is to prevent direct contact between iron and proteins of the 

product. Encapsulation of iron has been described as a strategy to improve iron 

stability in food products and to mask its metallic taste (Bonnet et al., 2009; 

Dickinson, 2011). Encapsulation consists of entrapment of an active compound 

within one or more shells made of food-grade and biodegradable materials to 
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separate the internal phase and the surrounding matrix (Ye et al., 2018). In addition, 

encapsulation can be used to increase the bioavailability of an active compound by 

allowing controlled release in the gastrointestinal tract (Kuang et al., 2010). Among 

the techniques for iron encapsulation, spray drying has been reported to efficiently 

immobilize ferrous sulfate using pea protein as the wall material (Bittencourt et al., 

2013; Ferreira et al., 2011). Other studies report on the potential of emulsions, more 

specifically water-in-oil and double emulsions, for iron encapsulation (Chang et al.,  

2016; Choi et al., 2009; Dubey & Windhab, 2013; Prichapan et al., 2018; Simiqueli et 

al., 2019a;b), and indicate that those emulsions can encapsulate iron in concentrations 

that are relevant to food fortification, with a high and stable encapsulation efficiency. 

1.3. Aim and outline of this thesis 

The aim of this thesis was to assess and control protein quality in plant protein-based 

meat analogues, as a function of (i) the presence of soluble iron in free or 

encapsulated form, and (ii) the thermomechanical process conditions usually applied 

to make meat analogues. Two main hypotheses were proposed to motivate this 

research: (1) the encapsulation of iron could improve the chemical stability of meat 

analogues during the thermomechanical process, preventing or minimizing protein 

oxidation. However, we noticed that the starting protein ingredients (SPC, SPI) were 

already oxidized to various degrees and that protein oxidation was enhanced by 

further processing. This observation led to hypothesis 2: process conditions induce 

physicochemical protein modifications that can be detrimental to the protein quality 

of ingredients and final products. Figure 1.3 presents an overview of the different 

aspects covered in this thesis and the interplay between them. 

The encapsulation of iron in double emulsions targeted for potential food 

applications is described in Chapter 2. In this chapter, the effect of the concentration 

of lipophilic emulsifier on the chemical stability of iron-enriched double emulsions 

was quantified. Chapter 3 describes the effects of iron incorporation and process 

conditions on protein oxidation in plant protein-based fibrous products (meat 
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analogues). In this study, pea protein-based spray-dried particles were used for iron 

encapsulation, and commercial SPC was used as the protein source to make fibrous 

products. Chapter 4 describes the effects of the process conditions and the type of 

soy protein ingredients on protein oxidation induced by processing, and on gastric 

digestion in vitro. Chapter 5 describes the oxidative stability of soy ingredients 

commonly used to make soy-based food. This chapter focuses on the oxidative 

stability of proteins affected by: the processes used to obtain isolated proteins as a 

food ingredient and subjecting these ingredients to subsequent thermomechanical 

processes often used to make meat analogues.  

 

Figure 1.3. Graphical outline of the chapters in this thesis, and of their interplay.  

The main findings of this thesis are discussed in Chapter 6. A critical overview of 

the methods and limitations in measuring protein oxidation in meat analogues is 

presented. The oxidation levels in plant protein-based ingredients and the suitability 

of the process conditions applied to make meat analogues are appraised, which puts 

the findings of this thesis into perspective regarding future research directions and 

potential applications.  
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Chapter 2 
 

Double emulsions for iron encapsulation: is a 
high concentration of lipophilic emulsifier ideal 

for physical and chemical stability? 
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Abstract 

Worldwide iron deficiency in diets has led to a growing interest in the development 

of food-compatible encapsulation systems for soluble iron, which are able to prevent 

iron’s undesirable off-taste and prooxidant activity. Here, we explore the use of 

double emulsions for this purpose, and in particular, how the lipophilic emulsifier 

(polyglycerol polyricinoleate, PGPR) concentration influences the physicochemical 

stability of water-in-oil-in-water (W1/O/W2) double emulsions containing ferrous 

sulfate in the inner water droplets. Double emulsions were prepared with sunflower 

oil containing 10 to 70 g kg−1 PGPR in the oil phase, and were monitored for droplet 

size distribution, morphology, encapsulation efficiency (EE) and oxidative stability 

over time. Fresh double emulsions showed an initial EE higher than 88%, but EE 

decreased upon storage, which occurred particularly fast and to a high extent in the 

emulsions prepared with low PGPR concentrations. All double emulsions underwent 

lipid oxidation, in particular those with the highest PGPR concentration, which could 

be due to the small inner droplet size and thus promoted contact between oil and the 

internal water phase. These results show that a too high PGPR concentration is not 

needed, and sometimes even adverse, when developing double emulsions as iron 

encapsulation systems. 
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2.1. Introduction 

Iron deficiency is one of the most common global nutritional deficiencies and an 

important factor responsible for anaemia (WHO, 2017). To prevent iron deficiency, 

iron fortification in diets is one of the approaches that should be considered. Yet, 

iron fortification of food products is still a challenge, because of iron’s prooxidant 

activity. Among the chemical forms of iron available for food fortification, water-

soluble forms have the highest bioavailability. However, soluble iron can readily 

catalyse oxidation reactions, leading to detrimental sensory and nutritional changes 

(Cayot et la., 2013). Furthermore, soluble iron gives an undesirable metallic taste 

(Cayot et al., 2013). Therefore, encapsulation has been described as a strategy to 

improve iron stability in food products and to mask its metallic taste.  

Among the plethora of food-compatible encapsulation systems, water-in-oil-in-water 

(W1/O/W2) double emulsions are suitable to encapsulate water-soluble compounds 

(McClements, 2015). Double emulsions combine a high encapsulation efficiency 

potential with the ability to mask undesirable tastes in a simple, low-cost method 

(Matos et al., 2015). Only a few studies have focused on encapsulating iron within 

water-in-oil (W/O) emulsions (Choi et al., 2009; Dubey & Windhab, 2013; Prichapan 

et al., 2018) and within double emulsions (Chang et al., 2016; Choi et al., 2009; 

Hosseini et al., 2019; Simiqueli et al., 2019a;b). Although these studies have shown 

that double emulsions are suitable to encapsulate iron with a high and stable 

encapsulation efficiency (EE), and in amounts that are relevant to food fortification, 

they have also pointed out that the presence of iron in water droplets dispersed in oil 

largely favours lipid oxidation, which was to be expected due to the strong prooxidant 

activity of iron (Jacobsen, 2016; McClements & Decker, 2000; Osborn & Akoh, 

2003). 

Although attempts have been made at mitigating the prooxidant effect of 

encapsulated iron in such W/O or double emulsions, for example by increasing the 

solid fat content of the lipid phase (Prichapan et al., 2018), the effect of other 
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potentially determining factors, such as the water droplet size, remains unexplored. 

The contact area between oil and iron-loaded inner droplets in double emulsions is 

probably a factor that can affect lipid oxidation, and directly depends on the inner 

droplet size. The latter can be controlled by processing conditions, and by the type 

and concentration of lipophilic emulsifier (Weiss & Muschiolik, 2007). The most 

frequently used lipophilic emulsifier to stabilize water droplets in oil, for food 

applications, is polyglycerol polyricinoleate (PGPR), which is known to facilitate the 

production of small water droplets with a narrow size distribution (Christiansen, 

2015). 

Although how PGPR concentration may affect the chemical stability of double 

emulsions (i.e. lipid oxidation) has not been investigated yet, it is well established that 

the PGPR concentration affects the EE value in such systems. For instance, a double 

emulsion is considered reasonably stable if EE is ∼95% (or above) and decrease to 

70–80%, maximally, after a few weeks of storage (Dickinson, 2011). Su et al. (2006) 

found that in fresh double emulsions prepared with 80 g L−1 PGPR in the oil phase, 

the EE was almost 100% while with 5 g L−1 PGPR, almost 48% of the Poly R-478 

dye remained encapsulated. Increased PGPR concentration can create a stable 

interfacial layer at the water–oil interface and increase the oil phase viscosity, which 

reduces coalescence of water droplets in the W/O emulsion. These aspects 

contributed to reducing the release of Poly R-478 dye at high PGPR concentration. 

It does not mean, however, that a very high PGPR concentration is necessarily better 

for high EE. In fact, the release of encapsulated compounds from the inner water 

droplets to the external aqueous phase can be due to coalescence of the inner water 

phase with the external water phase, or via diffusion through the oil phase, possibly 

via reverse micelles formed when there is an excess of lipophilic emulsifier in the oil 

phase (Benichou et al., 2007; Choi et al., 2009; Garti, 1997). 

It is thus clear that some aspects still need to be elucidated in order to bring double 

emulsions towards food applications for soluble iron encapsulation: for instance, we 
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should strive for minimizing PGPR concentration, since FAO regulations put a 

maximum on daily intake of 7.5 mg of PGPR per kilogram of body weight 

(FAO/WHO, 1973), while still ensuring the emulsion’s physical stability. In addition, 

the effect of PGPR concentration on lipid oxidation in iron-containing double 

emulsions has to be evaluated. Therefore, this research aimed to investigate the effect 

of PGPR concentration on the physicochemical stability of W1/O/W2 double 

emulsions targeted to ferrous sulfate encapsulation. 

2.2. Material and methods 

2.2.1. Material  

Sunflower oil was purchased from a local supermarket (Wageningen, The 

Netherlands) and used without further purification. Ferrous sulfate heptahydrate was 

obtained from Merck Millipore (Darmstadt, Germany). Para-anisidine of analytical 

grade, polyoxyethylenesorbitan monolaurate (Tween 20), and 2-propanol were 

purchased from Sigma-Aldrich (St Louis, MO, USA). PGPR was purchased from 

Quest International (Naarden, The Netherlands). D-Glucose monohydrate was 

purchased from VWR Chemicals (Leuven, Belgium) and n-hexane was purchased 

from Actu-ALL Chemicals (Randmeer, The Netherlands). Acetic acid (glacial) 100% 

anhydrous was purchased from Merck Millipore (Darmstadt, Germany). Ultrapure 

water obtained from a Millipore Milli-Q system (Darmstadt, Germany) was used 

throughout the study.  

2.2.2. Preparation of W1/O/W2 double emulsions 

For making the primary water-in-oil (W1/O) emulsion, the aqueous phase contained 

1 mol L−1 ferrous sulfate heptahydrate. The oil phase was prepared by mixing 

sunflower oil with different PGPR concentrations: 10, 25, 50, and 70 g kg−1 in the oil 

phase, at 200 rpm for 30 min at room temperature, followed by a 30 min rest. Then, 

25% v/v of the inner aqueous phase was drop-wise dispersed into the oil phase using 

a rotor-stator homogenizer (IKA®T18Ultra Turrax, Staufen, Germany) at 11 000 

rpm for 4 min. 
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The external aqueous phase was prepared with 2 mol L−1 glucose to balance the 

osmotic pressure difference. It was then added to 5 g kg−1 Tween 20 and stirred at 

100 rpm for 1 h. To prepare a coarse W1/O/W2 double emulsion, 5% v/v of W1/O 

emulsion was drop-wise dispersed into the external aqueous phase using a magnetic 

stirrer at 700 rpm for 15 min. The obtained coarse double emulsion was then passed 

through a premix membrane emulsification system three times (Sahin et al.,  2014). 

This emulsification system consists of a pressured vessel connected to a polymethyl 

methacrylate column (Wageningen University) with a nickel sieve placed between 

two rubber O-rings at the bottom junction of the column. The nickel sieve had 500 

µm thickness, 11.6 µm× 331 µm pore size and an effective area of 1.43 cm2 (Stork 

Veco B.V., Eerbeek, The Netherlands). The pressure vessel was connected to a 

nitrogen source and set to 400 kPa.  

The freshly made W1/O/W2 double emulsions were kept in cylindrical plastic tubes 

at room temperature for further analysis. Samples to measure lipid oxidation were 

kept in the dark at room temperature. 

2.2.3. Droplet size distribution 

Droplet size distribution of the primary W1/O emulsion and W1/O/W2 double 

emulsion was determined by static light scattering (Mastersizer 2000, Malvern 

Instruments Ltd, Malvern, UK). In the case of the primary W1/O emulsion, 

sunflower oil was used as the continuous phase and the following conditions were 

applied: particle refractive index of 1.330, droplet absorbance of 0.01, dispersant 

refractive index of 1.465 (Grompone, 2011), obscuration between 5% and 20%. For 

the W1/O/W2  double emulsion, ultrapure water was used as a continuous phase and 

the following conditions were applied: particle refractive index of 1.465, droplet 

absorbance of 0.01, dispersant refractive index of 1.330, obscuration between 5% 

and 10%. The droplet size distribution was measured in fresh W1/O/W2 double 

emulsion and after 1 and 7 days of storage at room temperature. Before measuring, 
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the samples were gently agitated to ensure homogeneity. Results were expressed as 

the Sauter mean diameter (d32) and span value (�). 

2.2.4. Emulsion morphology 

Light microscopy (Carl Zeiss Axio Scope, Jena, Germany) images were taken in 

primary W1/O emulsions, and in fresh W1/O/W2 double emulsions, or after 1 and 

7 days of storage at room temperature. The samples were gently agitated to ensure 

homogeneity. Then a drop of the sample was placed on a microscopic slide and 

covered with a slip. To visualize the primary emulsion the samples were diluted ten 

times with sunflower oil. Images were captured with an AxioCam MRc 5 camera at 

a magnification of ×400. 

2.2.5. Calculation of excess PGPR 

We calculated the theoretical excess fraction of PGPR (EPGPR) in a given volume of 

W1/O emulsion, considering a theoretical PGPR surface coverage (ΓPGPR) of 1.2 

mg/m2 (Marze, 2009), following the equation: 

������%� = 			�����	��� − ��3�� �!" #$ % × Γ����(  Eq. 1 

where mPGPR tot is the total mass of PGPR (in grams) in a given volume of emulsion, 

Vwater is the volume of aqueous phase, and r is the water droplet radius (d32/2). 

2.2.6. Encapsulation efficiency 

The EE value was determined by direct conductivity measurements in the double 

emulsions (Hach HQ14d, Tiel, The Netherlands) according to Sahin et al. (2014). 

The conductivity meter was placed into 20 mL vessels filled with the W1/O/W2 

double emulsion and the emulsions were gently stirred. The conductivity was 

measured over time. The concentration of iron released in the external aqueous phase 

was determined using a calibration curve made with ferrous sulfate (0 to 13.7 × 10−3 

mol L−1) in solutions of the same composition as the external aqueous phase (glucose 

and Tween 20). The EE value was calculated based on the concentration that was 
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released in the external water phase (Cw2) relative to the maximum released 

concentration of iron (Ctotal), following the equation: 

EE	�%� = *+,-,./�+012
+,-,./

	x	100  Eq. 2 

where Ctotal was 12.9 × 10−3 mol L−1, corresponding to a theoretical situation where 

all the iron would have been released in the external aqueous phase. 

2.2.7. Lipid oxidation 

Lipid oxidation was determined by measuring the amount of conjugated diene (CD) 

hydroperoxides (Berton et al., 2011) and the aldehyde content (mainly alkene-2-als) 

through the para-anisidine value (pAV) (AOCS, 2017). The pAV protocol was 

slightly modified according to Berghout et al. (2015b) and Cengiz et al. (2019). 

For the determination of CD hydroperoxides, 50 µL of W1/O/W2 double emulsion 

were mixed with 950 µL 2-propanol. This first sample was further diluted ten-fold 

with 2-propanol. The obtained sample was centrifuged at 1200×g for 4 min. The 

absorbance spectrum of the supernatant was recorded between 200 and 310 nm with 

a UV-visible spectrophotometer (DU720, Beckman Coulter, Inc., Indianapolis, IN, 

USA), using a blank consisting of 2-propanol and water in the same ratio as in the 

measured sample. Measurements were done on fresh emulsions, after 4 h, 1 day and 

7 days storage at room temperature. The concentration of the CD hydroperoxides 

was calculated using the measured absorbance at 233 nm and their molar extinction 

coefficient at 233 nm (27 000 M−1 cm−1), and expressed as mmol kg−1 of oil. 

The determination of the pAV started with weighing 1 g of W1/O/W2 double 

emulsion. Then the emulsion was mixed with 2.5 mL hexane/isopropanol (3:1, v/v). 

The upper hexane phase was centrifuged at 1200×g for 4 min and the supernatant 

was collected to measure the absorbance at 350 nm (Ab), using pure hexane as the 
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blank. Then, 0.5 mL of the upper hexane phase was mixed with 0.1 mL of 2.5 g L−1 

para-anisidine in acetic acid solution. The blank was hexane mixed with the same 

para-anisidine solution, in similar proportions. After 10 min the absorbance (As) of 

the samples was measured at 350 nm. The pAV was calculated following the 

equation:: 

pAV = �9.�:;�:<�
=    Eq. 3 

where m is the mass of oil per millilitre of hexane phase. 

Double emulsions without iron were prepared as a control. Besides, a simple oil-in-

water (O/W) emulsion (37.5 mL L−1 sunflower oil, 5 g kg−1 Tween 20 and 2 mol L−1 

glucose in the aqueous phase) was prepared with 12.9 × 10−3 mol L−1 iron in the 

aqueous phase (i.e. same as Ctotal used for EE measurements). Iron was dispersed at 

the aqueous phase under magnetic stirring at 100 rpm. 

The aqueous phase was prepared as described earlier. The oil was drop-wise 

dispersed into the aqueous phase under magnetic stirring at 700 rpm for 15 min. The 

obtained coarse emulsion was then passed through a premix membrane 

emulsification system three times using the same parameters as described in earlier. 

This mixture corresponds to a situation in the W1/O/W2  double emulsion where all 

the water and iron would have been released from the inner water droplets to the 

external aqueous phase. 

2.2.8. Experimental design and statistical analysis 

For each PGPR concentration, three double emulsion samples were prepared 

independently. To determine droplet size distributions, each sample was measured 

twice with an average of four readings. Microscopy images and EE were analyzed in 

duplicate per sample. Lipid oxidation measurements were taken in triplicate per each 

sample. 
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Data are presented as a mean and standard deviation. Statistical analysis was done 

using the IBM SPSS software v. 23 (Statistical Package for the Social Sciences, SPSS 

Inc., Chicago, IL, USA). The normality of the data was tested with Kolmogorov–

Smirnov test. Means from samples prepared with different PGPR concentrations 

within the same storage time were compared by one-way analysis of variance 

(ANOVA) with Tukey’s post hoc test, with a significance level of p < 0.05. 

2.3. Results and Discussion 

The physicochemical stability of W1/O/W2 double emulsions prepared with 

different PGPR concentrations was monitored over storage time at room 

temperature. The physical stability was assessed considering droplet size distribution, 

microscopy images, and EE. The formation of primary and secondary lipid oxidation 

compounds. 

2.3.1. Physical properties of W1/O emulsions 

Figure 2.1.A,B shows optical microscopy images of W1/O emulsions prepared with 

the lowest and the highest PGPR concentrations tested. It is clear that W1/O 

emulsions prepared with 70 g kg−1 PGPR showed smaller droplets compared to 

W1/O with 10 g kg−1 PGPR. Figure 2.1.C shows the droplet size distribution of 

W1/O emulsions prepared with different PGPR concentrations. A bimodal 

distribution was seen for W1/O emulsions with higher PGPR concentrations, with 

a first peak between 0.1 and 0.14 µm and a second peak between 1 and 1.5 µm. The 

polydispersity also increased when PGPR concentration was increased (Table 2). 

Emulsions prepared with 50 and 70 g kg−1 PGPR had the smallest d32  and the highest 

span values compared to lower PGPR-concentrations. 
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Figure 2.1. Microscopy images of fresh primary water-in-oil (W1/O) emulsions prepared 
with 10 g kg−1 (A) and 70 g kg−1 (B) polyglycerol polyricinoleate (PGPR). Droplet size 
distribution of W1/O emulsions prepared with different PGPR concentrations in the oil 
phase (C): 10, 25, 50 and 70 g kg−1. 
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Márquez et al. (2010) also described a decrease in d32 and an increase in polydispersity 

in W/O emulsions prepared with increasing PGPR concentrations. Scherze et al. 

(2006) also observed that increasing PGPR concentration (25 to 40 g kg−1 in the oil 

phase) resulted in decreasing the droplet size of W/O emulsions. To make physically 

stable double emulsions, it is preferable to have W1/O emulsions with small droplet 

size, to avoid rapid droplet sedimentation. In fact, a slower sedimentation rate can 

prevent the water droplets coming into close contact with the sedimentation layer, 

which reduces coalescence rates (Ushikubo & Cunha, 2014). 

The peak around 0.1 µm could correspond to reverse micelles (Figure 2.1.C) when 

there is an excess of PGPR in the oil phase. Ushikubo and Cunha (2014) also found 

a bimodal droplet size distribution with the first peak mode around 0.1 and 0.2 µm, 

in W/O phase. Moreover, the ability of free PGPR to aggregate and form reverse 

micelles has been described by the formation of spontaneous water droplets in oil 

phase even at low PGPR concentration (5 g kg−1) without homogenization (Eisinaite 

et al., 2018). 

Table 2. Sauter mean diameter (d32), span values and excess of 

polyglycerol polyricinoleate (PGPR) (%) in primary water-in-oil 

(W1/O) emulsions prepared with various PGPR concentrations. 

PGPR 
concentration 

(g kg−1) 
d32 (µm) Span 

Excess of 
PGPR (%) 

10 3.33 ± 0.29a 0.84 ± 0.04 92.8 

25 1.45 ± 0.43b 1.30 ± 0.59 93.4 

50 0.76 ± 0.61bc 5.74 ± 6.62 93.7 

70 0.21 ± 0.17c 2.28 ± 0.37 83.7 

Results of d32 and span are expressed as mean ± standard deviation (n = 3). 

Lowercase letters indicate significant (p < 0.05) differences in d32 between W1/O 

emulsions prepared with different PGPR concentrations. 
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2.3.2. Physical properties and stability of W1/O/W2 double emulsions 

Droplet size distribution 

The droplet size distributions of W1/O/W2 double emulsions prepared with different 

PGPR concentrations were monitored over time at room temperature. All fresh 

double emulsions had a bimodal droplet size distribution (Figure 2.2.A,B) and a 

main peak around 17 µm with only slight changes depending on the PGPR 

concentration. The peak seen between 0.1 and 1 µm can correspond to the scattering 

of inner water droplets. In a comparable way, Kaimainen et al. (2015) described a first 

peak at 0.31 µm and a second at 6.6 µm in the droplet size distribution of double 

emulsions. It was assumed that the first peak corresponded to the primary emulsion 

droplets (3 v/w % W1/O in the double emulsions). Dickinson et al. (1991) argued 

that the complex geometry of double emulsions complicates the interpretation results 

of light scattering analysis because the results are obtained based on the assumption 

that the inner water droplets do not significantly change the refractive index of the 

oil droplets. Therefore, those measurements are useful to obtain an estimation about 

the size and size distribution of the droplets but should be interpreted with caution.  

We checked the particle size distribution of O/W emulsions prepared in the same 

conditions as the double emulsions, except that the dispersed phase was now only 

oil, instead of a W/O emulsion. The particle size distribution and corresponding d32 

and d43 values are presented in the Appendix (Figure 2.6). As expected, the particle 

size distribution of these O/W emulsions presented the same main peak as the 

W1/O/W2 emulsions, centred around 20 µm, which is thus characteristic of the oil 

droplets. Although some smaller sizes were also detected, the small submicron 

droplet peak that was seen for the double emulsions was not present for the O/W 

emulsions, confirming that this small peak indeed corresponds to the inner water 

droplets. 
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Figure 2.2. Droplet size distribution of fresh water-in-oil-in-water (W1/O/W2) double 
emulsions (solid line), and after 7 days (dashed line) of storage, prepared with different 
polyglycerol polyricinoleate (PGPR) concentrations in the oil phase: (A) 10 and 25 g kg−1, 
(B) 50 and 70 g kg−1. 

There was a slight left-shift of the peak of double emulsions prepared with low PGPR 

concentrations after 7 days of storage at room temperature, which indicates a 

decrease in droplet diameter at these PGPR concentrations (Figure 2.2.A). This 
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effect could possibly be due to the loss of the inner water droplets. The latter 

represents 25% of the volume of the oil droplets, meaning that, if this entire volume 

would be released to the outer aqueous phase, it would result in a 9%-decrease in the 

oil droplet diameter. 

Morphology 

The morphology of double emulsions was studied by light microscopy, on fresh 

emulsions and emulsions after 7 days of storage (Figure 2.3). The inner water 

droplets could be clearly observed in the fresh emulsions (Figure 2.3.A,C,E,G). 

However, after 7 days of storage, those inner droplets were not clearly visible any 

more in the double emulsion with 10 g kg−1 PGPR (Figure 2.3.B). This suggests that 

the inner water droplets were not stable in this sample and that they were largely 

expelled to the external aqueous phase. A similar effect was observed, yet to a lower 

extent, in the double emulsions with 25 g kg−1 PGPR (Figure 2.3.D). These results 

could explain the left-shift of the main peak observed in the droplet size distribution 

of double emulsions prepared with low PGPR concentrations during storage (Figure 

2.2.A). Conversely, the morphology of double emulsions with higher PGPR 

concentrations looked stable over storage (Figure 2.3.F,H). These results suggest 

that a certain minimum PGPR concentration is required to keep the inner water 

droplets stable along storage, even when no large osmotic pressure gradient is 

present. 
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Figure 2.3. Microscopy images of water-in-oil-in-water (W1/O/W2) double emulsions 
freshly prepared (left) and after 7 days of storage (right) containing 10 g kg−1 PGPR (A, 
B), 25 g kg−1 PGPR (C, D), 50 g kg−1 PGPR (E, F) and 70 g kg−1 PGPR (G, H). On 
panels (A) and (B), the red squares show a magnification of typical droplets. 
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Encapsulation efficiency (EE) 

The EE value was determined in fresh double emulsions and after storage (Figure 

2.4.A). All fresh double emulsions presented an EE between 88% and 96%, 

depending on the PGPR concentration. After 1 day of storage, double emulsions 

prepared with 10 g kg−1 PGPR showed a decrease in the EE to 32%, which further 

decreased to less than 10% after 7 days of storage. Double emulsions prepared with 

high PGPR concentrations (50 and 70 g kg−1) retained most of the iron encapsulated 

after 1 day. However, after 7 days of storage, the EE decreased to ∼50% in these 

double emulsions. Therefore, it seems that low PGPR concentrations lead to rapid 

release of iron, but that beyond a certain PGPR concentration (here, 50 g kg−1) no 

further improvement can be achieved from an EE point of view. The pronounced 

release of iron in double emulsions prepared with low PGPR concentration after 7 

days may be explained by sedimentation of larger water droplets within the oil 

droplets. Such a sedimentation would bring the water droplets closer to each other, 

and to the oil droplet surface, facilitating the release of water and iron to the external 

aqueous phase (Figure 2.4.B), which could explain the change in droplet 

morphology seen in Figure 2.3.A–D. Conversely, for high PGPR concentrations, 

we hypothesize that iron was predominantly released by reverse micelles, giving lower 

rates of iron release (Figure 2.4.C). Choi et al. (2009) described similar conclusions 

for iron transport in double emulsions prepared with 80 g kg−1 PGPR. The authors 

assumed that most of the water droplets remained within the oil droplets since there 

was no significant change in d43 or in morphology over 7 days of storage. Therefore, 

most likely iron was transported by reverse micelles. In our work, we excluded the 

possibility of iron release due to insufficient coverage of the W1/O interface since 

for all PGPR concentrations there was largely enough emulsifier to cover all the water 

droplets. 
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Figure 2.4. Encapsulation efficiency (%) of water-in-oil-in-water (W1/O/W2) double 
emulsions prepared with different polyglycerol polyricinoleate (PGPR) concentrations in 
the oil phase, over storage time. Results are expressed as mean (n = 3) and standard 
deviation as error bars. Different letters means significant difference at p < 0.05, within 
the same storage time (A). Proposed mechanisms of iron release in double emulsions 
stabilized with different PGPR concentrations. Iron release in double emulsions with low 
PGPR concentration (10–25 g kg−1), mainly by the coalescence of the inner aqueous 
phase (W1) with the external aqueous phase (W2) (B). Iron release in double emulsions 
with high PGPR concentration (50–70 g kg−1), mainly by the presence of reverse micelles 
in the oil phase (C). 
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To sum up, PGPR concentration can affect EE in double emulsions during storage 

via two effects: first, a minimal PGPR concentration is needed to ensure small 

enough water droplets that do not readily coalesce with the external aqueous phase. 

However, a too high a PGPR concentration is not recommended, as a large amount 

of reverse micelles in the oil phase can participate in releasing iron to the external 

aqueous phase.  

2.3.3. Chemical stability of W1/O/W2 double emulsions: lipid oxidation 

The formation of primary lipid oxidation compounds was assessed by measuring CD 

hydroperoxides, and that of secondary lipid oxidation compounds by determining 

total aldehydes (pAV). 

Lipid oxidation was first monitored in double emulsions without iron. In those 

emulsions, the initial CD hydroperoxide concentration was low, ranging from about 

3 to 23 mmol kg−1 (Figure 2.5.B). Moreover, the pAV of these double emulsions 

(Figure 2.5.D) was very low, independently of the PGPR concentration. The CD 

hydroperoxide concentration in fresh sunflower oil was previously reported as 17.4 

mmol equivalents CD hydroperoxides per kilogram of oil (Viau et al., 2016). The low 

pAV found was expected in the absence of iron, since iron can decompose CD 

hydroperoxides, which is the starting point for the formation of secondary lipid 

oxidation products (Chaiyasit et al., 2007). Overall, during storage, lipid oxidation in 

double emulsions without iron did not increase substantially PGPR concentrations 

at all.  

The presence of iron in the water droplets increased the formation of CD 

hydroperoxides (29–39 mmol kg−1) in fresh double emulsions compared to double 

emulsions without iron, independently of the PGPR concentration (Figure 2.5.A). 

The high CD hydroperoxide concentrations in fresh double emulsions with iron 

could indicate that lipid oxidation has already happened during the emulsification 

process. The incorporation of oxygen during the emulsification process has been 

reported to induce lipid oxidation (Berton-Carabin et al., 2014; Dridi et al., 2016). 



Double emulsions for iron encapsulation 

34 

Despite the presence of natural antioxidants in the oil, we did not observe a lag phase 

of oxidation in double emulsions, both without and with iron. 

 

Figure 2.5. Lipid oxidation in double emulsions prepared with different polyglycerol 
polyricinoleate (PGPR) concentrations in the oil phase (g kg−1), and in a control oil-in-
water (O/W) emulsion over 168 h storage at room temperature. Conjugated diene (CD) 
hydroperoxides (mmol kg−1 oil) in double emulsions and O/W emulsion with iron (A) 
and without iron (B); para-anisidine value (pAV) in double emulsions and O/W emulsion 
with iron (C) and without iron (D). Results are expressed as mean (n = 3) and standard 
deviation as error bars. Different letters mean significant difference at p < 0.05, within 
the same storage time. 

The formation of CD hydroperoxides was monitored over time in double emulsions 

with iron. After 4 h of storage, no substantial formation of CD hydroperoxides in 

double emulsions with iron could be detected, but after 24 h of storage CD 

hydroperoxide concentration increased significantly in double emulsions with 10 to 

50 g kg−1 PGPR. Interestingly, at the highest PGPR concentration (70 g kg−1) the CD 

hydroperoxides only increased considerably after 168 h of storage. 
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Nevertheless, there was no difference in the pAV in the fresh emulsions prepared 

with various PGPR concentrations (Figure 2.5.C). However, there was a more 

noticeable increase in pAV after 4 h of storage in double emulsions with higher 

PGPR concentrations (50 and 70 g kg−1) compared to double emulsions with lower 

PGPR concentrations, which continued to increase over time. At low PGPR 

concentrations, there was a significant increase only after 24 h of storage. For all 

double emulsions, the pAV seemed to level off after 24 h of storage. 

The increase in lipid oxidation observed in our study was attributed to the presence 

of iron in the double emulsions, since it was substantially promoted compared to 

double emulsions with no iron. It is well known that the redox cycling of iron is a 

relevant mechanism to accelerate lipid oxidation. Ferrous iron (Fe2+) in emulsion 

systems can accelerate the decomposition of pre-existing hydroperoxides, forming 

ferric iron (Fe3+) and alkoxyl radicals. Furthermore, Fe3+ can further react with 

hydroperoxides to form Fe2+ and peroxyl radicals (Schaich, 1992). These radicals can 

react with unsaturated lipids within the droplet or at the interface, leading to the 

formation of new lipid radicals, thereby propagating lipid oxidation. Kristinova et al. 

(2014) described that the addition of Fe2+ to O/W emulsions rapidly decreased the 

oxygen concentration compared to the addition of Fe3+, due to the fast rate of 

oxidation of Fe2+ to Fe3+ by pre-existing lipid hydroperoxides in the system. This can 

explain the fast decomposition of CD hydroperoxides seen for double emulsions 

with iron, followed by a level-off. 

In addition, the structure of the emulsion can affect the prooxidant effect of iron. 

First, the emulsifier charge can affect iron location within the system. For instance, 

Mancuso et al. (2000) have shown that anionic surfactants attract iron ions to the 

droplet surface, increasing iron interaction with hydroperoxides. Second, surfactant 

micelles in the continuous phase may segregate iron and decrease lipid oxidation 

(Cho et al., 2002). In our study, we assume that at low PGPR concentration most of 

the iron was released to the external aqueous phase during storage, which may have 
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minimized contact with hydroperoxides present in the oil. Conversely, at high PGPR 

concentrations most of the iron remained encapsulated over time (Figure 2.4.A), 

which promoted contact between iron and hydroperoxides. Third, the droplet size is 

also of importance: a larger interfacial area (smaller droplets) is often associated with 

a higher lipid oxidation rate due to an increased contact area between the oil and 

aqueous phase prooxidants. In our double emulsions, increasing PGPR 

concentration led to a substantial decrease of the inner water droplet size (Table 2), 

which resulted in a larger interfacial area. However, the effect of interfacial area and 

droplet size on oxidative stability is still contradictory in the literature and some 

studies have reported better oxidative stability in O/W emulsions with smaller 

droplets (Berton-Carabin et al., 2014; Waraho et al., 2011).  Therefore, there is 

evidence that the droplet size and interfacial area can affect lipid oxidation, but the 

mechanism of the reaction will depend on the emulsion composition. 

To test the potential effect of iron release in the external aqueous phase on lipid 

oxidation, we prepared simple O/W emulsions with iron present in the aqueous 

phase, to mimic a situation where all the inner water droplets would have been 

released to the external aqueous phase. We noticed that there was an increase in the 

formation of CD hydroperoxides over time (Figure 2.5.A), as much as for double 

emulsions with iron. Thus, the ability of iron to generate primary lipid oxidation 

products was found not only when present in the inner water droplets of the double 

emulsions but also when present in the external aqueous phase. However, the pAV 

in O/W emulsions was lower than for all double emulsions containing iron. 

Therefore, we concluded that iron is less efficient at decomposing hydroperoxides 

into secondary oxidation products when diluted in the external aqueous phase than 

when concentrated in the inner water droplets. A previous study by Choi et al. (2009) 

also investigated the effect of iron location on lipid oxidation in a double emulsion-

based system: the authors measured lipid oxidation in a simple fish O/W emulsion, 

to which a double W1/O/W2 emulsion containing iron, made with a less oxidizable 

oil (corn oil) was added. Surprisingly, they found that when iron was encapsulated in 
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the inner droplets of the W1/O/W2 emulsion, i.e. separated from the O/W fish oil 

droplets, the latter oxidized more than when iron was present in the external water 

phase, i.e. in direct contact with the fish oil droplets. Although no obvious 

explanation for this finding could be proposed, the authors hypothesized that corn 

oil itself could have oxidized because of the presence of iron in the inner water 

droplets, which could have catalysed the subsequent oxidation of the fish oil, 

although the latter was not in direct contact with iron. 

Finally, it has also been described that surfactant micelles can remove hydroperoxides 

from the interface and limit lipid oxidation (Kristinova et al., 2014). Chen et al. (2012) 

described a reduction in the lag phase formation of lipid hydroperoxides in the 

presence of reverse micelles formed with phospholipids in bulk oil, which indicates 

the prooxidant activity of reverse micelles. Conversely, Yi et al. (2015) described that 

without iron, the oxidative stability of W/O emulsions was improved at higher 

PGPR concentrations (3–10 g kg−1), due to reverse micelles formed with non-

adsorbed PGPR that removed hydroperoxides from the droplet surface. When iron 

(Fe2+) was added to the W/O emulsions the hydroperoxides decomposition went 

faster at lower PGPR concentrations, which supports the hypothesis of the 

partitioning of hydroperoxides into reverse micelles. 

2.4. Conclusions 

The present study investigated the physical and chemical stability of double 

emulsions containing iron in the inner water droplets. Regarding the physical stability, 

even a high PGPR concentration was not sufficient to fully prevent the release of 

iron to the external aqueous phase over storage. Yet increasing PGPR concentration 

did help in some respect, but only up to a certain concentration, above which no 

further increase in EE could be obtained. We hypothesized that the transport of iron 

was mostly due to the coalescence of the inner water droplets with the external 

aqueous phase at low PGPR concentration, and mostly due to transport via reverse 

micelles at high PGPR concentrations. The PGPR concentration also had an effect 
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on lipid oxidation. The formation of CD hydroperoxides increased over time in all 

double emulsions, and pAV increased more substantially in double emulsions with 

70 g kg−1 PGPR concentration. Double emulsions with high PGPR concentration 

had smaller water droplets, thus a larger interface area that probably promoted lipid 

oxidation. We conclude that from a physical stability perspective, a high PGPR 

concentration was enough to keep most of the iron encapsulated before 7 days of 

storage, after which the EE decreased. From a chemical stability perspective, all 

double emulsions were unstable. A higher PGPR concentration increased the 

formation of secondary lipid oxidation products. Therefore, we assumed that the 

physicochemical changes observed in these double emulsions certainly hamper their 

suitability as iron encapsulation systems. An optimal PGPR concentration needs to 

be combined with strategies to reduce iron lipid oxidation and increase EE. This 

could next be a basis to tailor a physicochemical stable W1/O/W2 double emulsion 

for iron encapsulation. 
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Appendix- supplementary information  

 

 

Figure 2.6. Droplet size distribution of fresh oil-in-water (O/W) emulsions with no 
polyglycerol polyricinoleate (PGPR), prepared with homogenization conditions similar 
to the second emulsification step for double emulsions (representative curve from 
measurements of three independent emulsions).
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Abstract 

Plant protein-based fibrous structures have recently attracted attention because of 

their potential as meat replacer formulations. It is, however, unclear how the process 

conditions and fortification with micronutrients may affect the chemical stability of 

such products. Therefore, we aimed to investigate the effects of process conditions 

and the incorporation of iron (free and encapsulated) on protein oxidation in a soy 

protein-based fibrous product. First, the physicochemical stability of iron- loaded pea 

protein particles, used as encapsulation systems, was investigated when exposed to 

100 or 140 °C. Second, protein oxidation was measured in the iron-fortified soy 

protein-based fibrous structures made at 100 or 140 °C. Exposure to high 

temperatures increased the carbonyl content in pea protein particles. The 

incorporation of iron (free or encapsulated) did not affect carbonyl content in the 

fibrous product, but the process conditions for making such products induced the 

formation of carbonyls to a fairly high extent. 
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3.1. Introduction 

Nowadays, there is a global trend to reduce meat consumption and move towards a 

more plant protein-based diet for environmental, health, and animal-welfare reasons 

(Graça et al., 2015). To help the population move towards such a transition, research 

has focused on developing products with fibrous structures similar to those in meat. 

At Wageningen University & Research, a range of shearing devices have been 

developed to make fibrous structures using plant proteins by applying a simple shear 

flow and high temperatures (100−140 °C) (Krintiras et al., 2014, 2015). Another 

technique widely applied to make meat analogues is extrusion. Here, materials are 

processed using a similar temperature range, giving this study potentially broader 

relevance. So far, most of this research has been done using soy protein ingredients 

(Dekkers et al., 2016; Grabowska et al., 2014; Grabowska et al., 2016). Although the 

structure formation in such fibrous products has already been well described, it is 

still unclear how the process conditions may affect the chemical stability and thus 

the sensory and nutritional quality of these products. 

Oxidation is often associated with deterioration in food products (Zhang et al., 2013). 

Lipid oxidation in foods has been largely studied over the past decades, whereas 

protein oxidation has been considered to a much lower extent and mainly in meat 

(Lund et al., 2011). Protein oxidation results in a number of chemical modifications 

affecting both amino acid side chains and the peptide backbone. Such changes 

include thiol oxidation, aromatic hydroxylation, and formation of carbonyl groups 

(Armenteros et al., 2009; Davies, 2016). Moreover, oxidation can induce additional 

cross-links, backbone fragmentation, and conformational changes in the secondary 

and tertiary structure of the protein (Jongberg et al.,  2011; Zhang et al., 2013). The 

formation of cross-links results in aggregation and reduces solubility (Luo & Wehr, 

2009; Soglia et al., 2016b; Stadman & Levine, 2000). Despite the relevancy of such 

chemical modifications for food quality, protein oxidation in plant protein-based 

products is a rather new research topic that is now highly relevant given the increasing 

interest in the development and application of such products. 
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In fact, it can be hypothesized that different factors may induce protein oxidation in 

plant protein-based fibrous structures: first, the process conditions, which often 

involves a thermomechanical process; and second, the incorporation of nutritionally 

relevant micronutrients, such as iron, which have a prooxidant activity. For instance, 

ferrous sulfate has commonly been used for food fortification because of its high 

bioavailability and low cost (Cayot et al., 2013), but its presence in food products can 

lead to lipid and protein oxidation. Besides, ferrous sulfate has an unpleasant metallic 

taste. To mitigate those undesirable effects, iron encapsulation could be a solution. 

Previous research has shown that encapsulating ferrous sulfate in pea protein spray-

dried particles is a promising method, considering the iron bioaccessibility 

(Bittencourt et al., 2013) and the potential to mask the metallic taste (Bittencourt et 

al., 2013; Ferreira et al., 2011). Moreover, the incorporation of such ferrous sulfate 

pea protein spray-dried particles (here referred to as iron-loaded pea protein particles) 

in cooked black beans (Ferreira et al., 2011) and in a banana candy (Bittencourt et al., 

2013) showed good consumer acceptability. It should be noted, though, that the iron-

loaded pea protein particles were incorporated after the food was processed, which 

means that the iron-loaded pea protein particles were not exposed to further food 

process conditions. Therefore, it would be relevant to assess if additional processing 

can lead to undesirable chemical reactions, such as protein oxidation, when such 

particles are exposed to process conditions such as high temperatures, which can be 

necessary for making a food product. 

In this work, we investigated protein oxidation in a plant protein-based fibrous 

product. We aimed to assess the effect of the process conditions used to make the 

fibrous product, and we quantified the effect of incorporation of iron-loaded pea 

protein particles on protein oxidation  
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3.2. Material and methods 

3.2.1. Material 

Pea protein concentrate (PPC, 81% protein, N × 6.25) was obtained from Nutralys 

(S85F, Roquette). Soy protein concentrate (SPC, 63.20% protein, N × 5.71; Alpha 6 

ZP) was obtained from Solae. Food-grade ferrous sulfate heptahydrate, 2-propanol, 

sodium chloride (NaCl, S9625), diaminoethane tetraacetic acid (EDTA), 

tris(hydroxymethyl) aminomethane (Tris), potassium chloride (KCl), 2,4-

dinitrophenylhydrazine (DNPH), trichloroacetic acid (TCA), sodium dodecyl sulfate 

(SDS), and guanidine hydrochloride (CH5N3HCl) were obtained from Sigma-

Aldrich. Hydrochloric acid (HCl, 4 N) was purchased from AVS Titrinorm (VWR 

Chemicals), and solvents such as ethanol (ACS 99%) and ethyl acetate (ACS 99%) 

were purchased from Emsure (Merck Millipore). A Bicinchoninic Acid (BCA) 

Protein Assay kit was obtained from Thermo Scientific (Pierce). Demineralized water 

was used to make the feed solution and to prepare the soy protein matrix. Ultrapure 

water obtained from a Millipore Milli-Q system was used for all the other 

experiments. 

3.2.2. Production of iron-loaded pea protein particles 

Iron-loaded pea protein particles were produced according to Bittencourt et al. 

(2013) with a few modifications. A feed solution (6.34% solid content) with PPC as 

the wall material and ferrous sulfate heptahydrate as a core material was prepared. 

First, 10% (w/v) PPC was slowly added to distilled water, and the pH was adjusted 

to 7.0 with 1 M HCl. Then, the feed solution was heated to 80 °C for 30 min in a 

water bath. The feed solution was then homogenized with an IKA T18 Ultra-Turrax 

(Thermo Fisher Scientific, Inc.) at 8000 rpm for 5 min and left overnight in a shaking 

water bath at 40 °C and 100 rpm. The next day, the feed solution was diluted to 9% 

(w/v) and homogenized at 9000 rpm for 1.5 min. The pH was adjusted to 6.5 with 

1 M HCl. A 1 M ferrous sulfate solution was prepared with demineralized water and 

was slowly stirred in the feed solution to obtain a final concentration of 22.5 mM. 

Subsequently, the feed solution was homogenized at 9000 rpm for 2 min. A final 
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dilution was made to 7% (w/v) and stirred. The feed solution was then spray-dried 

using a Büchi B-290 Mini Spray Dryer (Büchi Labortechnik AG) with an inlet 

temperature of 180 °C and an outlet temperature of around 100 °C. The aspirator 

was set at 90%, the pump was set at 20%, and the feed rate was 6 mL/min. The 

samples were stored in plastic vials in the dark and frozen prior to further analysis. 

Spray-dried particles without iron were prepared following the same procedures as 

described above, except that the ferrous sulfate solution was replaced with 

demineralized water. The yield defined as the ratio of solids in particles and solids in 

the feed solution was 54.5 ± 2.4% for samples prepared with iron and 62.3 ± 0.9% 

without iron. 

3.2.3. Exposure of iron-loaded pea protein particles to high temperatures  

Iron-loaded pea protein particles were exposed to different temperatures in a 

HeraTherm thermostat oven (Thermo Fisher Scientific, Inc.). Two grams of sample 

was evenly spread as a thin layer in an aluminum tin, after which the tin was put in 

the oven at 100 or 140 °C for 30 min. These temperatures were chosen according to 

the temperatures applied to make plant protein-based fibrous products (Section: 

preparation of plant protein-based fibrous product). Pea protein particles samples 

without exposure to temperature were considered as controls. Afterward, the 

samples were analyzed for physicochemical characterization. 

3.2.4. Physical characterization of iron-loaded pea protein particles 

The morphology of the iron-loaded pea protein particles was analyzed by scanning 

electron microscopy (SEM). Samples were deposited on carbon conductive tape on 

aluminum SEM stubs and analyzed using a Phenom G2 Pure Semseo microscope 

(Thermo Fisher Scientific, Inc.). SEM pictures were analyzed with ImageJ software 

(version 1.40g, National Institutes of Health) to calculate the content of broken 

particles.  

The particle-size distribution (PSD) was determined by a laser diffraction particle-

size analyzer (Mastersizer 2000, Malvern Instruments Ltd.) using 2-propanol as the 
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continuous phase, a particle refractive index of 1.45, a particle-absorption index of 

0.001, and a dispersant refractive index of 1.39. Samples were gently agitated to 

ensure homogeneity before measurements. Particles were analyzed for morphology 

and PSD just after spray-drying and after being exposed to temperature. 

Iron retention in the particles was determined after spray-drying and after being 

exposed to temperature using inductively coupled plasma−optical-emission 

spectroscopy (ICP-OES, iCAP 6500 duo, Thermo Fisher Scientific, Inc.). First, 1% 

(w/v) samples were suspended in 10 mL of aqua regia (7.5 mL of 37% HCl and 2.5 

mL of 65% HNO3), and the organic phase was digested in a microwave digestion 

system (Milestone Srl). After microwave digestion, the samples were diluted 200×. A 

calibration curve was prepared with an iron stock solution in aqua regia within a range 

that went up to 150 mg/L. The samples were measured in the axial direction, and 

the wavelength of 240.88 nm was used for iron quantification. Iron retention was 

calculated with the following equation: 

>#?@	#�A�@AB?@	�%� =
	C"�D	E�D�!D�	FD	G! 	G"��!FD	G "�FEH!I	�J	G!"	9KK	J	I�HFLI�C"�D	E�D�!D�	FD	M!!L	I�HN�F�D	�J	G!"	9KK	J	I�HFLI� 	O	100  Eq. 1 

 

3.2.5. Preparation of a plant protein-based fibrous product 

The fibrous product was prepared using a high temperature shear cell (HTSC, 

Wageningen University & Research) with SPC as the protein source. Samples were 

prepared with iron-loaded pea protein particles, with ferrous sulfate (considered free 

iron) solubilized in the water used to make the fibrous product, or without iron. The 

fibrous product was composed of 45 wt % SPC, 54 wt % demi water, 1% NaCl, and 

3.5 mg of elemental iron per 100 g of product (except for the control with no iron). 

The iron content was based on 25% of the Nutrient Reference Value for female 

adults between 19 and 50 years, which is a high risk group for iron deficiency (Coad 

& Conlon, 2011). Per run, 90 g of total weight were used. The model system was 
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prepared according to Grabowska et al. (2014) at 100 or 140 °C and 30 rpm for 15 

min; this was followed by a 5 min cooling step at 25 °C. After preparation, samples 

were prepared by cutting small pieces of 8 mm out of the product. The pieces were 

mixed to obtain a homogeneous distribution. Then, 9 g of samples were placed in a 

sous-vide bag and sealed using a V.300 Premium Line vacuum machine (Lava). Bags 

were placed in the oven at 35 °C for accelerated storage-stability analysis and analyzed 

after 1 and 7 days. 

3.2.6. Quantification of protein-bound carbonyls: DNPH method 

We first measured the carbonyl contents in pea protein particles prepared with and 

without iron after exposure to 100 and 140 °C. To investigate the effects of 

processing and iron incorporation, we quantified the carbonyl contents in fibrous 

products prepared with iron-loaded pea protein particles, with ferrous sulfate 

solution, or without iron. As a reference, the carbonyl content was measured in a 6 

wt % protein suspension of PPC and SPC. 

The carbonyl content was measured using the method described by Soglia et al. 

(2016b), with modifications to account for the low protein solubility of the samples 

(pea protein particles and fibrous products). Therefore, the samples were sequentially 

dispersed in buffers, which resulted in three different protein fractions: in fraction 1, 

the most soluble proteins were dissolved; in fraction 2, the salt-soluble proteins were 

dissolved; and in fraction 3, some less-soluble proteins were dissolved (Figure 3.1) 

(Soglia et al., 2016b). 

The following procedure was applied to the pea protein particle samples. First, 2 g 

of sample was dispersed in 20 mL of buffer 1 (100 mM Tris and 5 mM EDTA, pH 

7.5) and left stirring overnight at 300 rpm at 4 °C. The samples were then centrifuged 

at 18 000g at 2 °C for 20 min (Sorval Lynx 4000, Thermo Fisher Scientific, Inc.). The 

supernatant was collected as protein fraction 1. Next, buffer 2 (100 mM Tris, 50 mM 

NaCl, and 5 mM EDTA; pH 7.5) was added to the pellet (1:3, w/v) and vortexed for 

30 s at 2500 rpm. The homogenate was centrifuged at 18 000g at 2 °C for 20 min. 
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The supernatant was collected as protein fraction 2. Further, 0.15 M KCl solution 

was added to the pellet (1:3, w/v) and homogenized as described before, forming a 

suspension that constituted protein fraction 3. 

For the fibrous product, 9 g (9.5%, w/v, protein) of sample was homogenized with 

buffer 1 (1:3, w/v) using an Ultra Turrax at 13 600 rpm for 1 min in an ice bath. 

Samples meant to determine the effect of 7 days of storage were taken 1 day before 

measurement and soaked in buffer 1 at 4 °C overnight. The dispersion was 

centrifuged at 18 000g at 2 °C for 20 min. The supernatant collected was protein 

fraction 1. Next, buffer 2 (1:3, w/v) was added to the pellet and homogenized at 13 

600 rpm for 30 s in an ice bath. Afterward, the sample was centrifuged as described 

before. The supernatant was collected as protein fraction 2. Further, 0.15 M KCl 

solution was added to the pellet (1:3, w/v) and homogenized as described before, 

forming a suspension that constituted protein fraction 3. 

We attempted to accordingly analyze those three protein fractions from pea protein 

particles and fibrous product suspensions. However, the soluble-protein 

concentration was less than 1 g/L in protein fraction 3 for pea protein particles and 

in protein fraction 2 for fibrous products. For this reason, for the quantification of 

protein-bound carbonyls, only protein fractions 1 and 2 were considered for pea 

protein particles, and only protein fractions 1 and 3 were considered for fibrous 

products. The soluble-protein concentration was determined in each fraction by the 

BCA method. Protein fractions were filtered with a 0.22 µm syringe filter (Millex 

PES, Merck Millipore). Then, 1 mL of working reagent (50:1 reagent A/B) was added 

to 50 µL samples, which were incubated in a Thermomix at 37 °C and 300 rpm for 

30 min. After incubation, the samples were cooled down and kept at 4 °C for 5 min 

and at room temperature for 10 min. Calibration curves (0 to 1 g/L) with bovine 

serum albumin were prepared in the buffers used to separate the protein fractions 

and were prepared under the same conditions as the samples. Then, the absorbance 

was measured at 562 nm with a UV−visible spectrophotometer (HACH Lange DR 
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3900) in polystyrene cuvettes. To calculate the percentage of soluble-protein 

concentration in each fraction, we assumed that all proteins in the fibrous product 

and pea particles were solubilized (Figure 3.1). 

The carbonyl content was determined with the DNPH method adapted from  Soglia 

et al. (2016b), Vuorela et al. (2005) and Levine et al. (1990). First, 0.8 mL of protein 

fraction 1 or 1 mL of protein fraction 2 from pea protein particle samples were 

precipitated with 40% TCA (1:1, v/v). For the fibrous product, 1 mL of protein 

fractions 1 and 3 were precipitated with 20% TCA (1:1, v/v). Then, the samples were 

centrifuged at 15 000g for 5 min. The supernatant was removed with a Pasteur pipet, 

and 400 µL of 5% (w/v) SDS was added to the pellet. The samples were heated in a 

thermomixer (Eppendorf ThermoMixer C and Grant QBT4) at 99 °C for 10 min 

and then put in an ultrasonic bath (Elmasonic P and Branson 5210, Elma) at 40 °C 

for 30 min at 80 kHz with 90% sweep. Afterward, 0.8 mL of 0.3% (w/v) DNPH in 

3 M HCl was added to the samples, and 0.8 mL of 3 M HCl was added to the blanks. 

Then, the samples were incubated at room temperature in the dark for 60 min and 

vortexed at 2500 rpm for 5 s every 10 min. After incubation, 400 µL of 40% (w/v) 

TCA was added to precipitate the proteins, and the samples were centrifuged at 15 

000g for 5 min. The supernatant was removed, and the samples were washed three 

times with 1 mL of ethanol/ethyl acetate (1:1) and centrifuged at 15 000g for 5 min 

every time. After the washing steps, the pellet was dissolved in 1.5 mL of 6 M 

guanidine hydrochloride and vortexed at 2500 rpm for 5 s. Samples were incubated 

in a thermomixer at 37 °C overnight. 

Then, the samples were centrifuged at 5000g for 10 min, and the absorbance of the 

supernatant was measured at 370 nm using a UV−visible spectrophotometer and 

polystyrene cuvettes. Samples with absorbance outside the range of 0.12−0.55 were 

diluted in 6 M guanidine hydrochloride. The soluble-protein concentration in 6 M 

guanidine hydrochloride was determined by the BCA method, as described 

previously. The carbonyl content was calculated with the following equation: 
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where ABS is the absorbance of the sample and of the blank at 370 nm, and ε is the 

molar absorptivity coefficient of carbonyls, set as 22 000 M−1 cm−1. 

 

Figure 3.1. Schematic representation of the separation of protein fractions from fibrous 
product and average soluble-protein concentrations (g/L) per supernatant. 

3.2.7. Statistical Analysis 

Pea protein particle samples were prepared in duplicates. Samples exposed to 

temperatures were prepared in duplicate and used immediately. The sample was 

measured twice with an average of three readings from the Mastersizer to determined 

the particle-size distribution. Fibrous products were prepared in duplicates, and the 

DNPH method was done in triplicate per sample and per blank. The BCA assay was 

done in triplicate. Statistical analysis was done using the Statistical Package for the 

Social Sciences (SPSS software v. 23, IBM Inc.). Analysis of variance (ANOVA) with 

a post hoc Turkey test was performed to compare means of particle-diameter sizes 

from pea protein particle samples treated at different temperatures and to compare 

means of carbonyl contents (those of pea protein particles and the fibrous product) 
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between samples. The one-sample t test was performed to compare the means of 

samples prepared with and without iron exposed to the same temperature (p < 0.05). 

3.3. Results and discussion 

In this section, the properties of pea protein particles obtained after spray-drying are 

first characterized, followed by a description of the chemical stability of the particles. 

Then, the effect of particle addition to the fibrous product and the effect of thermal 

treatment on protein oxidation are presented and discussed. 

3.3.1. Characterization of iron-loaded pea protein particles 

The iron retention of the iron-loaded pea protein particles after spray-drying and 

exposure to 100 and 140 °C were 59.86 ± 0.91, 61.45 ± 0.5, and 61.71 ± 0.58%, 

respectively. Our iron-retention results were lower than the value of 67% described 

by Ferreira (2014) but higher than the value of 43.9% described by Bittencourt et al. 

(2013) The differences are probably due to adaptations in the spray-drying settings. 

The morphology of iron-loaded pea protein particles was monitored just after 

particle preparation and after exposure to 100 and 140 °C for 30 min (Figure 3.2). 

Iron-loaded pea protein particles presented more invaginations, were less spherical, 

and had smoother surfaces compared with pea protein particles without iron.  



 

53 

C
ha

pt
er

 3
 

 

Figure 3.2. Scanning electron micrographs of pea protein particles with (A,C,E) and 
without iron (B,D,F) after spray-drying (A,B), after exposure to 100 °C (C,D), and after 
exposure to 140 °C (E,F) for 30 min. The magnification is 2500×. 

Pea protein particles exposed to 100 and 140 °C looked more broken than the control 

samples. The roughness and invaginations found in our pea protein particles have 

been described by other authors as typical for particles made with PPC as 

encapsulation material (Costa et al., 2015; Pierucci et al., 2007). The authors argued 

that a high protein content can produce spray-dried particles with less invagination, 

suggesting that the presence of carbohydrates in protein concentrates can result in 
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more invaginations. In the present work, we can see that the presence of iron also 

affected the particle morphology.  

Directly after spray-drying, the PSD of pea proteins particles with and without iron 

(Figure 3.3.A) showed 3 peaks around 1, 0.18, and 10 µm. This result shows that 

pea protein particles were polydisperse, independent of the presence of iron. After 

exposure to high temperature, larger particle sizes were measured (Figure 3.3.B,C). 

Especially in case of iron-loaded pea protein particles, aggregation was observed after 

heating at 140 °C. Several physical and chemical mechanisms, including protein 

oxidation induced by iron and heat, could cause protein aggregation seen in Figure 

3.3.C. The average particles sizes, d32, of iron-loaded pea protein particles exposed 

to 140 °C (1.69 ± 0.17 µm) or 100 °C (0.78 ± 0.32 µm) were larger than that of the 

sample not exposed to heat (0.37 ± 0.03 µm). The span values also showed an 

increase in polydispersibility from 8.33 ± 0.14 (no heat) to 35.84 ± 14.38 (iron-loaded 

pea protein particles at 140 °C).  
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Figure 3.3. Particle-size distribution of pea protein particles prepared with and without 
iron just after spray-drying (A) and after exposure to 100 °C (B) and 140 °C (C) for 30 
min. For clarity, only one representative curve is shown per sample, but similar trends 
were observed for the replicates (n = 2 independent replicates, 2 measurements per 
sample). 

0

2

4

6

8

0.01 0.1 1 10 100

V
o
lu

m
e
 d

e
n
si

ty
 (

%
) Fe No Fe

0

2

4

6

8

0.01 0.1 1 10 100

V
o
lu

m
e
 d

e
n
si

ty
 (

%
)

Fe No Fe

0

2

4

6

8

0.01 0.1 1 10 100

V
o
lu

m
e
 d

e
n
si

ty
 (

%
)

Particle size (µm)

Fe No Fe

A

B

C



Protein oxidation in plant protein-based fibrous products 

56 

3.3.2. Chemical characterization of iron-loaded pea protein particles: protein 

oxidation 

Carbonyl content was determined as a measure of protein oxidation to assess the 

chemical stability of iron-loaded pea protein particles being exposed to 140 and 100 

°C for 30 min (Figure 3.4.A,B). Here, we present the results of carbonyl contents in 

protein fractions 1 and 2 only, because the soluble-protein concentration was too low 

in fraction 3. 

In both protein fractions (Figure 3.4.A,B), the carbonyl content was higher after 

spray-drying than in the starting PPC suspension: for the latter, values of about 12.7 

mmol of carbonyl per kilogram of soluble protein (protein fraction 1) and 9.7 mmol 

of carbonyl per kilogram of soluble protein (protein fraction 2) were obtained, 

represented as dotted lines in graphs Figure 3.4.A,B. After exposure of the pea 

protein particles to high temperature (100 or 140 °C for 30 min), there was an 

increase in carbonyl contents for both protein fractions, without significant 

differences between the heat treatments (Figure 3.4.A). The presence of iron in the 

pea protein particles clearly decreased protein solubility, which in fact could be due 

to protein aggregation as a result of protein oxidation. However, we could not see 

any increase in carbonyl content compared with that of the pea protein particles 

without iron. Considering that only a small fraction of the protein in the iron-loaded 

pea protein particles was soluble in guanidine hydrochloride, most probably there 

were more carbonyls formed than in particles without iron. For protein fraction 2, 

iron-loaded pea protein particles exposed to 140 °C had a significantly higher 

carbonyl content compared with those of the samples exposed to 100 °C and the 

control (Figure 3.4.B). However, there was no effect of temperature on carbonyl 

content for the pea protein particles without iron. 

Protein oxidation values for iron-loaded pea protein particles were only significantly 

different from those of the pea protein particles without iron in protein fraction 2 at 

140 °C.  
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Figure 3.4. Carbonyl contents (mmol per kilogram of soluble protein) and soluble-
protein concentrations (g/L) in 6 M guanidine hydrochloride for the iron-loaded pea 
protein particles (Fe, dashed bars) and the control without iron (No Fe, white bars). (A) 
Carbonyl content in protein fraction 1, (B) carbonyl content in protein fraction 2, (C) 
soluble-protein concentration in protein fraction 1, and (D) soluble-protein 
concentration in protein fraction 2. The dotted line represents the carbonyl content for 
the starting PPC suspension. Results are expressed as means, and error bars are standard 
deviations. A significant difference (p < 0.05) at different temperatures for each sample 
is expressed with an asterisk (*). Different letters mean significant differences (p < 0.05) 
between samples with iron and without iron. 

As described above, spray-drying temperature (180 °C) alone induced protein 

oxidation in the PPC used as a wall material to encapsulate the iron. Costa (2014) 

showed that spray-drying reduced free sulfhydryl contents in pea protein isolates, 

which could be an indication of protein oxidation. Comparable to our findings, Tang 

et al. (2012) described a similar increase in carbonyl content when heating soy 

proteins at 100 °C for 30−90 min compared with that of the no-heat treatment. 

However, the values found were much lower than ours: ∼3 mmol of carbonyl per 
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kilogram of soluble protein for proteins not heated and ∼6 mmol of carbonyl per 

kilogram of soluble protein for soy proteins heated for 90 min. In our study, PPC 

itself was already oxidized and then exposed first to the spray-drying temperature and 

later to further heat treatment, which also increased protein oxidation. 

These results showed that spray-drying leads to less chemically stable iron-loaded pea 

protein particles and that the presence of iron reduces the soluble-pea protein 

concentration. Some improvement might be necessary to increase the particles’ 

oxidative stability; the chemical status of the starting protein material also seems 

important because the PPC powder was already oxidized, which indicates that 

protein oxidation started either during the protein fractionation process or during 

storage of the powders. 

3.3.3. Chemical stability of fibrous products with iron incorporation: protein 

oxidation 

Plant protein-based fibrous products prepared with a HTSC at different 

temperatures were used as model products to study fortification with iron either as 

free iron or as encapsulated iron (iron-loaded pea protein particles), as described in 

the previous sections. Sequential suspensions of the fibrous products were prepared 

in different buffers, and three protein fractions were obtained. Protein fractions 1 

and 3 had more soluble proteins than fraction 2, and for this reason, carbonyl 

contents were only measured in fractions 1 and 3.  

Figure 3.5 shows the carbonyl contents in protein fractions 1 and 3 of fibrous 

products prepared at 100 or 140 °C. The presence and form of iron (free versus 

encapsulated) did not seem to substantially affect carbonyl formation in the fibrous 

product: the only significant difference was found in protein fraction 1 with samples 

prepared at 140 °C.  



 

59 

C
ha

pt
er

 3
 

 

Figure 3.5. Carbonyl content (mmol/kg soluble protein) in protein fractions 1 and 3 of 
fibrous products prepared at 100 and 140 °C at 30 rpm for 15 min. Samples were 
prepared with no iron (No Fe, white bars), free iron (Fe, dashed bars), or iron-loaded pea 
protein particles (Fe−pea protein particles, black bars). (A) Protein fraction 1 at 100 °C, 
(B) protein fraction 1 at 140 °C, (C) protein fraction 3 at 100 °C, and (D) protein fraction 
3 at 140 °C. The dotted line represents the carbonyl content for the starting SPC 
suspension. Results are expressed as means, and error bars are standard deviations (n = 
2 independent replicates, 3 measurements per sample). Different letters indicate 
significant differences between samples within the same storage time. The data series that 
do not include letters did not show any significant differences (p < 0.05). 

Carbonyl content increased significantly over storage time (up to 168 h) in protein 

fraction 1 of the samples prepared without iron (only at 100 °C) and with 

encapsulated iron (at both temperatures). The effect of temperature was only 
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pronounced in protein fraction 1 for samples prepared with encapsulated iron after 

24 h of storage. 

Protein fraction 3 showed higher carbonyl contents compared with those of protein 

fraction 1 of samples prepared at both temperatures. Our results show that the 

process used to make the fibrous products increased carbonyl content in this fraction 

for both temperatures tested. Interestingly, protein oxidation did not increase with 

the incorporation of free or encapsulated iron into the product. This result was not 

expected, because studies have shown that even low iron concentrations can increase 

protein oxidation in meat, especially after heat treatment (Promeyrat et al., 2011). As 

an example, Promeyrat et al. (2013) showed that heat treatment (45−90 °C) affected 

carbonyl contents in myofibrillar protein suspensions only weakly. However, in the 

presence of heat and a mix of prooxidants (iron, hydrogen peroxide, and ascorbate) 

there was a synergistic effect on oxidation. In this study, iron was applied without 

such synergistic prooxidant components, which suggested that iron alone is not a 

powerful prooxidant in these fibrous plant protein-based products. Besides, 

carbonyls are often measured in only one protein fraction using a salt rich buffer 

(NaCl or KCl) to allow for the extraction of myofibrillar proteins in meat products. 

The chemical status of the starting plant protein ingredient and the effect of 

processing on protein oxidation in fibrous products were determined via the carbonyl 

content in the commercial SPC powder (6 wt % protein suspension). We observed 

that all fibrous products had higher carbonyl contents than the SPC suspension: the 

latter showed values about 15 mmol of carbonyl per kilogram of soluble protein for 

protein fraction 1 and 20 mmol of carbonyl per kilogram of soluble protein for 

protein fraction 3. For protein fraction 1 at day 0, all samples had similar carbonyl 

contents compared with that of the SPC suspension. Conversely, protein fraction 3 

had a substantially higher carbonyl content compared with that of the SPC 

suspension. This shows that protein fraction 3 was the most oxidized protein 

fraction, and that both of the temperatures applied in the HTSC increased the 
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carbonyl content. We conclude that commercial SPC was readily oxidized and that 

when process conditions are applied, such as temperatures above 100 °C, the 

formation of carbonyls further increased. Chen et al. (2013b) found quite a low 

carbonyl content of 5.78 mmol of carbonyl per kilogram of soluble protein in 

noncommercial soy protein isolate (SPI). Most noncommercial SPI and SPC are 

prepared by freeze-drying, whereas commercial processes for SPC and SPI use spray-

drying (Wagner et al., 2000). As we showed before (Section 3.3.2), the spray-drying 

temperature induces protein oxidation. So far, there is no literature associating spray-

drying with protein oxidation, but this process has been associated with other protein 

modifications, resulting in protein denaturation, reduced protein solubility, and 

altered surface hydrophobicity (Wagner et al., 2000). 

The results on carbonyl contents in SPC and PPC commercial powders, pea protein 

particles, and a fibrous product demonstrate the need to find, first, how protein 

oxidation starts during production of the ingredients and how to control it; second, 

efficient antioxidant strategies for the production of spray-dried particles; and third, 

a mild process to generate fibrous products. Protein oxidation is an important 

parameter for controlling the quality and safety of food products. In the current 

study, the addition of iron did not result in clear additional oxidation. 

3.3.4. On the interpretation of the DNPH-method results 

The protein oxidation values reported above should be interpreted carefully, because 

of the low protein solubilities of most samples. The average soluble-protein 

concentration was 4.2 ± 0.01 g/L in buffer 1 (4.4%) and 2.9 ± 0.04 g/L in buffer 3 

(3.1%, Figure 3.1) for the fibrous products tested. However, the soluble-protein 

concentration in 6 M guanidine hydrochloride for protein fraction 1 was reduced to 

half (Figure 3.6).  
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Figure 3.6. Soluble-protein concentrations (g/L) in 6 M guanidine hydrochloride 
for protein fractions obtained from the fibrous products. Samples were prepared 
with no iron (No Fe, white bars), free iron (Fe, dashed bars), or iron-loaded pea 
protein particles (Fe−pea protein particles, black bars). (A) Protein fraction 1 of 
samples prepared at 100 °C, (B) protein fraction 1 of samples prepared at 140 °C, 
(C) protein fraction 3 of samples prepared at 100 °C, and (D) protein fraction 3 of 
samples prepared at 140 °C. Results are expressed as means, and bars are standard 
deviations (n = 2 independent replicates, 3 measurements per sample). 

Protein loss during the washing steps of the DNPH method is reported as expected, 

which increases the standard deviation and lowers the reproducibility (Rogowska-

Wrzesinska et al., 2014). In samples with very low solubility, such as with our fibrous 

product, we only measured carbonyls in a small fraction of the total proteins, and 

the extent of protein oxidation in the insoluble-protein fraction (i.e., the majority of 

proteins) remained unknown. Fibrous products were already quite insoluble. That 
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fact alone could be a sign of oxidation because protein oxidation induces protein 

aggregation and can decrease solubility as a result of that. 

The modifications included in the DNPH method have contributed to increased 

carbonyl detection, especially in protein fraction 3. The improvement in DNPH was 

described by Soglia et al. (2016b) as beneficial for increasing protein solubility and 

the exposure of carbonyls buried within the protein structure, which resulted in a 3-

fold higher carbonyl content compared with that from the traditional DNPH 

method. Ooizumi and Xiong (2004) described the formation of oxidized aggregates 

as a reason for decreased myosin solubility from chicken muscle. Even though the 

modifications in the DNPH method increased the detection of carbonyls, this 

method has some points of attention. The DNPH method measures total carbonyl 

content, and it is not possible to determine which amino acid was oxidized. 

According to Estévez (2017) most of the carbonyls are derived from the oxidation 

of proline, threonine, lysine, and arginine, which are higher in soybeans (mg per 100 

g of food) than in beef (except proline) (FAO, 1981). 

3.4. Conclusions 

Protein oxidation in fibrous products and in plant protein concentrate-based 

materials has been shown to be a relevant measurement for investigating the chemical 

stability of these protein-rich products when submitted to process conditions used 

to make meat analogue products. In the current study we found that spray-drying 

increased protein oxidation in pea protein particles, with or without iron. The 

presence of iron decreased pea protein solubility, which may be associated with 

protein oxidation. Moreover, the starting PPC powder obtained from the 

manufacturer presented a certain level of protein oxidation, which could be due to 

the protein fractionation process and the storage conditions. In the fibrous products, 

the presence of iron-loaded pea protein particles and free iron did not increase 

protein oxidation at either process temperature (100 or 140 °C). However, these high 

temperatures applied to make fibrous products substantially increased protein 
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oxidation compared with that in the SPC powder, which was already oxidized but to 

a lower extent. 

Abbreviations used 

ABS, absorbance; BCA, bicinchoninic acid; DNPH, 2,4-dinitrophenylhydrazine; ε, 

molar absorptivity; EDTA, diaminoethanediaminoethane tetraacetic acid; HCl, 

hydrochloric acid; HTSC, high-temperature shear cell; ICP-OES, inductively coupled 

plasma−optical-emission spectroscopy; KCl, potassium chloride; NaCl, sodium 

chloride; PPC, pea protein concentrate; PSD, particle-size distribution; SDS, sodium 

dodecyl sulfate; SEM, scanning electron microscopy; SPC, soy protein concentrate; 

TCA, trichloroacetic acid; Tris, tris-(hydroxymethyl) aminomethane. 
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Abstract 

Process conditions applied to make structured soy protein-based food commonly 

include high temperatures. Those can induce protein oxidation, leading to a decrease 

in their susceptibility to proteolysis by digestive enzymes. We aimed to investigate 

the effect of thermomechanical process on oxidation and on the in vitro gastric 

digestion of commercial soy proteins ingredients. Samples were sheared at 100 to 140 

°C, and characterized for acid uptake, carbonyl content, electrophoresis and surface 

hydrophobicity. The enzymatic hydrolysis was determined in simulated gastric 

conditions. Protein ingredients were already oxidized and showed higher surface 

hydrophobicity and hydrolysis rate compared to those of the processed matrices. 

However, no clear correlation between the level of carbonyls and the hydrolysis rate 

was found. Therefore, we conclude that gastric digestion is mostly driven by the 

matrix structure and composition, and the available contact area between the 

substrate and proteolytic enzymes.  
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4.1. Introduction 

The interest in using plant proteins as an alternative to animal proteins in foods has 

raised over the past years for environmental, health and animal welfare reasons (Day, 

2013). Currently, many plant protein-based products have been developed to 

substitute meat, and are available on the market. Those products are known as meat 

analogues. The most common ingredient used in that respect is soy proteins, often 

combined with polysaccharides (Dekkers et al., 2016; Grabowska et al., 2016). Some 

techniques, such as extrusion and shear cell technology, are based on applying 

deformation at high temperatures, allowing for making fibrous plant-based products 

that aim at mimicking whole muscle meat products. However, temperature affects 

the physiochemical status of the proteins, which can result in protein denaturation, 

protein oxidation, loss of essential amino acids, change in surface-exposed 

hydrophobicity and aggregation. Protein oxidation in foods can be induced directly 

by free radicals, and indirectly by lipid and Maillard reaction products, such as α-

dicarbonyls (Luna & Estévez, 2018). It can notably lead to amino acid side chain or 

protein backbone modifications, such as the formation of carbonyls, loss in thiol 

groups and in tryptophan, and crosslinks between amino acids residues (Estévez, 

2011; Hu et al., 2017). These modifications can result in fragmentation of the protein 

backbone, protein aggregation and polymerization. Consistently, protein carbonyls 

are commonly analyzed as markers of the oxidative damage to food proteins 

(Estévez, 2011).  

Protein oxidation is temperature- and prooxidant concentration-dependent and can 

alter protein digestion in different ways. For instance, at low prooxidant 

concentration or temperatures below 100 °C, minor modifications and partial 

unfolding of proteins can enhance digestion by exposure of susceptible sites of the 

proteins to digestive enzymes. These modifications have been described to increase 

the protein digestibility value of extrudates compared to non-extruded products 

(Singh et al., 2007). However, high prooxidant concentrations or heating proteins 

above 100 °C can induce extensive protein oxidation. This, in turn, decreases protein 
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susceptibility to digestive enzymes, due to amino acid side-chain modifications or 

protein aggregation (Santé-Lhoutellier et al., 2007; Santé-Lhoutellier et al., 2008b). 

Though it is known that in vivo oxidation is related to aging and diseases (Estévez & 

Luna, 2017), exposure to dietary oxidized proteins may also have adverse impacts on 

human health. Recent studies have shown that dietary oxidized proteins may 

promote some organ dysfunctions using in vitro and animal models (Estévez & Xiong, 

2019). However oxidized protein levels used in those studies have not been reported 

in food so far.  

Besides the chemical status of the proteins, gastric protein digestion can be affected 

by food structure, matrix composition (e.g., other ingredients) and pH (Laguna et al., 

2017). Protein digestion is promoted by pepsin activity (optimal activity between pH 

1.5 and 2.5) and mechanical forces, which help to grind and disintegrate the food 

into smaller particles (Piper & Fenton, 1965; Singh et al., 2015). The rate of 

disintegration indicates how fast food is broken down into small particles. The 

breakdown is a result of surface erosion and texture softening (Lorieau et al., 2018). 

The effect of food structure on pepsin hydrolysis has been shown for protein gels 

already, in which hydrolysis was limited to a thin layer at the surface of the gel. 

Therefore, the main constraints for pepsin hydrolysis were proven to be the surface 

area and surface erosion rate of the gels (Luo et al., 2015; Luo et al., 2017).  

In this study, we investigate the effect of thermomechanical processing on the 

oxidation of commercial soy proteins ingredients, which may contain pre-formed 

protein-bound carbonyls (Duque Estrada et al., 2018). The subsequent impact of 

processing on the in vitro gastric digestion of soy protein-based matrices was also 

assessed. 
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4.2. Material and methods 

4.2.1. Materials 

Soy protein isolate (SPI, 83.4% protein, SUPRO 500E IP) and soy protein 

concentrate (SPC, 59.4% protein, ALPHA 8 ZP) (N x 5.7) were obtained from Solae 

(St Louis, MO, US). Pectin from citrus peel (P9135), pepsin from porcine gastric 

mucosa (400-800 units/mg, P1725), NaCl (ReagentPlus®, ≥ 99%), sodium 

tetraborate decahydrate (Borax, ≥ 99.5%), DL-dithiothreitol (DTT) (≥ 98%), o-

phtaldialdehyde (OPA) (≥ 97%), trifluoracetic acid (TFA), acetonitrile (ACN), 8-

anilino-1-napthalenesulfonic acid ammonium salt (ANSA, ≥ 97%), β-

mercaptoethanol, sodium phosphate monobasic dihydrate (≥ 99%), sodium 

phosphate dibasic (≥ 99%), diaminoethane tetraacetic acid (EDTA), 

tris(hydroxymethyl) aminomethane (Tris), KCl, 2,4-dinitrophenylhydrazine 

(DNPH), trichloroacetic acid (TCA), sodium dodecyl sulfate (SDS), and guanidine 

hydrochloride were obtained from Sigma-Aldrich (Darmstadt, Germany). HCl 37% 

was purchased from VWR Chemicals (Fontenay-sous-Bois, France), and solvents 

such as ethanol (ACS 99%) and ethyl acetate (ACS 99%) were purchased from 

Emsure (Merck Millipore, Darmstadt, Germany). A bicinchoninic acid (BCA) 

protein assay kit was obtained from Thermo Scientific (Pierce, Rockford, US). Mini-

Protean TGX gels, Bio-safe Coomassie G-250 stain, 2x Laemmli sample native 

buffer: 10x Tris/glycine/SDS buffer (25 mM Tris, 192 mM glycine and 0.1 w/v% 

SDS, 1x solution, pH 8.3) and Precision plus protein dual color standard were 

purchase from Bio-Rad Laboratories (Munchen, Germany). L-serine was purchase 

from Alfa Aesar (99%, Thermo Fisher Scientific, Kandel, Germany). Ultrapure water 

obtained from Millipore Milli-Q system was used for all experiments, unless 

otherwise mentioned.  
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4.2.2. Preparation of unheated protein suspensions and processed samples 

Soy ingredients (SPC and SPI) were used to prepare the unheated 6 wt% protein 

suspensions (based on protein content in dry basis) in 100 mM Tris/5 mM EDTA 

buffer pH 7.5. Four independent suspensions were prepared and left rotating at 40 

rpm, at 4 °C overnight. The suspensions were analyzed on the following day.  

Processed protein-based matrices were prepared using a high temperature shear cell 

(HTSC). Samples based on SPC were made with 45 wt% SPC, 1 wt% NaCl and 54 

wt% demineralized water as described by Grabowska et al. (2016). Samples with SPI 

were prepared with 44 wt% SPI, or 41.8 wt% SPI with 2.2 wt% pectin; 1 wt% NaCl 

and 55 wt% demineralized water (Dekkers et al., 2016). Samples were sheared in the 

HTSC using different temperatures (100, 120 and 140 °C) at 30 rpm for 15 min and 

cooled down to 25 °C in 5 min. After preparation, samples were stored at -18 ˚C 

prior to further analysis. Processed samples were prepared in duplicate per condition.  

4.2.3. Determination of protein-bound carbonyl content 

The separation of protein fractions from processed protein-based matrices to 

measure the protein-bound carbonyl content and the 2,4-dinitrophenylhydrazine 

(DNPH) method were done according to Soglia et al. (2016b), with minor 

modifications as described previously (Duque Estrada et al., 2018). 

Processed protein-based matrices were cut into cylinders of 8 x 8 mm size, with 

sampling at various locations in the matrix, then 9 g of sample was homogenized 

with 100 mM Tris/5 mM EDTA buffer pH 7.5 (1:3 w/v) using a rotor-stator 

homogenizer (IKA T18 UltraTurrax, Thermo Fisher Scientific, Staufen, Germany) 

at 13,600 rpm for 1 min in an ice bath. Then, the samples were centrifuged at 18,000 

x g at 2 °C for 20 min. The supernatant was collected as the soluble fraction. Since 

previous research (Duque Estrada et al., 2018) showed low protein solubility in 

Tris/EDTA/NaCl buffer, we suspended the remaining pellet in 0.15 M KCl solution 

(1:3, w/v) and homogenized the mixture using the same rotor-stator homogenizer at 

13,600 rpm for 30 s in an ice bath. This final suspension was called the pellet fraction. 
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Afterward, both fractions were filtered with a 0.2 µm syringe filter and the soluble 

protein concentration was determined by the BCA method (Duque Estrada et al., 

2018). The same procedure was done for the unheated protein suspensions.  

Aliquots from the protein fractions (1-6 mg of soluble protein) were taken to measure 

the carbonyl content by the DNPH method. After hydrazone derivatization samples 

were incubated at 37 °C overnight in 6 M guanidine hydrochloride prepared in 20 

mM sodium phosphate buffer pH 6.5. Then, the absorbance was measured at 370 

nm using a UV−visible spectrophotometer (DR-3900, HACH Lange, Germany) 

using 6 M guanidine hydrochloride as a blank. A control was prepared for all samples 

following the same procedure, expect no DNPH was added. The soluble protein 

concentration in 6 M guanidine hydrochloride was determined by the BCA method. 

The carbonyl content was calculated with the following equation: 

PQ#R?@ST	h?@A�@A	 �VV�H
WJ ( = 	

XYZ[\]^_`	a		XYZijcklj_
e 	

I�HNgH!	G"��!FD	E�DE!D�" �F�D	 Eq. 1 

Where, ABSsample is the absorbance of the sample, ABScontrol the absorbance of the 

control and  ε is the molar extinction coefficient of carbonyl, set as 22,000 M-1 cm-1.  

The carbonyl content was measured in independent samples, each one measured in 

triplicate (per sample and per blank). 

It should be noted that all measurements were done on soluble fractions, which is 

about 0.8 to 6% of the total protein in the processed protein-based matrices. The 

measurement on the soluble protein fraction is a fair representation of the levels of 

carbonyl protein-bounds and it has been commonly used to determine protein 

oxidation in a broad range of protein-based samples (Berardo et al., 2015; Berghout 

et al., 2015b; Berton-Carabin et al., 2016; Berton et al., 2012b; Colombo et al., 2016; 

Duque Estrada et al., 2018; Luo & Wehr, 2009; Santé-Lhoutellier et al., 2008b; 

Semedo Tavares et al., 2018; Soglia et al., 2016b). 
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4.2.4. Molecular weight distribution profile: electrophoresis 

The protein fractions were characterized by their molecular weight profile by 12% 

sodium dodecyl sulphate–polyacrylamide gel electrophoresis (SDS-PAGE) under 

reducing conditions. The reducing sample buffer was prepared with 950 µL native 

buffer and 50 µL 2-mercaptoethanol. Only the soluble fraction was diluted to a final 

concentration of 3 mg/mL. Then, samples were mixed with the reducing buffer in a 

ratio 1:1, heated at 95 °C for 5 min in an Eppendorf thermomixer and cooled at 

room temperature for 30 min. Afterwards the samples were centrifuged using 10,000 

x g for 5 min. Then, 15 µL of samples and molecular weight standards were placed 

in the gels and 10x Tris/Glycine/SDS running buffer was used. The electrophoresis 

was carried out at 200 V for approximate 30 min. Subsequently, the gel was washed 

3 times with ultrapure water and then stained with Bio-safe Coomassie Stain 

overnight. The next day the gel was washed with ultrapure water for 30 min before 

gel images were taken using a GS-900 Calibrated Densitometry System (Bio-Rad 

Laboratories, Inc., US). The gel images were analyzed using the Image Lab (version 

2.0.1, Bio-Rad Laboratories, Munchen, Germany). Two independent samples were 

analyzed per SDS-PAGE, done in duplicate. 

4.2.5. Protein surface-exposed hydrophobicity 

The surface-exposed hydrophobicity was determined in ground processed protein-

based matrices according to Berton-Carabin et al. (2016). The samples were ground 

with four cycles of 10 s each using a kitchen mixer (Multiquick 5, Braun, Kronberg, 

Germany) (Freitas et al., 2018). The average size of ground samples was determined 

with measuring the smallest (0.64 ± 0.25 mm) and largest (1.46 ± 0.37 mm) 

dimension of the particles from pictures obtained with an automated digital 3D 

microscope Smartzoon 5 (Carl Zeiss, Breda, The Netherlands). Then ground 

samples were homogenized in 10 mM sodium phosphate buffer pH 7.0 at 13,600 

rpm for 1 min in ice bath using an Ultra Turrax. As a next step, the samples were 

centrifuged at 18,000 x g and 2°C for 20 min and the soluble fractions were collected. 

Suspensions of unheated soy protein-ingredients were prepared with 6 wt% protein 
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net (dry basis) in the 10 mM sodium phosphate buffer, as described in the section 

4.2.2. The soluble protein concentration was measured with BCA method and 

samples were diluted to obtain a final concentration of 1 mg/ml soluble protein. The 

anionic fluorescence ANSA probe (2.4 mM) was prepared in 10 mM sodium 

phosphate buffer at pH 7.0 and stirred overnight at 4°C. The fluorescence emission 

spectra were measured between 400 and 650 nm with steps of 0.5 nm using a RF-

6000 spectrofluorometer (Shimadzu Corporation, Kyoto, Japan). The excitation 

wavelength was set at 385 nm and the emission was measured at 480 nm, with a scan 

rate of 60 nm/min and spectral bandwidth of 5.0 nm. For this measurement, quartz 

cuvettes with dimensions 10 x 10 mm were used (Hellma Analytics, Müllheim, 

Germany). Then, 1 mL of sample was mixed with 10 µL ANSA for 1 min and the 

spectra were recorded until the signal reached ANSA saturation. The two blanks 

were pure buffer with added ANSA with the same concentration as reached in the 

sample and a sample without ANSA. The results were expressed as the maximum 

fluorescence intensity at 480 nm, which represents the number of exposed 

hydrophobic sites of the protein. The experiment was done with two independent 

samples. 

4.2.6. Acid titration 

A titration with HCl was done using an automatic titrator (877 Titrino plus, 

Metrohm, Herisau, Switzerland) to estimate the acid uptake by protein ingredients 

and processed protein-based matrices according to Luo et al. (2018), with a few 

modifications. The titration was performed by adding ground processed protein-

based matrices containing 1 g of net protein (dry basis) to 25 mL ultrapure water with 

NaCl (0.8775% w/v) in a jacketed vessel connected to a thermostat bath set at 37˚C 

and stirred at 100 rpm. Before titration, the samples were soaked in the solution for 

30 minutes. The titration was done stepwise from their original pH, which was 

around 7, to pH 2 by adding 0.05 mL of 0.5 M HCl, in a minimum interval of 1 s 

and a maximum waiting time of 25 s. The experiment was performed in two 

independent samples, measured twice for each sample. 
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4.2.7. Preparation of samples for in vitro gastric digestion 

The suspensions of unheated protein ingredients (SPC, SPI or SPI with pectin (1:19)) 

were prepared with 5 w/v% protein in ultrapure water according to Luo et al. (2015). 

After stirring at room temperature for 30 min, the samples were used for in vitro 

gastric digestion experiments. Samples were prepared in duplicate. The processed 

protein-based matrices were cut into cylinders of 3 x 3 mm size (Peyron et al., 2004) 

or ground as previously described in section 4.2.5. 

4.2.8. In vitro gastric digestion set-up 

A static soaking in vitro set-up was used to simulate the gastric digestion process. 

Simulated gastric fluid (SGF) was prepared with pepsin (1 g/L) and NaCl (8.775 g/L) 

in ultrapure water according to Luo et al. (2015) with few modifications. The pH of 

the SGF was adjusted to 2 with 2 M HCl. Then, processed protein-based matrices or 

the suspensions of unheated protein ingredients containing 0.1 g of protein (dry 

basis) were added to 50 mL of the SGF pre-heated at 37 ˚C in a jacketed vessel while 

stirring at 100 rpm. The vessels were sealed with parafilm to avoid evaporation. One 

mL of sample was taken after 5, 20, 30, 60, 120 and 180 min for further analysis. To 

inactive the pepsin activity the samples were heated at 90 °C (Casey & Laidler, 1951) 

and mixed at 1400 rpm for 5 min in a pre-heated Eppendorf thermomixer 

(Eppendorf AG, Germany). After the inactivation step, samples were cooled down. 

The hydrolysis experiments were carried out with two independent samples and each 

sample was tested in duplicate, resulting in a total of four digestion experiments per 

processing condition tested.  

4.2.9. Determination of the degree of hydrolysis 

The degree of hydrolysis (DH) was measured by the ο-phthalaldehyde (OPA) 

method according to Luo et al. (2015). The OPA reagent was prepared by first 

dissolving 3.81 w/v% Borax and 0.1 w/v% SDS in ultrapure water, then 0.08 w/v% 

OPA pre-dissolved in 2 mL ethanol was added to the Borax-SDS solution, and lastly 

0.088 w/v% DTT was added and the solution was filled up to 150 mL with ultrapure 
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water. The solution was filtered through a 0.45 µm syringe filter and protected from 

light exposure.  

A calibration curve with L-serine was prepared in a concentration range of 50-400 

mg/L. Digestion samples were first centrifuged at 14,000 x g for 1 min. Then 200 

µL of sample, blank or calibration sample was mixed with 1.5 mL OPA reagent for 

3 minutes and the absorbance was measured at 340 nm with a spectrophotometer 

UV-vis spectrophotometer (DU720, Beckman Coulter, Inc., Indianapolis, IN, US). 

Each sample was measured in triplicate. Free amino groups values from digestion 

samples were corrected by subtracting the contribution of free amino groups from 

the SGF before digestion without sample addition.  

The DH was determined as the percentage of peptide bonds cleavage regarding a 

total number of peptide bonds, following the equations: 

m�	�%� = 	 n
nkjk

	O	100    Eq. 2 

ℎ = f!"FD!	pq1	�	r
s            Eq. 3 

Where h is the number of peptide bonds cleavage in 1 kg protein, htot as the total 

number of peptide bonds in 1 kg protein set as 7.8 meq/g for soy proteins, serine 

NH2 as free amino groups as serine amino equivalents obtained from the calibration 

curve, α was 0.970 and β was 0.342 for soy proteins (Adler-Nissen, 1993). 

4.2.10. Size-exclusion chromatography 

The peptide size distribution profile was measured with a high-performance size-

exclusion chromatography (HPSEC) using TSKgel G3000SWxl column (7.8 mm x 

300 mm) and TSKgel G2000SWxl (7.8 mm x 300 mm) (Tosoh Bioscience LLC, King 

of Prussia, PA, USA.) in an Ultimate 3000 UHPLC system (ThermoFisher Scientific 

Inc., USA). Digested samples were first filtered using a 0.2 µm Spartan 13/0.2 R 6 

Whatman filter (VWR), and then 10 µL of sample was injected for each 
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measurement. The mobile phase was made with 30% acetonitrile, 0.1% 

trifluoroacetic acid and 70% ultrapure water. Signals were measured with a UV 

detector set at 214 nm, at 30˚C and with a flow rate of 1.5 mL/min. The calibration 

was performed with standard solutions of α-lactalbumin, aprotinin, insulin, 

bacitracin, phenylalanine, g-globulin, and ovalbumin. Then the calibration curve was 

made by plotting the retention time of each standard solution as a function of the 

protein’s molecular weight. Data analysis was performed in Dionex Chromeleon 7.2 

Chromatography Data System software (ThermoFisher Scientific Inc., USA). A 

chromatogram from the system resulted in peaks showing the amount of molecules 

with the sizes >50 kDa, 50-10 kDa, 10-4 kDa, 4-2 kDa and <2kDa. The experiments 

were done in duplicate per digestion sample, resulting in four experiments per 

sample. 

4.2.11. Statistical analysis 

Statistical analysis was done using the Statistical Package for the Social Sciences (SPSS 

software v. 23, IBM Inc.). The Mann-Whitney test was used to compare the results 

pertaining to the degree of hydrolysis. One way-ANOVA with post hoc analysis 

using Tukey’s multiple comparison test was used to compare the means pertaining 

to carbonylation level, soluble protein concentration, maximum fluorescence 

intensity and peptide size distribution profile regarding processing conditions and 

ingredients. An independent T-test was performed to compare the maximum 

fluorescence intensity of samples processed with the same conditions, but starting 

from different ingredients. The significance level was set at p < 0.05. 
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4.3. Results and discussion 

4.3.1. Physicochemical characterization  

Protein-bound carbonyl content 

The effect of process conditions on protein oxidation was quantified through 

measuring the protein-bound carbonyl content. The soluble protein fraction of all 

unheated protein ingredients had a carbonyl content between 12.9 and 20.2 mmol 

carbonyl/kg soluble protein (Figure 4.1.A), which did not increase further with 

processing at 100 °C and 120 °C, independently of the matrix. However, processing 

at 140 °C increased the carbonyl content in SPC- and SPI/pectin-based matrices 

significantly (p < 0.05) when compared to samples that were unheated or processed 

at lower temperatures (Figure 4.1.A). Figure 4.1.B shows the carbonyl content of 

the pellet fractions. The carbonyl content of the unheated protein ingredients was 

above 30 mmol carbonyl/kg soluble protein, which was higher than in the soluble 

fraction. However, there was no significant increase in carbonyl content in this 

fraction with processing, whatever the applied temperature. In addition, the carbonyl 

content in the pellet fractions was similar for all tested ingredients (SPC, SPI and 

SPI/pectin).  

Heat- and shear-based process significantly decreased the soluble protein 

concentration in the processed SPC-based matrices compared to the starting 

ingredient, especially in the soluble fraction (Figure 4.1.C). Processing SPI and 

SPI/pectin at 140 °C caused a small increase in the soluble concentration compared 

to lower temperatures, but not significant compared to unheated protein ingredient. 

For all samples, the soluble protein concentration in the pellet fraction was lower 

than that in the soluble fraction. Processing SPI at higher temperatures caused an 

increase in the soluble concentration in the pellet fraction compared to unheated 

protein ingredient. Overall, we see that heat- and shear-based process can promote 

soy protein oxidation, which is in line with previous research (Duque Estrada et al., 

2018). 



Protein oxidation and digestion of soy-based matrices 

78 

 

Figure 4.1. Carbonyl content (mmol per kg soluble protein) (A, B) and soluble protein 
concentration (g/L) in Tris/EDTA (C) or KCl (D) buffers of unheated protein 
ingredients suspensions and processed protein-based matrices (100, 120 and 140 °C): 
soluble fraction (A and C) and pellet fraction (B and D). Different letters indicate a 
significant difference between unheated protein ingredients and processed protein-based 
matrices made with the same ingredient. Significance level at p < 0.05. NS: no significant 
difference. 

Although the effect of handling, processing, and storage on protein oxidation is 

largely unexplored for plant protein-based ingredients and foods, such data are 

readily available for muscle protein-based foods. For example, in processed meat, 

Soladoye et al. (2017) reported carbonyl content of 80 mmol carbonyl/kg soluble 

protein in raw bacon, which further increased with cooking. These results suggested 

that the quality of the raw material, the use of additional ingredients in formulated 

products, and the processing conditions largely determine protein oxidation and can 
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lead to high levels of oxidation. Regarding the ingredients of processed food, the 

presence of reducing sugars and their oxidation products, such as α-dicarbonyl 

compounds, can induce oxidative deamination of basic amino acids resulting in 

protein carbonylation via a Maillard-mediated mechanism (Poulsen et al., 2013). For 

instance, Luna & Estévez (2018) found that in SPI glycation reaction formed more 

carbonyls than metal catalyzed hydroxyl-radical generating system, while a 

combination of both oxidation systems increased further carbonylation. 

Nevertheless, such reactions are probably highly dependent on the ingredient’s 

composition, notably regarding reducing sugars, which may largely vary between 

different ingredients and supplier.  

Furthermore, we found that the proteins in the starting ingredients used (i.e., 

unheated SPC or SPI) were already oxidized to a certain extent. We made similar 

observations in a previous study using commercial soy ingredients (Duque Estrada 

et al., 2018). Likewise, Chen et al. (2015) reported a carbonyl content of 15.1 mmol 

carbonyl/kg soluble protein in commercial SPI, which increased to 22.4 mmol 

carbonyl/kg soluble protein upon dry heating at 100 °C for 8 h. The fractionation 

process and/or storage conditions applied to protein ingredients could have caused 

protein oxidation. In industrial processes, spray drying is often used as the final drying 

step to obtain the SPC and SPI, and pre-heating treatments may be applied prior to 

drying, which can promote protein oxidation (Duque Estrada et al., 2018). 

Conversely, the carbonyl content of lab-made SPI is often lower, with typical value 

range of 1.65 to 6.5 mmol carbonyl/kg soluble protein reported in different studies 

(Chamba et al, 2014; Chen et al., 2013b,c; Huang et al., 2006; Wu et al., 2009b,c). 

This may be because those SPI samples were prepared with freeze drying as the final 

drying step. Pre-heating SPI suspensions from 5 to 30 min at 90 °C followed by spray 

drying resulted in increased protein carbonyls and decreased protein solubility during 

8 weeks of storage (Guo et al., 2015). The fractionation process prior to drying also 

seems of importance. For example, Wu et al. (2009c) prepared a low-oxidized SPI 

(1.7 mmol carbonyl/kg soluble protein) by using soybeans with low moisture content 
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and isolating proteins by fractionation process under low oxygen conditions. This 

suggests that a large variability in that respect may exist from one plant protein 

material to another and that considering the oxidative status of protein ingredients is 

relevant to control oxidation during processes.  

Moreover, information regarding the consequences of dietary oxidized proteins on 

human health is still limited. The effect of postprandial protein oxidation causing 

cellular and tissue damage has been related to contribute to the progress of diseases 

such as inflammatory bowel disease, diabetes, and fibrosis (Estévez & Luna, 2017). 

Studies with in vitro and animal models have shown that dietary oxidized proteins may 

promote some organ dysfunctions (Estévez & Xiong, 2019). For instance, animal 

studies showed that the intake of oxidized tyrosine (2 to 8 g/kg diet for 24 weeks) 

resulted in oxidative stress and dysfunction of kidney and pancreas cells, combined 

with inflammation (Ding et al., 2017; Li et al., 2017). However, the doses used in 

these studies are much higher than values typically reported in food proteins, and 

thus more studies are needed to elucidate dose-related effects to establish whether 

usual oxidation levels occurring in foods could give rise to similar consequences. 

Molecular weight distribution profile: SDS-PAGE 

The molecular weight distribution of proteins in the soluble fractions (Figure 4.2.A-

C) and pellet fractions (Figure. 4.2.D-F) was determined with SDS-PAGE under 

reducing conditions. For all samples we see differences in the protein molecular 

weight distribution between the unheated ingredients and the processed matrices, for 

both fractions (Figure 4.2). In the soluble fraction of unheated SPC (Figure 4.2.A), 

β-conglycinin and glycinin subunits, the major constituents of soy proteins, are 

present, but the intensity of the bands corresponding to the α and α’subunits of β-

conglycinin decreased after processing at 140 °C. The soluble fraction of unheated 

SPI and SPI/pectin ingredients had similar molecular weight distribution. The same 

was observed when comparing SPI and SPI/pectin-based matrices processed at 

temperatures below 140 °C (Figure 4.2.B,C). This findings were was expected since 
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both matrices were prepared with the same source of protein ingredient. However, 

the bands around 75 kDa in SPI/pectin-based matrices processed at 140 °C were not 

visible anymore.  

 

Figure 4.2. SDS-PAGE under reducing conditions of the soluble fraction and pellet 
fraction of unheated protein ingredients and processed protein-based matrices at 
different temperatures. A and D, SPC samples; B and E, SPI  samples; C and F, 
SPI/pectin samples. U, unheated ingredients; M, molecular weight standard; α`/α/β, 
peptides of β-conglycinin. 

The molecular weight distribution profiles of the pellet fractions of unheated samples 

were different from those of the soluble fractions (Figure 4.2.D-F), for a given 

sample. In the pellet fractions, bands around 75 kDa were not visible and an 

accumulation of low molecular weight components appeared. For unheated SPI and 

SPI/pectin samples (Figure 4.2.E,F) the band around 50 kDa was still visible as 

seen in the soluble fraction (Figure 4.2.B,C). The pellet fraction of all processed 
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samples at 140 °C did not show bands around 75 kDa, which represents the 

molecular weight of α- and α’ subunits of β-conglycinin. 

Overall we observed a systematic difference between unheated and processed 

samples with a decrease in the intensity of some particular bands after processing, 

regardless of the protein fraction. In addition, bands at molecular weights above 37 

kDa for the pellet fractions appeared as faded, or were not even visible sometimes, 

compared to the soluble fraction. 

Protein surface-exposed hydrophobicity 

Figure 4.3 shows the maximum fluorescence intensity (Fmax) of unheated protein 

ingredients and processed protein-based matrices made with different ingredients, 

which represents the number of surface-exposed hydrophobic sites in the protein. In 

the case of unheated protein ingredients, we found that SPC had more exposed 

hydrophobic sites than SPI and SPI/pectin. All processed protein-based matrices 

showed a strong and significant decrease in the number of surface-exposed 

hydrophobic sites compared to unheated protein ingredients (p < 0.05). SPC-based 

matrices processed at 100 °C had a 90% decrease on Fmax compared to unheated SPC 

ingredient. For all three starting ingredients, the temperatures applied had only a 

minor additional effect on protein hydrophobicity. 

The protein surface hydrophobicity in the processed SPI/pectin-based matrices 

decreased further upon processing at a higher temperature. It seems therefore that 

the presence of pectin decreases protein hydrophobicity. A possible explanation 

could be that pectin would interact with proteins via hydrophobic interactions 

involving the methoxyl groups of pectin (Wang et al., 2018). It is, however, difficult 

to generalize this effect, as opposite trends were also reported in literature (Benjamin 

et al., 2012). Presumably, the type of pectin (and notably its degree of methoxylation), 

the type of protein, and the probe used to assess surface-exposed hydrophobicity are 

of importance in that respect. Previous studies showed that protein oxidation is also 

a relevant parameter that affects surface hydrophobicity. We observed a substantial 
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formation of protein-bound carbonyls in processed SPC- and SPI/pectin-based 

matrices made at 140 °C (Figure 4.1.A), which could reduce the number of exposed 

hydrophobic sites. Likewise, studies have shown that at low levels of carbonyl 

content, the surface hydrophobicity was higher compared to high levels of carbonyl 

content (Berton-Carabin et al., 2016; Shao et al., 2016; Sun et al., 2011; Tan et al., 

2016; Wu et al., 2009b).  

 
Figure 4.3. Maximum fluorescence intensity (Fmax) based on ANSA probe of unheated 
protein ingredients and processed protein-based matrices made with different ingredients 
and process conditions. Excitation wavelength set at 385 nm and emission at 480 nm. 
Results are expressed as mean and error bars as standard deviation. Different letters 
indicate significant difference among unheated protein ingredients and processed 
protein-based matrices, made with the same ingredient. Significance level at p < 0.05. 

In this study, heat- and shear-based process decreased surface-exposed 

hydrophobicity in protein-based matrices compared to protein ingredients, which is 

a result of protein rearrangements induced by processing and protein oxidation. The 

reduced hydrophobicity of the proteins can decrease the proteolytic susceptibility of 

the proteins (Filgueras et al., 2011; Santé-Lhoutellier et al., 2008a).  

Acid uptake 

We investigated the volume of acid (HCl) uptake by unheated protein ingredients 

and ground processed protein-based matrices made with the different ingredients, 
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necessary to reach pH 2 (Figure 4.4). The volume of HCl solution needed to reach 

pH 2.0 was higher for SPC-based suspensions than for SPI- and SPI/pectin-based 

ones. The patterns for unheated protein ingredients and processed protein matrices 

were similar for SPI and SPI/pectin, implying that the presence of pectin did not 

affect acid uptake, and hence the protein buffering capacity. Processing can modulate 

acid uptake, but the temperature treatment did not have a large effect. A higher acid 

uptake is a measure for a strong buffer capacity, which can affect the gastric digestion 

rate since the activity of pepsin is highly pH-dependent (Kondjoyan et al., 2015). 

Therefore, differences in gastric digestion are expected in case of different ingredients 

and due to heating. However, the exact process conditions are likely to have a limited 

effect in that respect.  

 

Figure 4.4. pH as a function of the volume of titrant 0.5 M HCl of suspensions of 
unheated protein ingredients or of ground processed protein-based matrices made with 
(A) SPI, (B) SPC and (C) SPI/pectin at different temperatures. The protein content (dry 
basis) in all samples is similar. 

4.3.2. In vitro gastric digestion 

Degree of hydrolysis 

First, we investigated the effect of process conditions, the effect of grinding the 

processed protein-based matrices, and the effect of the starting protein ingredient on 

the degree of hydrolysis using in vitro gastric conditions. Second, we aimed to correlate 

the obtained results with protein oxidation. 
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Figure 4.5 shows that all unheated protein ingredients had a rapid increase in DH 

within the first 5 minutes of simulated gastric digestion. Then proteolysis slowed 

down, before reaching a plateau. This fast increase within the first minutes of 

digestion is in line with previous studies with proteins suspensions (Luo et al., 2015; 

Opazo-Navarrete et al., 2018; Yang et al., 2016). Processed protein-based matrices 

(cylinder-shaped) showed a slower increase in DH and lower final value than 

unheated protein ingredients after 180 min. After 5 minutes of gastric digestion, 

samples were hardly digested, indicating a long sample disintegration time. The 

combination of pepsin diffusion, hydrolysis rate, microstructure, and mechanical 

strength was previously used to explain differences in disintegration and subsequent 

digestion of whey protein isolate gels (Luo et al., 2017). The pepsin diffusion was 

limited to a depth of 2 mm within the gels, explaining why hydrolysis only occurred 

in the thin layer at the surface of the gels. Thus, the digestion rate was constrained 

by the surface area of the gel and the surface erosion.  

Figure 4.5. The degree of hydrolysis (%) of unheated protein ingredients and processed 
protein-based matrices made with SPC (A), SPI (B) and SPI/pectin (C) prepared at 
different temperatures. The processed matrices cut as small cylinders are represented by 
red lines, and the processed ground samples are represented as blue lines. Error bars 
represent the standard deviation (two independent samples, each digested in duplicate). 
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After cutting the processed protein-based matrices into cylindrical shapes, the SPI-

based one (Figure 4.5.B) had slower disintegration than SPC- and SPI/pectin-based 

ones, which could be associated to a higher sample hardness. Previous research 

revealed that SPI-based matrices processed at 140 °C had higher tensile stress 

compared to SPC- and SPI/pectin-based ones (Dekkers et al., 2018c; Dekkers et al., 

2016; Grabowska et al., 2016). The lower tensile stress in processed SPI/pectin-based 

matrices is associated with the presence of pectin, which forms a weaker and 

elongated separated phase, and induces air pockets within the matrix, resulting in 

fiber formation at 140 °C (Dekkers et al., 2018c; Dekkers et al., 2016; Grabowska et 

al., 2016). The results apply with the general observation that soft protein gels can be 

subjected to faster disintegration in digestive conditions compared to hard gels 

(Opazo-Navarrete et al., 2018). 

Besides the sample texture, the sample size could influence the rate of hydrolysis. To 

test this hypothesis we ground the processed protein-based matrices. Unfortunately, 

the broad particle size distribution obtained and the roughness of the samples 

prevented calculation of the exact surface area. Ground processed protein-based 

matrices had significantly (p < 0.05) higher DH than cylinder-shaped ones, but a 

slower rate of hydrolysis than unheated protein ingredients. Most likely, the reduced 

sample size facilitated disintegration and the diffusion of pepsin and HCl into the 

samples, increasing the DH. Interestingly, ground SPI/pectin-based matrices had 

equal or even higher DH than unheated protein ingredients after 180 min of 

digestion. The exact reason for this effect is not clear yet.   

Although the applied processing temperature seemed to influence the DH of the 

processed protein matrices, no generic trend across the different materials could be 

observed. After grinding the products, the differences due to processing became 

small. Regarding the effect of the starting protein ingredient, ground SPC-based 

matrices had faster increase in the DH compared to SPI and SPI/pectin-based 

matrices. Since the buffering capacity of SPC was largest among the tested 
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ingredients, this could have led to a lower digestibility. However, this was clearly not 

the case. Nevertheless, increased surface-exposed hydrophobicity in SPC might have 

increased the exposure of hydrophobic sites in which pepsin has more affinity. The 

excess of gastric juice is most probably able to compensate for the effect and to keep 

the conditions favorable for pepsin to be active. The fractionation process applied to 

obtain concentrated and isolated proteins could be another factor that can affect the 

status of the proteins and as a consequence the digestion rate. Opazo-Navarrete et 

al. (2019) reported a lower degree of protein hydrolysis in isolated quinoa protein 

obtained by wet fractionation than in the protein-enriched quinoa fraction obtained 

by dry fractionation. They suggested that the changes in pH and the thermal 

treatment during the drying step involved in the wet fractionation process affect the 

protein conformation and supramolecular structures, which would impact protein 

digestibility. 

When carbonyl levels of all samples were related to DH, we concluded that oxidation 

had no obvious relationship with the DH (Figure 4.7. supplementary information). 

Likewise, Chen et al. (2013a) found no significant difference in the DH after 1 h 

pepsin digestion of SPI samples treated with increasing concentration of 

prooxidants. We also did not observe a relationship between the DH and surface-

exposed hydrophobicity or carbonyl content and hydrophobicity (Figure 4.8 and 

4.9 in supplementary information). Santé-Lhoutellier et al. (2008b) did not find a 

correlation between carbonyl content an pepsin activity in miofribrillar proteins from 

pork, which was attributed to the level of protein oxidation and the oxidative 

susceptibility of amino acids that pepsin has preference for cleaves, for instance 

aromatic amino acids. Therefore, the physicochemical modifications induced by 

shear- and heat-based process of soy protein ingredients contributed to slowing 

down the degree of hydrolysis, but did not impair the DH after 120 min of digestion.  
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Peptide size distribution (HPSEC) 

The peptide size distribution of unheated SPC and SPI ingredients showed more 

peptides larger than 10 kDa compared to the SPI/pectin ingredient (p < 0.05) 

(Figure 4.6.A). Additionally, the SPI/pectin ingredient had more peptides smaller 

than 2 kDa (p < 0.05). Overall the peptide size distribution of the unheated protein 

ingredients seemed already quite stable after 20 min incubation in simulated gastric 

conditions, which is in agreement with the fast digestion observed in Figure 4.5. 

This is different for the processed protein-based matrices, either in a cylinder-shape 

or ground. Figure 4.6.B shows that more small peptides were present in digested 

ground samples over time compared to the digested cylinder-shaped samples (p < 

0.05). These results are in line with the lower digestion rate found for the cylinder-

shaped samples in Figure 4.5. However, after 180 min of digestion there was no 

difference for peptides smaller than 4 kDa between digested cylinder-shaped and 

ground samples made of processed SPC-based matrices at 140 °C (p > 0.05).  

When comparing the different starting ingredients, SPC-based matrices processed at 

different temperatures showed a similar peptide distribution, though the amounts 

formed were distinct (Figure 4.6.B). This suggests that the same reaction products 

are formed, regardless of the reaction rate of pepsin. The higher digestion rate of 

cylinder-shaped of those samples processed at 140 °C as shown in Figure 4.5.A is 

nicely confirmed by the higher amount of peptides present in the gastric juice after 

180 min of digestion. Interestingly, the digestion of ground SPI/pectin-based 

matrices resulted in more peptides between 2-4 kDa than SPC and SPI-based 

matrices (p < 0.05) when processed at 120 and 140 °C. Conversely, SPC-based 

matrices (cylinder-shape and ground) processed at 120 and 140 °C had more peptides 

lower than 2 kDa than both SPI and SPI/pectin (p < 0.05).  
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Figure 4.6. Peak area (mAU*min) of peptides distribution after 20, 60 and 180 min 
gastric digestion of unheated SPC, SPI, SPI/pectin ingredients (A) and protein-based 
matrices processed at different temperatures (cylinder-shape and ground matrices) (B). 
SGF: simulated gastric fluid. Results are shown as mean values (two independent 
samples, measured in duplicate). The mean values, standard deviations and statistics 
results are shown in table 4.1 and 4.2 in the supplementary information. 

Even though after 180 min of gastric digestion SPC and SPI/pectin-based matrices 

reach similar DH (Figure 4.5.A,C) the distribution of their peptides was different, 

confirming relativity faster rate of hydrolysis of SPC-based matrices. This can be 
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related to the reduced hydrophobicity of SPI/pectin-based matrices at 120 and 140 

°C or to the presence of pectin hindering pepsin activity. The effect of 

polysaccharides on protein digestion was previously investigated for protein 

solutions (Mouécoucou et al., 2004; Zhang & Vardhanabhuti, 2014); for instance, the 

presence of 1% w/w pectin in whey protein isolate solutions (pH 7.0) heated at 85 

°C for 30 min has been shown to form aggregates due to extensive intragastric 

gelation, which were not digested after 2 h under in vitro conditions (Zhang & 

Vardhanabhuti, 2014). Most of the pectin and more than half of the protein remained 

in the gels. Therefore, the presence of pectin decreased the digestion rate of whey 

protein. 

4.4. Conclusions 

The commercial soy protein ingredients used in this work contained a substantial 

amount of pre-formed protein-bound carbonyls, revealing a certain initial degree of 

protein oxidation. Application of a thermomechanical process to make structured 

matrices resulted in additional protein oxidation in SPC- and SPI/pectin-based 

matrices at 140 °C. The process also led to reduced protein surface-exposed 

hydrophobicity. Structuring the starting ingredients via this process slowed down 

proteolysis, even though the actual rate showed no correlation with the level of 

carbonyls, nor with the applied temperature during processing. The peptide 

distribution during simulated gastric digestion was not affected by the process 

conditions, but the presence of pectin resulted in the formation of larger peptides. 

Therefore, we foresee that developing fractionation and storage methods to yield 

plant protein ingredients with a low level of protein oxidation is becoming an 

essential matter in the current transition to more plant protein-based food products. 

Abbreviations used 

ABS, absorbance; ACN, acetonitrile; ANSA, 8-anilino-1-napthalenesulfonic acid 

ammonium salt; BCA, bicinchoninic acid; Borax, sodium tetraborate decahydrate; 

DNPH, 2,4- dinitrophenylhydrazine; DTT, DL-dithiothreitol; ε, molar absorptivity; 



 

91 

C
ha

pt
er

 4
 

EDTA, diaminoethane tetraacetic acid; Fmax, maximum fluorescence intensity; HCl, 

hydrochloric acid; HTSC, high temperature shear cell; KCl, potassium chloride; 

NaCl, sodium chloride; OPA, o-phtaldialdehyde; SDS, sodium dodecyl sulfate; SPC, 

soy protein concentrate; SPI, soy protein isolate; TCA, trichloroacetic acid; TFA, 

trifluoracetic acid; Tris, tris-(hydroxymethyl) aminomethane. 

Supplementary information  

Correlation graphs and statistics of peptide size distribution results (HPSEC). 

Figure 4.7. Relationship between initial slope (∆ free amino groups/min) and carbonyl 
content (mmol/kg protein) of SPC (A), SPI (B) and SPI/pectin (C) samples (protein 
ingredients and processed matrices). 

 

Figure 4.8. Relationship between initial slope (∆ free amino groups/min) and exposed-
surface hydrophobicity (Fmax) of SPC (A), SPI (B) and SPI/pectin (C) samples (protein 
ingredients and processed matrices). 
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Figure 4.9. Relationship between exposed-surface hydrophobicity (Fmax) and carbonyl 
content (mmol/kg protein) in the soluble fractions of SPC (A), SPI (B) and SPI/pectin 
(C) samples (protein ingredients and processed matrices). 

Table 4.1. Peptides size (kDa) distribution of unheated soy 
ingredients (protein suspensions) obtained by size-exclusion 
chromatography. 

 
Results are expressed as mean ± standard deviation (n = 2 independent 
samples measured in duplicate). Different letters per column refers to 
significant difference among samples within the same digestion time and 
peptide size (p < 0.05). Peptide size distribution of the simulated gastric 
fluid: > 50kDa: 1.62 ± 0.68; 50-10 kDa: 6.3 ± 0.52; 10-4 kDa: 6.52 ± 0.29; 
4-2 kDa: 6.13 ± 0.26; < 2 kDa: 28.28 ± 1.17 kDa.  

  

>50 6.01 ± 0.28 a 3.80 ± 0.06 a 2.55 ± 0.21 a

50-10 27.57 ± 2.21 a 25.09 ± 0.12 a 21.51 ± 0.41 a

10-4 33.43 ± 3.05 a 34.17 ± 0.20 a 31.92 ± 0.60 a

4-2 36.06 ± 0.00 a 37.39 ± 0.28 a 37.93 ± 0.75 a

<2 92.62 ± 9.49 a 110.81 ± 0.99 a 122.45 ± 2.18 a

>50 4.22 ± 0.90 a 2.79 ± 0.38 a 2.15 ± 0.07 a

50-10 25.50 ± 1.54 a 21.91 ± 0.93 b 19.13 ± 0.80 b

10-4 33.36 ± 1.83 a 31.69 ± 1.51 a 29.49 ± 1.41 a

4-2 34.70 ± 1.89 a 35.49 ± 1.74 a 35.71 ± 1.72 a

<2 98.69 ± 5.45 a 108.57 ± 5.84 a 118.91 ± 4.62 a

>50 1.07 ± 0.48 b 1.39 ± 0.21 b 0.86 ± 0.60 a

50-10 11.78 ± 0.84 b 10.35 ± 0.22 c 8.50 ± 0.36 c

10-4 21.57 ± 1.01 b 20.85 ± 0.17 b 18.54 ± 0.29 b

4-2 25.97 ± 1.18 b 26.76 ± 0.21 b 25.15 ± 0.04 a

<2 120.29 ± 5.77 a 138.47 ± 1.81 b 147.64 ± 0.06 b

180 min

SPC 

SPI 

SPI/pectin

20 min 60 min

Peptides 

size (kDa)
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Table 4.2. Peptides size (kDa) distribution of processed soy-based matrices obtained 
by size-exclusion chromatography. 

Results are expressed as mean ± standard deviation (n = 2 independent, each one measured in 
duplicate). Different icons (*/†) refers to significant difference between cylinder-shape and ground 
samples, within the same digestion time and peptide size (no icon = no difference) (p < 0.05). Different 
letters per column refers to significant difference among samples processed with different temperatures, 
within the same digestion time and peptide size (p < 0.05). Peptide size distribution of the simulated 
gastric fluid: > 50kDa: 1.62 ± 0.68; 50-10 kDa: 6.3 ± 0.52; 10-4 kDa: 6.52 ± 0.29; 4-2 kDa: 6.13 ± 0.26; 
< 2 kDa: 28.28 ± 1.17 kDa. 

>50 0.93 ± 0.16 *a 1.97 ± 0.67 a 3.44 ± 0.73 a 3.88 ± 0.02 †a 4.23 ± 0.19 a 3.39 ± 0.30 a

50-10 2.07 ± 0.33 *a 4.09 ± 0.66 *a 8.28 ± 1.46 *a 17.07 ± 0.39 †a 21.47 ± 0.21 †a 19.98 ± 0.32 †a

10-4 3.17 ± 0.44 *a 6.65 ± 0.82 *a 14.91 ± 2.19 *a 21.31 ± 0.45 †a 29.93 ± 0.41 †a 30.58 ± 0.30 †a

4-2 3.94 ± 0.47 *a 7.97 ± 0.89 *a 18.24 ± 2.49 a 22.39 ± 0.45 †a 34.32 ± 0.49 †a 38.59 ± 0.38 a

<2 40.31 ± 1.97 *a 59.51 ± 4.20 *a 113.22 ± 11.11*ab 81.92 ± 0.88 †a 124.58 ± 1.02 †a 154.05 ± 0.73 †a

>50 0.78 ± 0.04 *a 1.06 ± 0.17 *a 2.68 ± 0.75 a 4.62 ± 0.70 †a 4.43 ± 0.46 †a 3.27 ± 0.14 a

50-10 1.85 ± 0.00 *a 3.33 ± 0.48 *a 7.62 ± 1.90 *a 18.01 ± 1.14 †ab 21.75 ± 0.88 †a 20.19 ± 0.05 †a

10-4 2.82 ± 0.08 *a 5.60 ± 0.75 *a 13.38 ± 3.02 *a 22.09 ± 1.26 †a 29.71 ± 1.22 †a 30.33 ± 0.13 †a

4-2 3.52 ± 0.09 *a 6.73 ± 0.83 *a 16.00 ± 3.40 a 23.23 ± 1.32 †a 33.96 ± 1.52 †a 38.05 ± 0.24 a

<2 38.74 ± 0.05 54.27 ± 3.46 *b 101.19 ± 15.18 *b 84.07 ± 3.66 †a 121.87 ± 5.89 †a 150.21 ± 1.97 †a

>50 1.04 ± 0.00 *a 1.93 ± 0.07 *a 4.94 ± 0.44 a 5.83 ± 0.24 †b 5.71 ± 0.02 b 3.71 ± 0.12 †a

50-10 2.65 ± 0.01 *a 5.51 ± 0.12 *b 12.75 ± 0.77 *a 20.27 ± 0.26 †b 24.28 ± 0.14 †b 21.84 ± 0.04 †b

10-4 3.62 ± 0.07 *a 8.40 ± 0.20 *a 20.60 ± 1.08 *a 23.50 ± 0.62 †a 31.25 ± 0.46 †a 30.81 ± 0.12 †a

4-2 4.35 ± 0.11 *a 9.91 ± 0.26 *a 24.64 ± 1.19 a 24.34 ± 0.82 †a 35.19 ± 0.73 †a 37.84 ± 0.13 a

<2 45.06 ± 0.44 *ab 73.47 ± 1.47 *c 155.03 ± 5.45 a 87.16 ± 1.97 †a 125.28 ± 3.10 †a 145.78 ± 0.08 a

>50 0.39 ± 0.17 *a 0.21 ± 0.05 *a 0.07 ± 0.02 *a 2.26 ± 0.34 †a 3.03 ± 0.58 †a 1.82 ± 0.09 †a

50-10 1.88 ± 0.06 *a 1.81 ± 0.05 *a 2.00 ± 0.02 *a 14.18 ± 1.36 † 20.23 ± 0.68 †a 21.27 ± 0.35 †a

10-4 3.17 ± 0.10 *a 3.96 ± 0.15 *a 6.24 ± 0.26 *a 17.48 ± 2.04 † 27.87 ± 2.50 †a 32.06 ± 0.10 †a

4-2 4.47 ± 0.15 *a 6.56 ± 0.29 *a 12.10 ± 0.56 *a 17.65 ± 2.31 † 30.65 ± 4.01 †a 37.63 ± 0.06 †a

<2 29.44 ± 0.93 *a 44.27 ± 1.57 *a 87.97 ± 3.79 *a 59.18 ± 1.85 † 93.87 ± 13.13 †a 116.56 ± 2.36 †a

>50 0.21 ± 0.17 *a 0.16 ± 0.05 *b 0.09 ± 0.02 *a 3.05 ± 0.13 †a 2.93 ± 0.53 †a 1.61 ± 0.11 †a

50-10 1.69 ± 0.28 *a 1.89 ± 0.02 *a 2.17 ± 0.08 *a 14.65 ± 1.11 †a 20.34 ± 0.79 †a 21.20 ± 0.48 †a

10-4 3.10 ± 0.19 *a 4.18 ± 0.10 *a 6.72 ± 0.47 *a 17.75 ± 1.86 †a 27.93 ± 2.49 †a 31.84 ± 0.35 †a

4-2 4.53 ± 0.19 *a 6.87 ± 0.24 *a 12.89 ± 1.03 *a 17.89 ± 2.15 †a 30.70 ± 3.91 †a 37.48 ± 0.07 †a

<2 28.52 ± 0.54 *a 43.87 ± 1.62 *a 85.38 ± 1.18 *a 60.79 ± 0.43 †a 93.42 ± 12.73 †a 120.98 ± 6.61 †a

>50 1.97 ± 0.23 *b 2.12 ± 0.14 ±c 1.90 ± 0.15 b 2.84 ± 0.04 †a 2.79 ± 0.36 a 2.07 ± 0.09 b 

50-10 7.64 ± 0.00 *b 10.08 ± 0.37 *b 14.43 ± 1.25 *b 14.62 ± 1.16 †a 20.35 ± 1.28 †a 21.78 ± 0.29 †a

10-4 8.88 ± 0.07 *b 13.01 ± 0.48 *b 21.20 ± 2.14 *b 17.66 ± 1.90 †a 27.88 ± 2.82 †a 32.19 ± 0.32 †a

4-2 8.89 ± 0.09 *b 14.00 ± 0.53 *b 25.17 ± 2.75 *b 17.76 ± 2.19 †a 30.58 ± 4.19 †a 37.77 ± 0.57 †a

<2 38.62 ± 0.02 *b 54.08 ± 1.48 b 88.90 ± 9.74 a 59.87 ± 0.43 †a 92.41 ± 14.03 a 117.55 ± 1.55 a

>50 1.80 ± 0.33 a 2.33 ± 0.19 *a 3.58 ± 0.04  a 3.11 ± 0.49 a 2.95 ± 0.03 †a 3.71 ± 1.26 a

50-10 4.01 ± 0.67 *a 7.47 ± 0.25 *a 14.23 ± 0.83 *a 13.19 ± 0.81 †a 17.07 ± 0.54 †a 19.47 ± 0.35 †a

10-4 5.51 ± 0.63 *a 10.58 ± 0.17 *a 21.09 ± 1.45 *a 17.13 ± 0.83 †a 25.10 ± 0.84 †a 30.56 ± 0.91 †a

4-2 5.88 ± 0.59 *a 11.37 ± 0.26 *a 23.42 ± 1.32 *a 17.92 ± 0.92 †a 28.76 ± 0.69 †a 38.30 ± 1.71 †a

<2 37.52 ± 1.07 *a 52.05 ± 0.58 *a 85.27 ± 0.42 *a 62.33 ± 1.83 †a 96.69 ± 1.75 †a 136.11 ± 8.12 †a

>50 0.86 ± 0.12 *b 1.31 ± 0.00 *b 2.14 ± 0.20 *b 4.32 ± 0.60 †a 4.44 ± 0.16 †b 3.62 ± 0.02 †a

50-10 2.11 ± 0.19 *b 4.16 ± 0.07 *b 7.37 ± 0.06 *b 17.24 ± 1.06 †b 23.34 ± 0.94 †b 24.84 ± 0.07 †b

10-4 3.46 ± 0.18 *b 6.97 ± 0.04 *b 13.25 ± 0.01 *b 20.07 ± 1.21 †a 30.37 ± 1.29 †b 35.71 ± 0.01 †b

4-2 4.45 ± 0.18 *a 8.71 ± 0.02 *b 16.91 ± 0.06 *b 58.32 ± 2.82 †b 88.92 ± 3.39 †b 98.86 ± 26.22 †a

<2 43.37 ± 0.86 *b 64.90 0.36 *b 112.08 ± 1.08 *b 58.32 ± 2.82 †a 88.92 ± 3.39 †a 118.35 ± 1.35 †b

>50 1.22 ± 1.22 *ab 1.81 ± 1.81 *b 2.88 ± 2.88 ab 4.28 ± 0.24 †a 5.21 ± 0.43 †b 4.53 ± 0.40 a

50-10 2.82 ± 0.01 *ab 5.64 ± 0.36 *b 11.47 ± 1.66*ab 16.76 ± 0.31 †b 23.90 ± 1.20 †b 27.60 ± 0.84 †a

10-4 4.04 ± 0.07 *ab 7.91 ± 0.54 *b 16.74 ± 2.13*ab 19.12 ± 0.30 †a 29.81 ± 1.37 †b 38.01 ± 1.09 †b

4-2 4.60 ± 0.02 *a 8.96 ± 0.61 *b 19.29 ± 2.34*ab 56.15 ± 0.64 †b 85.77 ± 2.84 †b 82.61 ± 2.11 †a

<2 35.49 ± 0.98 *a 48.64 ± 1.38 *a 78.21 ± 6.87 *a 56.15 ± 0.64 †a 85.77 ± 2.84 †a 121.47 ± 3.15 †b
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Abstract 

The production of soy protein-based foods requires multiple-step, intensive 

processing and storage of intermediate soy ingredients, which can increase the 

product’s susceptibility to oxidation. Therefore, we investigated the oxidative stability 

of soy protein-based products subjected to different relevant conditions or 

treatments: over storage of soy flours, over fractionation to yield soy protein isolate 

(SPI), and over subsequent thermomechanical processing to yield a model structured 

food product. Soy flours were stable to lipid and protein oxidation over 250 days 

storage in chilled or ambient conditions. The fractionation process applied to make 

SPI did not increase substantially protein carbonylation, but increased surface-

exposed hydrophobicity and decreased free thiols, compared to the starting defatted 

flour. Subsequent processing of hydrated SPI powder at 140 °C further increased 

protein carbonylation to a high extent. Therefore, we conclude that soy flours can be 

stable over long storage times, but processing to yield structured foods products 

promote protein oxidation. 
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5.1. Introduction 

Soy proteins have been widely used in food industry due to their functionality and 

high nutritional value (Kumar et al., 2017; Nishinari et al., 2017). Different soy 

protein ingredients can be obtained through processing of soybeans in various 

conditions: full-fat soy flour (FFSF) is obtained through soybean milling; defatted 

soy flour (DSF) is obtained after oil extraction from FFSF, and lastly soy protein 

concentrate (SPC) and isolate (SPI) are obtained after wet fractionation processes. 

For instance, SPC is obtained by an aqueous alcohol process (Johnson et al., 2008), 

while SPI is obtained by sequential steps of solubilization under alkali and 

precipitation under acid conditions (Assatory et al., 2019). The final stage of the 

fractionation process involves drying, which is usually done by spray-drying (large 

scale) or freeze-drying (lab-scale). The final soy protein ingredients, SPC and SPI, 

contain the major soybean storage proteins, β-conglycinin and glycinin (Paulsen, 

2008). SPC usually contains > 65% proteins in dry basis and SPI > 90% proteins 

(Thrane et al., 2016).  

The interest in soy protein ingredients aligns with the increased demand for 

alternatives to meat proteins, as soy proteins can be used as the main source of 

protein in the final product. Therefore, it is key to control the sensory, nutritional 

and functional properties of soy protein ingredients. One determining factor for the 

quality of lipid- and protein-containing ingredients is their oxidative status and 

stability. In soy flours, both lipids and proteins can be subjected to oxidation. Lipid 

oxidation is caused by a free radical chain reaction, which leads to primary and 

secondary oxidation products, of which the latter are responsible for off-flavors 

(Johnson & Decker, 2015). In plant-derived ingredients, lipid oxidation can be 

initiated via different pathways: autoxidation, which can be promoted by traces of 

transition metals and high temperature (Schaich, 2005); photooxidation, which 

involves the production of singlet oxygen (Schaich et al., 2013); or enzymatic 

oxidation, which involves the presence of the enzyme lipoxygenase (LOX).  
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Lipid oxidation products, as well as reactive oxygen species, can react with proteins, 

leading to protein oxidation (Min & Ahn, 2005). Such co-oxidation phenomenon is 

relevant to FFSF, but may also play a role in DSF in which traces of unsaturated 

lipids can be present still. Studies have shown that adding unsaturated lipids to DSF 

or directly to the SPI induced protein oxidation in SPI (Boatright & Hettiarachchy, 

1995a; Huang et al., 2006). Protein oxidation results in modifications of amino acid 

side chains and of the protein backbone, such as carbonylation, which can lead to 

both fragmentation or crosslinking (Estévez, 2017). Protein oxidative modifications 

can thus lead to changes in protein structure and conformation. Some of these 

modifications involve changes in protein hydrophobicity and loss of essential amino 

acids, which can affect protein solubility, nutritional value, and recently a few studies 

have even associated it to harmful effects in vivo (Estévez & Xiong, 2019).  

So far, most of the research on the oxidative stability of SPI has focused on the ability 

of lipid oxidation products to induce protein oxidation (Chen et al., 2013c; Cucu et 

al., 2013; Huang et al., 2006; Wu et al., 2009b), but limited information is available 

about how the processes applied to obtain soy flours and derived protein ingredients 

affect protein oxidation. In our lab, we recently measured the protein-bound 

carbonyl content of several commercial SPC and SPI powders, and compared it to 

values reported in literature for different plant and animal proteins (Figure 5.7 in 

supplementary information). All the tested commercial ingredients had a higher 

carbonyl content than e.g., lab-made SPI as reported in literature (Chen et al., 2013b; 

Wu et al., 2009c). Compared to these commercial soy protein ingredients, the 

carbonyl contents for lupine protein isolate, whey protein isolate (WPI), raw chicken 

and bovine meat were also lower (Berghout et al., 2015b; Berton-Carabin et al., 2016; 

Santé-Lhoutellier et al., 2008a; Soyer et al., 2010). Such a variability in the protein-

bound carbonyl levels suggests that either the process to obtain soy protein 

ingredients, and/or the subsequent storage conditions promote protein oxidation. 

Interestingly, it was previously reported that SPI flours have more carbon-centered 

radicals than animal protein ingredients such as WPI (Boatright et al., 2008; Boatright 
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et al., 2012; Boatright et al., 2009; Lei et al., 2010). The release of those radicals 

increased during storage (Boatright et al., 2009) and upon hydration (Boatright et al., 

2008). These results suggest that soy protein ingredients may be particularly prone to 

oxidation, especially in hydrated form.  

Soy protein ingredients are frequently used to formulate structured food products, 

which involves further processing. These processes often use high temperatures, 

which can promote lipid and protein oxidation. Recently, we found that the carbonyl 

content increased in hydrated SPC when subjected to a thermomechanical process 

(Duque Estrada et al., 2018). It is therefore questionable if most of the protein 

oxidation products found in the final matrix are formed during the initial ingredient 

fractionation, or during processing to form the final structured product. It is also of 

high interest to know if the oxidation reactions occurring at both stages are rather 

independent, or if protein oxidation occurring in the final structuring process 

depends on the initial oxidative state of the ingredient. 

We therefore investigated the oxidative stability of house-made FFSF and DSF 

stored at different temperatures for up to 250 days; and protein oxidation upon wet 

fractionation process of DSF to yield lab-made SPI. Finally, we also investigated how 

protein oxidation in SPI was further affected by applying a thermomechanical 

process, which would be the ultimate step towards final product fabrication. 

5.2. Material and methods 

5.2.1. Materials  

Soybeans were obtained from FRANK Food Products (Twello, The Netherlands) 

and stored for less than 1 year at 4 °C. According to the manufacturer, soybeans did 

not receive any post-harvesting treatment. SPI (SUPRO® 500E-80.16% protein) was 

obtained from Danisco (Copenhagen, Denmark) (N x 5.7). 8-Anilino-1-

napthalensulfonic acid ammonium salt (ANSA, ≥ 97%), β-mercaptoethanol, sodium 

phosphate monobasic dihydrate (≥ 99%), sodium phosphate dibasic (≥ 99%), 2,4-

dinitrophenylhydrazine (DNPH), trichloroacetic acid (TCA), sodium dodecyl sulfate 
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(SDS), guanidine hydrochloride (CH5N3HCl), cumene hydroperoxide solution 

(80%), n-hexane, p-anisidine, Ellman’s reagent or 5,5′-dithiobis (2-nitrobenzoic acid) 

(DTNB) and Bis-TRIS buffer were obtained from Sigma-Aldrich (Germany, 

Darmstadt). Hydrochloric acid (HCl, 37%) was purchased from VWR Chemicals 

(Fontenay-sous-Bois, France). Ethanol (ACS 99%), ethyl acetate (ACS 99%), barium 

chloride (BaCl2·2H2O), sodium hydroxide (NaOH), ammonium thiocyanate 

(NH4SCN), 1-butanol, acetic acid (glacial) 100% were purchased from Emsure 

(Merck Millipore, Darmstadt, Germany). Ferrous sulfate heptahydrate 

(FeSO4·7H2O) and methanol were obtained from Actu-All Chemicals B.V. (Oss, The 

Netherlands). Petroleum ether was obtained from Avantor Performance Materials 

B.V. (Deventer, The Netherland). The bicinchoninic acid (BCA) protein assay kit 

was obtained from Thermo Scientific (Pierce, Rockford, US). Mini-Protean TGX 

gels (12%), Bio-safe Coomassie G-250 stain, 2x Laemmli sample buffer, 10x 

Tris/Glycine/SDS buffer (25 mM Tris, 192 mM glycine and 0.1 w/v% SDS, 1x 

solution, pH 8.3) and precision plus protein dual color standard were purchase from 

Bio-Rad Laboratories (Munchen, Germany). Ultrapure water obtained from 

Millipore Milli-Q system was used for all experiments, unless otherwise stated.  

5.2.2. Preparation of soy flours: FFSF and DSF 

Soybeans were pre-milled using a pin mill (Condux-Werk LV 15 M, Wolfgang bei 

Hanau, Germany), followed by milling using a ZPS 50 impact mill (Hosokawa-

Alpine, Augsburg, Germany). The conditions were set to: classifier wheel speed at 

2500 rpm, air flow of 80 m3/h, mill speed of 8000 rpm and feed rate of 2-5 rpm 

(Geerts et al., 2018). Part of the obtained FFSF was immediately defatted using an 

automated Buchi extraction system B-811 LSV (BÜCHI Labortechnik AG, Flawil, 

Switzerland) according to AACC method 30-25 (AACC, 1983). We performed a 

short standard Soxhlet procedure according to Berghout et al. (2015b) with slight 

modifications, in which the heating step of the standard procedure was reduced to 3 

h to avoid that long extraction and solvent evaporation. The oil was extracted with 

petroleum ether (1:3.5 w/w) for 3 h followed by 20 min solvent removal in a rotor 
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evaporator RC900 (KNF, Trenton, US) at 65 °C, 160 rpm and 50 bar. The oil 

recovered was stored in plastic containers covered with aluminium foil and stored at 

4 °C for analysis on the next day. The remaining solvent present in the DSF was 

evaporated overnight at room temperature while being protected from light 

exposure. On the next day, part of the obtained DSF was used for wet fractionation 

process.  

Regarding storage conditions, both FFSF and DSF were stored in individual plastic 

containers covered with aluminium foil and stored at room temperature, 4 °C and -

20 °C for 250 days. During storage conditions experiments, the same defatting 

procedure was repeated at different time points to extract the oil from FFSF and 

analyze it. 

5.2.3. Wet fractionation process 

Wet fractionation was performed to prepare SPI from DSF according to Jiang et al. 

(2009) with some adjustments. After solvent evaporation, DSF was suspended in 

ultrapure water (1:9 w/v) and the pH was adjusted to 8.0 using 1 M NaOH. The 

sample was stirred for 3 h, followed by centrifugation at 10,000 rpm corresponding 

to 17,217g for 30 min at 4 °C using a Sorvall Lynx 4000 centrifuge (radius of 15.4 

cm) (Thermo Fisher Scientific, Waltham, MA, USA). The supernatant was collected 

and adjusted to pH 4.5 with 1 M HCl. After 1 h stirring the suspension was 

centrifuged at 17,217g at 4 °C for 30 min. The protein pellet was washed with 

ultrapure water (1:4 w/v) twice and stirred for 1 h. Subsequently, the suspension was 

centrifuged at 8000 rpm corresponding to 11,019g for 30 min at 4 °C. The protein 

pellet was suspended (1:4 w/v) in ultrapure water and the pH was adjusted to 7.0 

using 1 M NaOH. This protein suspension was left stirring (with regular pH 

adjustments to 7.0 if necessary) at 1000 rpm for 2-3 h, until the pH was stable. The 

suspension was frozen overnight, and on the next day, freeze-dried for 72 h using a 

Christ Epsilon 2-6D freeze-dryer (Martin Christ Gefriertrocknungsanlagen GmbH, 

Osterode am Harz, Germany). After freeze-drying, SPI was then pulverized by using 
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a Rotor Mill Pulverisette 14 (Fritsch GmbH, Idar-Oberstein, Germany) with a sieving 

ring with diameter 0.5 µm and a speed of 6000 rpm. The samples were stored at 4 

°C for further analysis. 

5.2.4. Chemical and physical properties of soy flours  

The moisture content of FFSF, DSF and SPI was determined by drying 3 g sample 

at 105 °C until constant weight in an oven (Binder GmbH, Tuttlingen, Germany). 

The total protein content was determined by nitrogen content with the Dumas 

method using a Flash EA 1112 series N-analyzer (Thermo Fisher Scientific, 

Waltham, MA, USA) with a nitrogen conversion factor of 5.7. The soluble protein 

concentration was determined by bicinchoninic acid (BCA) assay. The oil content 

was determined by Soxhlet as described in section 5.2.2. The ash content was 

determined in 1 g of sample heated at 525 °C for 5 h using ashing furnace AAF 11/3 

(Carbolite-Gero Ltd., Hope, UK), with a ramp rate of 15 °C/min. Afterward, the 

samples were left in a desiccator until constant weight. The water activity of FFSF, 

DSF, and SPI was measured at 25 °C in an Aqualab water activity meter (Decagon 

Devices Inc., Pullman, WA, US). The results of the analysis are presented in Table 

5 in supplementary information. All measurements were done in triplicate on two 

independent batches, except for water activity for which independent batches were 

measured in duplicate. 

5.2.5. Thermomechanical process of SPI 

SPI samples were submitted to shear and heat-process in a closed cavity (disk 

geometry) rheometer (CCR) (RPA elite, TA instruments, US) to mimic a shearing at 

high-temperature processing,  often used to produce plant protein-based products 

(Dekkers et al., 2018b). The hydrated powders were prepared with 44 wt% SPI, 55 

wt% demineralized water and 1 wt% NaCl, following the formulation determined by 

Dekkers et al. (2016). After mixing the ingredients and resting for 30 min, 

approximately 3 g of the mixture were placed in the CCR, which was sealed with a 

closing pressure of 4.5 bar to prevent water evaporation. A time-sweep was 
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performed at 80% strain and 10 Hz frequency while heating at 100 or 140 °C for 15 

min. The resulting samples were then cooled down to room temperature and stored 

at 4 °C until further analysis.  

5.2.6. Preparation of soy protein suspensions to measure protein oxidation 

Suspensions of the soy protein ingredients (FFSF, DSF and SPI) were prepared with 

6 wt% protein (based on protein content in dry basis) in ultrapure water or in 10 mM 

sodium phosphate buffer pH 7.0, when mentioned. The samples were quickly 

vortexed at 2500 rpm and then mixed at 1980 rpm in a Multi Reax shaker (Heidolph 

Instruments GmbH & CO, Schwabach, Germany) for 2 h at 4 °C. After 2 h the 

samples were centrifuged at 18,000g for 2 °C for 20 min and the soluble fraction was 

recovered.  

The processed SPI-based samples were first cut into small pieces, then homogenized 

with ultrapure water to prepare a 6 wt% protein suspension using a rotor-stator 

homogenizer (IKA T18 UltraTurrax, Thermo Fisher Scientific, Staufen, Germany) 

at 13600 rpm for 1 min. Afterwards the homogenate was centrifuged at 18,000g at 2 

°C for 20 min and the supernatant was recovered. The soluble protein concentration 

was measured with the BCA assay as described in section 5.2.4. The percentage of 

soluble protein in the supernatant compared to the initial total protein content (based 

on protein content in dry basis) was determined (Figure 5.8, supplementary 

information).  

5.2.7. Determination of protein-bound carbonyl content  

The determination of protein-bound carbonyl content was done according to Soglia 

et al. (2016b) with modifications previously described by Duque Estrada et al. (2018). 

In the current paper, only the fraction obtained after the first centrifugation step was 

considered since solubilization of soy flours was not an issue. Aliquots from the 

protein fractions (section 5.2.6) (at least 4 mg/mL soluble protein) were taken to 

measure the carbonyl content by the DNPH method. After the hydrazone 

derivatization, the pellets were suspended in 1.5 mL of 6 M guanidine hydrochloride 
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prepared in 20 mM sodium phosphate buffer (pH 6.5) and incubated in an 

Eppendorf thermomixer (Eppendorf AG, Germany) at 37 °C overnight. Then, the 

absorbance was measured at 370 nm using a UV−visible spectrophotometer (HACH 

Lange DR 3900). A blank was prepared by following the exact same procedure, but 

without DNPH. The soluble protein concentration in 6 M guanidine hydrochloride 

was determined by the BCA method. The carbonyl content was calculated with the 

following equation: 

PQ#R?@ST	h?@A�@A	 �VV�H
WJ ( = 	

XYZ[\]^_`	a		XYZb_\cd
e 	

I�HNgH!	G"��!FD	E�DE!D�" �F�D	     Eq. 1 

Where, ABSsample is the absorbance of the sample, ABSblank the absorbance of the 

blank and Ɛ is the molar extinction coefficient of carbonyls set as 22 000 M-1 cm-1.  

5.2.8. Lipid oxidation: primary and secondary products 

Hydroperoxide concentration 

The formation of hydroperoxides in the oil extracted from FFSF, freshly prepared 

or upon storage in various conditions, was measured according to Berghout et al. 

(2015b). The oil was mixed with n-hexane in a 1:60 w/v ratio. Then the solution was 

vortexed for 30 s. The assay reagent was prepared as follows: equal volumes of 0.144 

M ferrous sulfate heptahydrate (FeSO4 . 7H2O) were mixed with 0.132 M BaCl2 in 

0.4 M HCl, then centrifuged for 3 min at 20,238g using the Eppendorf Centrifuge 

5424 (Eppendorf AG, Hamburg, Germany). The supernatant was collected and 

mixed with 3.94 M ammonium thiocyanate in equal volumes. The later solution was 

the assay reagent. Then, 1.40 mL methanol-butanol (3:1 v/v) was mixed with 0.10 

mL oil/n-hexane sample and 15 µL assay reagent. The samples were covered, mixed 

and incubated for 20 min. After the 20 min incubation, the absorbance was measured 

at 510 nm using a Beckman Coulter DU 720 UV/VIS spectrophotometer (Beckman 

Coulter, Brea, CA, USA) in polystyrene cuvettes. A calibration curve was prepared 

from a stock 5.26 mM cumene peroxide solution (80%) with a concentration range 
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of 0-160 µM to calculate the amount of peroxide in the oil samples. The 

hydroperoxide concentration (CHPX) was then calculated with the following equation: 

	 

Pq�t	 ���u vw	?BT�⁄ = 	VV�H	G!"�yFL!
�∗WJ	�M	�FH   Eq. 2 

in which 2 was the conversion factor from mmol to meq O2.  

p-Anisidine value  

The p-anisidine value (pAV) was determined according to Berghout et al. (2015b). 

The oil/n-hexane mixture was prepared as described previously. First, the 

absorbance of 1.2 mL of the oil/n-hexane mixture was measured at 350 nm using a 

Beckman Coulter DU 720 UV/VIS spectrophotometer (Beckman Coulter, Brea, 

CA, USA) in quartz cuvettes. A blank of pure n-hexane was used. Then, 1 mL of 

oil/n-hexane mixture was mixed with 0.2 mL of 2.5 g/L p-anisidine/acetic acid 

solution. The resulting mixture was vortexed at 2500 rpm for 10 s and incubated for 

10 min in the dark. The blank was pure n-hexane with p-anisidine. After 10 min 

incubation, the absorbance was measured at 350 nm. To calculate the pAV (arbitrary 

units), the following equation was used: 

pAV = 	 9.�{I�	{gV   Eq. 3 

in which As is the absorbance of the sample, Ab is the absorbance of the blank and 

m the mass (g) of oil per mL n-hexane.  

5.2.9. Determination of thiol groups (free sulfhydryl groups) 

The free thiol group concentration was measured according to Berghout et al. 

(2015a). The supernatants of FFSF, DSF and SPI suspensions prepared as described 

in section 5.2.6 were diluted to a final soluble protein concentration of 5 g/L. Then, 

in a 15-mL tube, 0.2 mL sample was added to 2.55 mL of 50 mM Bis-TRIS buffer 

(pH 7.0) and to 0.25 mL DTNB solution (0.1% (w/v) Bis-TRIS buffer). The tubes 
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were protected from light and mixed. After a total incubation time of 15 min, the 

absorbance was measured at 412 nm with a spectrophotometer UV-VIS Beckman 

Coulter DU-720 (Woerden, the Netherlands). Two blanks were prepared to correct 

the absorbance value, in which buffer was used to replace DTNB in the sample blank 

(SB) and to replace the sample in the reagent blank (RB).  

The concentration of thiol groups (CSH, µmol/ g soluble protein) was calculated using 

the following equation 4:  

Pfq =
�Xb[Ɛ∗	}		�∗~�∗	9K

�		��=�� �⁄ �
f�HNgH!	G"��!FD	E�DE!D�" �F�D	�J �⁄ �     Eq. 4 

Where Abs is the net absorbance value after blank correction (Abs = sample Abs – SB 

– RB), Ɛ is the molar extinction coefficient for DTNB (13,600 M-1 cm-1), z the path 

length, DF is the dilution factor of the sample and 106 is to convert mol/L to µmol/L. 

5.2.10. Sodium dodecyl sulphate polyacrylamide gel (SDS-PAGE) 

The molecular weight distribution of proteins in the different samples was assessed 

by performing SDS-PAGE in non-reducing and reducing conditions. First, the FFSF 

and DSF supernatants (section 5.2.6) were diluted to obtain a protein concentration 

of around 1 g/L, and the SPI supernatant was diluted to obtain a protein 

concentration of  2.5 g/L. For non-reducing conditions, samples were mixed with 

the 2x Laemmli buffer (1:1). For reducing conditions the sample buffer was prepared 

by mixing 950 µL of 2x Laemmli buffer with 50 µL of β-2-mercaptoethanol. Samples 

were then mixed with the reducing sample buffer (1:1). All samples were heated at 

95 °C for 5 min in an Eppendorf thermomixer (Eppendorf AG, Germany) and 

cooled at room temperature for 30 min. After cooling down, the samples were 

centrifuged using 10,000g for 5 min. Then, 15 µL of samples or molecular weight 

standard were deposited on top of the gels. The electrophoresis was carried out at 

200 V for approximately 30 min. Afterwards, the gels were washed 3 times with 

ultrapure water and stained with Bio-safe Coomassie stain overnight. The gels were 
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then washed with ultrapure water for 30 min before scanning using a GS-900 

Calibrated Densitometry System (Bio-Rad Laboratories, Inc., USA). The gel images 

were analyzed using the Image Lab (version 2.0.1, Bio-Rad Laboratories). SDS-

PAGE was done in duplicate in 2 independent samples.  

5.2.11. Protein surface-exposed hydrophobicity 

The protein surface-exposed hydrophobicity was determined according to Berton-

Carabin et al. (2016). Supernatants of samples prepared in 10 mM sodium phosphate 

buffer pH 7.0, (section 5.2.6) were diluted to a final concentration of 1 g/L soluble 

protein. A solution of the anionic fluorescence probe 8-anilino-1-napthalensulfonic 

acid ammonium salt (ANSA) (2.4 mM) was prepared in 10 mM sodium phosphate 

buffer at pH 7.0 and mixed overnight at 4 °C. The fluorescence emission spectra 

were measured between 400 and 650 nm with steps of 0.5 nm using a RF-6000 

spectrofluorometer (Shimadzu Corporation, Kyoto, Japan). The excitation 

wavelength was set at 385 nm and the emission was measured at 480 nm, with a scan 

rate of 60 nm/min and spectral bandwidth of 5.0 nm. For this measurement, quartz 

cuvettes with dimensions 10 x 10 mm were used (Hellma Analytics, Müllheim, 

Germany). Then 1 mL of sample was mixed with 10 µL ANSA for 1 min and the 

spectrum was recorded. ANSA was added to the sample until it reached saturation. 

The results are expressed as the maximum fluorescence intensity (Fmax) at 480 nm, 

corrected after blanks subtraction: sample with no ANSA and buffer with the same 

ANSA concentration. Measurements were done in 2 independent samples.  

5.2.12. Study design 

In Figure 5.1 we show a schematic representation of the different soy-based 

ingredients and products prepared, stored and analyzed for lipid and protein 

oxidation.  
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Figure 5.1. Schematic representation of the study design. Blue boxes represents the 
samples that we analyzed. Darker blue boxes represents samples that were stored for 250 
days at room temperature, 4 °C and -20 °C. White arrows indicates processing and grey 
arrows indicates oxidation measurements. SPI: soy protein isolate.  

5.2.13. Statistical analysis  

 All the data are expressed as the mean and standard deviation of independent 

samples, which were measured in triplicate per experiment, unless otherwise stated. 

Statistical analysis was done using the Statistical Package for the Social Sciences (SPSS 

software v. 23, IBM Inc.). One way-ANOVA with a post hoc Turkey test was done 

to compare means of carbonyl content of FFSF and DSF stored at different 

temperatures within the same storage day; carbonyl content of unheated and 

thermomechanical treated SPI; and means of protein surface-exposed 

hydrophobicity and thiol groups among soy protein ingredients. T-Test for 

independent samples was used to compare means of carbonyl content between lab-
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made SPI and commercial, within the same process conditions. Significant level was 

set at p < 0.05.  

5.3. Results and discussion 

First, the effect of storage temperature on the chemical stability of FFSF and DSF 

was determined over 250 days. This was assessed by measuring primary and 

secondary lipid oxidation products, and protein-bound carbonyls and protein 

molecular weight distribution as markers for protein oxidative modifications. Second, 

the oxidative status of SPI was determined, considering the effects of wet 

fractionation and of thermomechanical process. 

5.3.1. Effect of storage conditions on the oxidative stability of FFSF and DSF 

Lipid oxidation 

The formation of lipid hydroperoxides in the soybean oil extracted from FFSF is 

shown in Figure 5.2.A. The hydroperoxide concentration in the fresh samples was 

2.55 ± 1.25 meq.kg-1 of oil, and this concentration did not significantly increase over 

the 250 days of storage, whatever the storage temperature. The concentration of 

hydroperoxides in crude soybean oil extracted by organic solvent has been reported 

to be around 0.6 meq.kg-1 (De Moura Bell et al., 2013) or 2 meq.kg-1 (Alencar et al., 

2010). These values correspond to our findings, albeit slightly lower, which could be 

due to some variability in moisture and lipid content in the soybeans, and in the 

extraction conditions (Crowe et al.,  2002). According to the Codex Alimentarius, 

peroxide values that are considered acceptable for human consumption are up to 10 

meq.kg-1 of refined oil and 15 meq. kg-1 of cold pressed and virgin oil (FAO, 1999). 

This means that the oil present in FFSF stored at different temperatures for up to 

250 days is still acceptable according to these standards.  
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Figure 5.2. Hydroperoxide concentration (CHPX, meq.kg-1 oil) (A) and p-anisidine value 
(pAV) (B) of soybean oil contained in full-fat soy flour during 250 days of storage at 
room temperature (RT), 4 °C and -20 °C. Data points represent mean (n = 2 independent 
batches, measured in triplicate) and standard deviations shown as error bars. Data points 
at 190 and 250 days represent results of 1 batch measured in triplicate. The dotted line 
represents acceptable CHPX for edible vegetable oils according to Codex Alimentarius 
(A). 

The formation of secondary oxidation products measured by pAV was also minimal 

over the 250 days of storage, and no effect of temperature was observed (Figure 

5.2.B). The oil extracted from fresh FFSF had a pAV value of 1.13 ± 0.08. Likewise, 

De Moura Bell et al. (2013) found a pAV value of 1.88 for crude soybean oil extracted 

with an organic solvent. Although lower pAV values of  0.28-0.47 have been 

described for vegetable oils, such as rapeseed, sunflower and kiwiseed oil, those were 

freshly stripped by means of an adsorbent material (Viau et al., 2016). Overall, we 

can thus conclude that our FFSF was stable to lipid oxidation over the tested storage 

period, whatever the temperature. This may be due to the low moisture content and 

water activity of this ingredient (Table 5, supplementary information). In those 

conditions, lipid oxidation is in fact expected to be low (Schaich et al., 2013).  
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Protein-bound carbonyl content 

The protein-bound carbonyl content in FFSF and DSF, measured over 250 days of 

storage at different temperatures, is shown in Figure 5.3. Fresh FFSF had a carbonyl 

content of 5.87 ± 1.80 mmol carbonyl/kg soluble protein (Figure 5.3.A), which 

moderately increased over 60 days of storage at room temperature. However, due to 

variability among batches, this increase was not significant (p > 0.05). The differences 

among batches might be due to the fact that radical chain reactions are auto-catalytic, 

and inherently difficult to control and reproduce, especially when no catalyst is 

purposely added (Schaich, 2005).  

 

Figure 5.3. Carbonyl content per soluble protein (mmol/kg) in full-fat soy flour (A) and 
defatted soy flour (B) stored for 250 days at room temperature (RT), 4 °C and -20 °C. 
Data points represent mean and standard deviations are shown as error bars (n = 4 
independent batches of FFSF and 2 independent batches of DSF, measured in triplicate). 

Fresh DSF had a carbonyl content of 5.92 ± 0.76 mmol carbonyl/kg soluble protein 

(Figure 5.3.B) which did not increase over storage (Figure 5.3.B). Lower carbonyl 

content of 2.79 ± 0.06 mmol carbonyl/kg soluble protein was previously reported 

for full-fat lupin flour submitted to the same milling process as our FFSF and stored 

for 2 weeks at 20 °C (Berghout et al. 2015b). Differences in carbonyl content between 

the full-fat lupin flour and FFSF may be attributed to oil fatty acid composition, as 

soybean oil usually contains around 50% polyunsaturated fatty acids and lupine oil 
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only around 30% (Johnson et al., 2008; Sbihi et al., 2013). Differences in 

microconstituent composition (e.g., transition metals such as iron) could also play a 

role. 

Furthermore, it is relevant to mention that the carbonyl content was measured in the 

soluble fraction (i.e., supernatant) of FFSF and DSF, which represents half of the 

total protein suspended in water (Figure 5.8 in supplementary information). 

Measurement of carbonyls in the non-soluble proteins cannot be accessed by DNPH 

method. More generally, most of the methods available to monitor general or specific 

protein oxidation markers give information only on the protein fraction that can be 

re-solubilized, which hampers the characterization of the proteins that cannot, 

although they may be highly chemically altered.  

It is interesting to speculate on the reasons that may explain why FFSF seemed 

slightly more prone to protein carbonylation upon storage, compared to DSF 

(Figure 5.3). The presence of lipids is the most logical reason, because protein 

carbonylation is influenced by presence of unsaturated oil and its oxidation level 

(Cucu et al., 2013). To prove this effect, Cucu et al. (2013) prepared emulsion-based 

model systems with SPI and different oils, regarding composition and oxidation level. 

Carbonylation increased from ~3 mmol carbonyl/kg soluble protein to ~12 mmol 

carbonyl/kg soluble protein in SPI incubated with highly oxidized soybean oil (pAV 

value around 94) and fish oil (pAV value around 13) compared to fresh olive oil, 

sunflower oil and soybean oil with lower oxidation level (pAV value around 4 to 10). 

Therefore, we assume that the presence of oil in the FFSF contributed to the 

moderate carbonylation over time. The low levels of oxidation in the oil extracted 

from FFSF are in line with the limited protein oxidation in those samples. 
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Molecular size distribution by SDS-PAGE: FFSF and DSF 

We performed SDS-PAGE to investigate the molecular weight distribution of 

proteins in FFSF and DSF (Figure 5.4), freshly prepared, and upon storage (7, 90 

and 250 days at -20 °C; similar trends were observed at the other temperatures tested, 

data not shown). All major soy protein subunits, namely α, α’, β subunits of β-

conglycinin and acidic and basic subunits of glycinin, were present in both soy flours 

as previously reported (Lamsal & Johnson, 2007; Ribotta et al., 2004). Bands with 

high molecular weights such as 100 kDa ascribed to LOX, and those higher than 100 

kDa are interpreted as aggregates between α and α’ subunits through disulfide bonds 

(Janve et al., 2014; Qi et al., 2011). The presence of aggregates between α and α’ 

subunits is in line with the fact that they were not seen any more when the SDS-

PAGE was performed in reducing conditions (Figure 5.4). We did not detect 

differences among storage days and between FFSF and DSF samples under non-

reducing conditions. Therefore, both flours were relatively stable over time with 

regard to protein molecular weight distributions, without any unexpected aggregation 

or fragmentation phenomena.  
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Figure 5.4. SDS-PAGE of FFSF (A) and DSF (B) fresh and stored for 7, 90 and 250 
days at -20 °C, under non-reducing and reducing conditions M, molecular weight marker; 

d, days of storage, α/α`/β, subunits of β-conglycinin. 
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5.3.2. Effect of fractionation process on the oxidative status of SPI 

The effect of wet fractionation process on the physicochemical properties of proteins 

in SPI was assessed by determining protein surface-exposed hydrophobicity, thiol 

groups, and protein-bound carbonyl content. The molecular weight distribution was 

determined by SDS-PAGE. We compared our lab-made SPI to a commercial SPI.  

The protein surface-exposed hydrophobicity in DSF was lower than that in FFSF, 

suggesting protein conformational changes induced by the solvent-based extraction. 

Both the lab-made and commercial SPIs had higher surface-exposed hydrophobicity 

than FFSF and DSF (Figure 5.5.A), indicating that more hydrophobic segments 

were exposed in these purified ingredients. Protein conformational changes could be 

induced by denaturation, but also, protein oxidation can affect the surface-exposed 

hydrophobicity. For instance, Berton-Carabin et al. (2016) found a decrease in 

surface-exposed hydrophobicity of whey proteins incubated in prooxidant 

conditions, which was related to extensive protein aggregation. Even though there 

was no significant difference in the surface-exposed hydrophobicity observed 

between the SPI samples (lab-made and commercial), we observed a large variability 

between the independent lab-made SPI samples obtained from different batches of 

DSF (Figure 5.5.A). 

The concentration in thiol groups, or free sulfhydryl groups, was similar in FFSF and 

DSF (Figure 5.5.B). This shows that the defatting process did not induce thiol 

oxidation. However, the lab-made SPI had the lowest thiol group concentration, 

showing that during wet fractionation a loss of thiol groups happened, which may be 

associated to their oxidation (Li et al., 2013; Rysman et al., 2014). Berghout et al. 

(2015a) reported a slightly lower thiol concentration of 10.6 µmol/g protein in a 

commercial SPI, using the same method as reported here. Meanwhile, studies on lab-

made SPIs have found lower concentrations of thiols, ranging from 3.08 to 8.32 

µmol/g protein (Boatright & Hettiarachchy, 1995b; Chamba et al., 2014; Chen et al., 

2013b; Huang et al., 2006; Liu et al., 2000; Wu et al., 2009b,c). The broad range in 
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thiol concentration described in the literature can be explained by the biological 

variability in the starting soybeans, as well as by differences in the processes applied 

to yield SPI. 

 

Figure 5.5. (A) Maximum fluorescence intensity (Fmax) of the ANSA probe at 480 nm, 
indicative of the protein surface-exposed hydrophobicity and (B) thiol group 
concentration (µmol/g soluble protein) of FFSF, DSF, lab-made SPI (SPI-lab) and 
commercial SPI (SPI C). (C) SDS-PAGE of SPI samples; M: molecular weight marker; 
α/α`/β: subunits of β-conglycinin. (D) Carbonyl content of lab-made SPI and 
commercial SPI. Results are expressed as mean and standard deviation (error bars) (n = 
3 independent lab-made SPI samples and 2 independent commercial SPI samples, 
measured in triplicate).  
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We analyzed the protein molecular weight distribution of the SPI samples (lab-made 

and commercial) by SDS-PAGE under non-reducing and reducing conditions 

(Figure 5.5.C). Under non reducing conditions bands between 100 and 150 kDa 

were observed in both SDS-PAGE profiles of lab-made SPI and commercial SPI, 

which were less intense under reducing conditions. This indicates that some 

aggregates were formed and stabilized by disulfide bonds. However, under reducing 

conditions there was no difference between the SDS-PAGE profiles of the lab-made 

and commercial SPIs, despite the aforementioned difference in thiol group 

concentration. It is thus possible that other oxidation products of the thiol groups 

were formed in the lab-made SPI, or that the extent of disulfide bond formation in 

this sample was too low to be accurately detected by this method.  

The carbonyl content of freshly prepared lab-made SPI was 6.41 ± 0.63 mmol 

carbonyl/kg soluble protein (Figure 5.5.D), which corresponds to an increase of 

only 8% compared to the carbonyl content in DSF. Therefore, the fractionation 

process did not substantially promote carbonylation of soy proteins. Likewise, 

carbonyl content of 6.4 mmol carbonyl/kg soluble protein (Liu et al., 2000) and 5.78 

mmol carbonyl/kg soluble protein (Chen et al., 2013b) has been reported for a lab-

made SPI. Conversely, lower carbonyl contents ranging from 1.65 ± 0.06 to 4.31 ± 

0.02 mmol carbonyl/kg soluble protein were reported for lab-made SPI prepared by 

wet fractionation (Chamba et al., 2014; Chen et al., 2013b,c; Huang et al., 2006; 

Liebold et al., 2011; Wu et al., 2009a,b,c). Variations in the carbonyl content of 

different lab-made SPIs could be associated with the presence of remaining lipids 

combined with residual LOX activity, even though a decrease in LOX activity is 

expected after fractionation process (Huang et al., 2006).  

The commercial SPI had a significantly higher carbonyl content than the lab-made 

SPI, reaching 9.12 ± 0.25 mmol carbonyl/kg soluble protein (Figure 5.5.D). One of 

the possible explanations is related to the drying process to obtain the final powder. 
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In large-scale processes, spray-drying is commonly used, which has been shown to 

promote protein oxidation in pea protein powders (Duque Estrada et al., 2018).  

5.3.3. Effect of thermomechanical process on protein oxidation of SPI 

We finally investigated the effect of a thermomechanical process on protein 

oxidation in lab-made and commercial SPI hydrated powders. The protein-bound 

carbonyl content was measured as the main marker of protein oxidation, while the 

molecular weight distribution by SDS-PAGE was used to assess possible protein 

fragmentation and aggregation (Figure 5.6). 

The applied shear- and heat-based process at 140 °C increased the carbonyl content 

in the lab-made SPI sample from 6.41 ± 0.63 to 16.47 ± 0.94 mmol carbonyl/kg 

soluble protein (157% increase) (Figure 5.6.A). This process also increased the 

carbonyl content in the commercial SPI sample, from 9.12 ± 0.25 to 17.36 ± 1.43 

mmol carbonyl/kg soluble protein (90.5% increase). At a process temperature of 100 

°C, the carbonyl content increased by 52% and 40.6% in the lab-made and 

commercial SPIs, respectively, indicating that the extent of protein carbonylation 

upon processing is temperature-dependent. Remarkably, the level of carbonyls 

became similar for both SPIs after processing at the highest temperature, despite 

differences in initial levels (unheated samples). The prooxidant effect of 

thermomechanical processes was previously observed for commercial SPC with 

increased carbonyl content after hydration and shearing at 100 and 140 °C; however, 

in that case, there was no effect of the actual temperature (Duque Estrada et al., 

2018). In line with these results, Lu et al. (2017) found an increase of 57.5% in 

carbonyl content of DSF dry-heated at 100 °C for 8 h compared to unheated DSF. 

Guo et al. (2015) also found that pre-heating SPI suspensions at 80 °C or 90 °C for 

5 to 30 min before spray drying increased carbonylation compared to spray dried 

powders with no pre-treatment. 
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Figure 5.6. (A) Carbonyl content per soluble protein (mmol/kg) of unheated and heated 
lab-made SPI (SPI-Lab) and commercial SPI (SPI C). Results are expressed as mean and 
standard deviation (error bars) (n = 3 independent SPI-lab and 2 independent SPI C, all 
measured in triplicate). Different letters stand for a significant difference between SPI 
samples within the same condition (p < 0.05). (B) SDS-PAGE profiles under reducing 
conditions of lab-made SPI and commercial SPI thermomechanically treated at 140 °C. 
M, molecular weight marker; α/α’/β, subunits of β-conglycinin. 

To put these results into perspective, it is worth mentioning that the carbonyl content 

of processed SPI samples at 100 °C is similar to values found in meat cooked by 

different methods but with lower internal temperature. For instance, Hu et al. (2017) 

showed that roasting fish at 200 °C for 10 min or frying it at 180 °C for 5 min (internal 

temperature of 85 ± 5 °C for both methods) resulted in carbonyls contents around 

10 mmol carbonyl/kg soluble protein, representing a 4-fold increase compared to 

raw fish. In processed meat products, the carbonyl content can also be substantially 

high. Soladoye et al. (2017) reported a total carbonyl content around 80 mmol 

carbonyl/kg soluble protein in bacon, which further increased after cooking. The 

authors explained that the extent of carbonylation may be related to the nature of the 

raw material, added ingredients and processing of the bacon. It can, therefore, be 

concluded that the initial disadvantage of plant proteins ingredients with respect to 

oxidation levels can however by counterbalanced by the fact that meat products, 
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especially processed meat, can contain high oxidation levels as well. These levels can 

be explained by the fact that meat products usually need a cooking step as well and 

contain strong prooxidant factors such as heme iron in addition (Baron & Andersen, 

2002).  

The SDS-PAGE profiles of lab-made and commercial SPIs processed at 140 °C are 

shown in Figure 5.6.B. The individual bands are not well-visible anymore, especially 

the ones corresponding to β-conglycinin subunits, which is clearly different from the 

profiles previously depicted for unheated SPIs (Figure 5.5.C). Likewise, Cucu et al. 

(2013) showed that α subunits of β-conglycinin and glycinins’ subunits were more 

prone to oxidation since there was a loss in the intensity of those bands with 

increased prooxidant concentration. The disappearance of the bands could be a result 

of protein oxidation inducing irregular covalent protein aggregation and therefore 

change their molecular weight distribution. Wang et al. (2007) showed that all bands 

either disappeared or were much lighter in SDS-PAGE of preheated SPI at 130 °C 

compared to SPI heated at lower temperatures and unheated samples, which the 

authors attributed to less accumulation in the loading well than samples heated at 

lower temperatures. Ma et al. (2018) showed that α and α’subunits of β-conglycinin 

were not detected in the SDS-PAGE profile of a SPI made from extruded FFSF at 

90 and 100 °C. The authors suggested that the proteins with a molecular weight 

between 48–100 kDa might have been hydrolyzed into molecules of lower molecular 

weight (Ma et al., 2018). In addition, a similar pattern of faint bands on a SDS-PAGE 

profile of SPI suspensions heated at 140 °C was observed in the study of Opazo-

Navarrete et al. (2018). The fainted bands were attributed to the formation of large 

protein-protein complexes that were not able to dissolve in the sample buffer 

(Opazo-Navarrete et al., 2018). Similar findings were reported for soy and whey 

proteins after extrusion. The combined heat and shear treatment during extrusion 

also resulted in the formation of larger protein aggregates that were unable to 

penetrate the gel and thus resulted in no distinct band separation (Chen et al., 2011;  

Li & Lee, 1996).  



 

121 

C
ha

pt
er

 5
 

5.4. Conclusions 

Soy flours were chemically stable to lipid and protein oxidation during 250 days of 

storage in chilled or ambient conditions. When DSF was subjected to wet 

fractionation to yield SPI, some physicochemical changes pertaining to the proteins 

were detected, including an increase in surface-exposed hydrophobicity and a 

decrease in thiol groups. However, no substantial increase in protein carbonylation 

occurred upon long storage. When SPI was subjected to a thermomechanical 

treatment mimicking the processes typically used to produce structured plant 

protein-based products, i.e., shearing at 140 °C, substantial protein oxidation was 

induced. We thus conclude that the thermomechanical process used to structure the 

product has a predominant effect in promoting protein carbonylation in plant 

protein-based foods, implying that the effect of ingredient fractionation is less 

relevant in that respect. Therefore, we motivate further research to focus on milder 

food structuring processes to yield soy protein-based food products with a low 

protein oxidation level. 
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Supplementary information 

 

Figure 5.7. Carbonyl content (mmol/kg soluble protein) in different protein sources. 
The blue bars represent carbonyl contents measured in our lab: commercial soy protein 
concentrate (SPC) and soy protein isolate (SPI). SPC B1 (Duque Estrada et al., 2018); 
SPC B2 and SPI B1 (Chapter 4) and SPI B2 (Chapter 5). The green bars represent the 
data from literature: lab made SPI 1 (Chen et al., 2013b) and SPI 2 (Wu et al., 2009b); 
lab-made lupin protein isolate (LPI) (Berghout et al., 2015b); commercial whey protein 
isolate (WPI) (Berton-Carabin et al., 2016); raw chicken meat (Soyer et al., 2010) and raw 
bovine meat (Santé-Lhoutellier et al., 2008a). B: batch. Results are expressed as mean and 
standard deviation as error bars, when the information was given. 
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Table 5.1. Physical and chemical characterization of full-fat soy flours (FFSF), 
defatted soy flour (DSF), lab-made soy protein isolate (SPI-Lab) and commercial 
SPI (C).  

Results are expressed as mean and standard deviation. ND: not determined. 

 

 

Figure 5.8. Soluble protein percentage of the supernatant obtained from protein 
suspensions of full-fat soy flour (A) and defatted soy flour (B). Data points represent 
mean and standard deviations are shown as error bars (n = 4 independent batches of 
FFSF and 2 independent batches of DSF). 
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FFSF 38.81 ± 1.03 7.73 ± 0.51 0.44 ± 0.04 21.68 ± 0.48 3.84 ± 0.00 

DSF 46.71 ± 0.59 8.44 ± 0.22 0.42 ± 0.01 0.70 ± 0.33 5.02 ± 0.00 

SPI-
Lab 

75.31 ± 1.02 3.32 ± 0.64 0.68 ± 0.08 ND 4.39 ± 0.01 

SPI C 80.16 ± 0.67 6.61 ± 0.61 0.42 ± 0.00 ND 4.67 ± 0.58 
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6.1. Introduction 

The aim of this thesis was to assess protein quality in plant protein-based ingredients 

and meat analogues as a function of the presence of soluble iron or encapsulated 

iron, and of the thermomechanical process conditions applied to make meat 

analogues. The physicochemical stability of potential iron encapsulates was assessed 

in Chapters 2 and 3. The fortification of the meat analogues with iron-loaded pea 

protein particles was described in Chapter 3. We showed that the prooxidant effect 

of iron on plant proteins was marginal compared with the effect of the 

thermomechanical process. The associated physicochemical changes due to protein 

oxidation and processing were not detrimental to gastric digestion in vitro (Chapter 

4). In Chapter 5, we reported the oxidative stability of soy proteins throughout the 

processing steps needed to convert soybeans to meat analogues, which included wet 

fractionation of soy flours to soy protein isolate, and the thermomechanicallly 

processed product. This Chapter 6 summarizes the main findings and conclusions 

and discusses the challenges in measuring protein oxidation in complex food 

products such as meat analogues. Lastly, the outlook for further research on better 

understanding of plant protein quality in meat analogue type applications is discussed.  

6.2. Main findings and conclusions 

Double emulsions have been used to encapsulate hydrophilic compounds and to 

mask undesirable taste. Because encapsulation of iron in double emulsions has not 

been studied extensively, we first explored how the formulation of these systems 

could be adjusted to reach high encapsulation efficiency and oxidative stability 

(Chapter 2). To do so, we tested different concentrations of the lipophilic emulsifier 

polyglycerol polyricinoleate (PGPR) to stabilize the water-in-oil emulsion (W1/O)  

and assessed its effect on the physicochemical stability of iron-loaded double 

emulsions. We found that low PGPR concentrations (1 and 2.5 wt%) resulted in high 

release of iron to the external aqueous phase. The release of iron was explained by 

coalescence of the inner water droplets with the aqueous external phase at these low 

concentrations. At high PGPR concentrations, iron was mainly released through 
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transport via reverse micelles in the oil phase. Remarkably, the use of higher PGPR 

concentrations promoted lipid oxidation. This was explained by the presence of 

smaller water droplets, giving a larger oil-water surface area and thus enhanced 

contact of the oil phase with iron. Therefore, it was concluded that an optimal 

concentration of PGPR should be balanced with the use of less unsaturated oil to 

make physicochemical stable iron-loaded double emulsions.  

In Chapter 3, we described the oxidative stability of iron-loaded pea protein particles 

submitted to high temperatures compared with pea protein particles without iron. 

Protein oxidation increased in all pea protein particles after spray-drying, regardless 

of the presence of iron. However, the presence of iron decreased protein solubility 

in the pea protein particles. We noticed that the starting material, pea protein 

concentrate (PPC), was already oxidized to a certain extent, and oxidation increased 

when the PPC was exposed to spray drying and later to heating at 100 °C and 140 

°C. In this chapter, we also investigated the oxidative stability of meat analogues, with 

incorporated free or encapsulated iron over 7 days of storage. We did not find a 

significant effect of the incorporation of iron, either free or encapsulated, on protein 

oxidation. Similar to PPC, we found that the starting soy protein concentrate (SPC) 

was also oxidized. Further, the protein oxidation levels in both PPC and SPC 

substantially increased on processing at high temperatures. 

In Chapter 4, we investigated the effect of the thermomechanical processing on 

protein oxidation and gastric digestion in vitro in commercial soy protein-based 

products, referred to as soy-based matrices. Protein oxidation in SPC-based products 

was higher than in soy protein isolate (SPI)-based products after processing at 140 

°C. In contrast to the findings in Chapter 3, we did not observe the same substantial 

increase in protein oxidation after processing, especially for the least soluble protein 

fraction. We further noticed that processing slowed down the rate of protein 

hydrolysis under in vitro gastric conditions, but the final degree of hydrolysis was not 

influenced by products with reduced surface area. The slower rate of hydrolysis was 
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partly attributed to the structural densification of the product, which hinders the 

penetration of the digestive fluid into the product.  

Chapter 5 describes protein oxidation occurrence in all stages of the production 

chain from ground soybeans to final structured products. We first investigated the 

effect of storage conditions on the oxidative stability of full-fat soy flour (FFSF) and 

defatted soy flour (DSF). Then, we investigated the effect of a wet fractionation 

process on the chemical stability of SPI. Lastly, the effect of a thermomechanical 

processing applied to SPI (shearing at 100 °C and 140 °C) on protein oxidation and 

aggregation was determined. We found that both FFSF and DSF were oxidatively 

stable after 250 days of storage at room temperature, at 4 °C and at −20 °C. Wet 

fractionation did not significantly increase protein oxidation in SPI compared with 

the starting material (DSF). However, shearing at 140 °C increased the carbonyl 

content by more than 150% in SPI compared with unprocessed samples. In future 

research, it will be relevant to systematically investigate how the initial levels of 

protein carbonyls affects the final oxidation status after processing. 

6.3. Challenges in determining protein oxidation in meat analogues 

The amount of carbonyls is generally considered to be a good global marker of 

protein oxidation in biological samples and foods. Carbonylation is an irreversible 

and non-enzymatic modification of proteins to form carbonyl moieties; lysine, 

arginine, proline, and threonine are the amino acids most prone to such modification 

(Soladoye et al., 2015). A routine method to quantify protein-bound carbonyls is the 

detection of the adduct 2,4-dinitrophenylhydrazone formed when carbonyls react 

with 2,4-dinitrophenylhydrazine (DNPH), which is measured spectrophotometrically 

at 370 nm (Estévez, 2011). This so-called DNPH method has been applied to assess 

protein-bound carbonyls in beef (Zakrys-Waliwander et al., 2012), pork (Morzel et 

al., 2006), chicken (Soyer et al., 2010), fish (Eymard et al., 2009), and in some 

processed meat products (Ganhão et al., 2010; Koutina et al., 2012).  
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An important drawback of the DNPH method is that the method only determines 

the level of carbonylation of soluble proteins. Clearly, this presents a challenge in 

interpreting the outcomes, because of the insoluble nature of many muscle and meat 

proteins (Soglia et al., 2016b). A similar issue arises when analyzing plant-based 

protein-rich products, such as meat analogues. To increase the solubility of proteins 

present in meat analogues and the detection of buried protein-bound carbonyls, we 

followed the modifications to the traditional DNPH method proposed by Soglia et 

al. (2016b). The authors described a 2- to 4-fold increase in carbonyl content in meat 

samples using their novel procedure compared with the traditional method, which 

can be explained by the increased solubilization and unfolding of oxidized proteins, 

promoting exposure of carbonyls. In conclusion, the authors recommended the use 

of their novel method especially if the samples have low solubility. The improved 

DNPH method was recently used to detect carbonyls in meat proteins from different 

animal species (Baldi et al., 2018; Bao et al., 2018; Gan et al., 2019; He et al., 2019; 

Soglia et al., 2016a; Wang et al., 2018). Unfortunately, even this method does not 

allow for full resolubilization of proteins, meaning that a fraction of  insoluble 

proteins is still present, of which the level of oxidation remains unknown. The use 

of the DNPH method with complementary techniques, such as measurement of loss 

in free thiol groups, formation of covalent cross-links or oxidation of aromatic amino 

acid residues, can provide a better overview of the extent and pathways of protein 

oxidation. Nevertheless, the DNPH method is still a relevant and widely used 

method in biomedical and food science applications despite the fact that it does not 

provide information about the mechanisms involved in the formation of carbonyls 

(Bao et al., 2018; Gan et al., 2019; He et al., 2019; Martinez & Kannan, 2018). 

6.4. Protein oxidation in plant protein-based ingredients 

In this thesis, we noticed that commercial plant protein ingredients already had a 

certain level of protein oxidation. Figure 6.1 shows the values obtained for the 

soluble fractions (referred to as fraction 1 in Chapter 3) of the materials used in this 

thesis. PPC had a similar protein-bound carbonyl content as the SPC used in 
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Chapter 4. Protein oxidation measured in PPC stored for more than 3 years at room 

temperature in the dark resulted in higher carbonyl content., indicating that plant 

protein-based ingredients are not fully oxidatively stable at room temperature.  

 

Figure 6.1. Carbonyl content (mmol/kg soluble protein) of the soluble fraction of 
commercial (blue bars) and lab-made (yellow bars) soy and pea protein ingredients used 
in each chapter of this thesis. Chapter 3: PPC, pea protein concentrate stored for ~1 and 
half years; PPC*, pea protein concentrate stored for ~3 and half years; SPC, soy protein 
concentrate batch 1. Chapter 4: SPC, soy protein concentrate batch 2; SPI, soy protein 
isolate batch 1. Chapter 5: SPI, soy protein isolate batch 2; SPI†, soy protein isolate made 
by wet fractionation; DSF, freshly made defatted soy flour; FFSF, freshly made full-fat 
soy flour. Chapter 6: SPC, soy protein concentrate (45% protein on dry basis) made by 
dry fractionation according to Xing et al. (2018); SPF, soy protein fraction (67.4% protein 
on dry basis) made by aqueous fractionation according to Geerts et al. (2018). Results are 
expressed as mean and error bars as standard deviation. 
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We further noticed variability between SPI batches obtained at different times, even 

when obtained from the same manufacturer. Those differences could be caused by 

different storage times. SPI used in Chapter 4 had been stored at room temperature 

for a few years, whereas the SPI used in Chapter 5 had been stored at room 

temperature for less than 1 year. Considering the results for PPC, the variability 

observed between SPI batches can probably be attributed to the storage time and 

conditions. Guo et al. (2015) showed that protein oxidation and aggregation 

increased in SPI prepared by spray drying during storage at 37 °C for 8 weeks. 

Although the SPCs used in Chapters 3 and 4 were different samples (e.g., different 

protein content), both had similar protein-bound carbonyl content. 

The information given above makes it clear that it is important to consider the effect 

of the fractionation process and storage conditions on possible oxidation of proteins 

and lipids. We measured the protein-bound carbonyl content from a soy protein 

fraction (SPF) obtained from aqueous fractionation and SPC obtained by dry 

fractionation (Figure 6.1). SPC from dry fractionation had the lowest protein-bound 

carbonyl content compared with all protein ingredients, whereas the SPF had similar 

carbonyl content to the commercial SPI (Chapter 5) but higher than lab-made SPI. 

These results suggest that SPF obtained by aqueous fractionation is less oxidatively 

stable than SPI prepared by wet fractionation, and that keeping the lipids in the 

ingredients can enhance protein oxidation in soy protein fractions (Cucu et al., 

2013; Huang et al., 2006). Berghout et al. (2015b) found that the protein-bound 

carbonyl content on lupine protein isolate (LPI) obtained by aqueous fractionation 

was 4 mmol carbonyl/kg soluble protein, which is not high, but still suggests that 

protein oxidation did occur. The authors also detected the formation of secondary 

lipid oxidation products, which could have reacted with proteins and formed protein-

bound carbonyls in the LPI. Conversely, all commercial soy protein ingredients, 

which usually contain low amounts of lipids, had higher protein oxidation than soy 

ingredients containing lipids (FFSF). This suggests that endogenous lipids can 

promote protein oxidation in soy flours and SPF., but that the drying step seems to 
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predominate for the formation of protein-bound carbonyls in commercial SPI and 

SPC.  

The use of soy ingredients containing endogenous lipids, though, is interesting for 

the formulation of meat analogues from a structure (Geerts et al, 2018) and sensorial 

perspective (Savell & Cross, 1988). Geerts et al. (2018) showed that mixing soy flours 

with SPF obtained by aqueous fractionation resulted in fibrous structures similar to 

those formed using commercial SPC as the main protein ingredient. However, they 

did not check protein oxidation levels. Based on the information above, it can be 

expected that the levels might be higher than when processing those products 

without lipids. Despite the sustainability-related advantage of keeping lipids in the 

product, it is worth investigating whether it is better to process defatted protein 

ingredients and add lipid afterward or to maintain the lipids in the protein-rich 

fraction, which requires that we can mitigate the potential issue of pre-processing 

oxidation. 

So far, studies have mainly focused on the potential of secondary lipid oxidation 

products or glycation reactions to induce protein oxidation in SPI (Chen et al., 2013c; 

Huang et al., 2006; Luna & Estévez, 2018; Wu et al., 2009b). However, our work 

clearly indicates the importance of considering the initial oxidative status of plant 

protein-based ingredients and their subsequent storage for further food applications. 

The use of oxidized ingredients could hamper food application. When only structure 

formation is considered, the presence of pre-formed protein carbonyls may not be 

detrimental, because low solubility is desired for structuring (Geerts et al., 2018). In 

contrast, regarding nutritional aspects, this might be a concern, as discussed later in 

this chapter. 
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6.5. Protein oxidation in lab-made and commercial plant-based 

products 

The results presented in this thesis revealed that processing at high temperatures had 

a substantial contribution to increasing carbonyl content when using SPCs. Because 

protein oxidation in processed plant protein products is a new topic, we did not have 

a reference in the literature with which to compare to our results. Therefore, we 

measured the carbonyl content in commercial meat analogues bought in a local 

supermarket (Figure 6.2). We then compared our results with those reported in the 

literature for meat proteins and processed meat. The mechanisms of formation of 

protein-bound carbonyls during the cooking of meat have already been elucidated as 

resulting mainly from the release of heme iron and a decrease in physiological 

antioxidant defense (Bax et al., 2012; Gatellier et al., 2009ab; Mitra et al., 2018; Traore 

et al., 2012).  

In Figure 6.2, we present the carbonyl contents in the soluble fractions of soy 

ingredients processed at 140 °C using commercial (Chapters 3–5) and lab-made soy 

protein ingredients (Chapters 5). Processed SPC and SPI/pectin products described 

in Chapter 4 had more carbonyls than the other lab-made products (Chapters 3–

5). The results shows that differences in composition or ingredient mix used 

probably contributed to the different carbonyl levels after processing. Regarding the 

use of commercial soy ingredients to obtain structured products, we concluded that 

less purified ingredients, e.g., SPC, will result in increased protein oxidation. The 

presence of remaining reducing sugars in SPC might react with amino acids, resulting 

in the formation of carbonyls by the Maillard reaction. To substantiate this 

hypothesis, we did a short experiment in which commercial SPI (~10 mmol 

carbonyl/kg soluble protein) was combined with glucose (1:1 ratio) followed by 

freeze-drying and incubation at 60 °C for 24 h. A carbonyl content of 45.2 ± 0.1 

mmol carbonyl/kg soluble protein was obtained, indicating the contribution of the 

Mallard reaction to the formation of carbonyls. 
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Figure 6.2. Carbonyl content (mmol/kg soluble protein) in the soluble fraction of 
processed soy protein products, lab-made (yellow bars) and commercial (light blue bars), 
and data from the literature on cooked and processed meat products (dark blue bars). 
Lab-made soy products were thermomechanically processed at 140 °C. Chapter 3: SPC, 
soy protein concentrate batch 1. Chapter 4: SPC, soy protein concentrate batch 2; SPI, 
soy protein isolate batch 1. Chapter 5: SPI, soy protein isolate batch 2; SPI†, soy protein 
isolate made by wet fractionation. Chapter 6: samples A, B, and C represent three 
different types of commercial meat analogues, for each type, 2 lots obtained at different 
periods were analyzed and shown as an average. Data from the literature: beef, cooked 
at 100 °C for 45 min (raw, 2 mmol carbonyl/kg soluble protein) (Santé-Lhoutellier et al., 
2008b); fish, cooked in an oven at 200 °C for 20 min (raw, 2 mmol carbonyl/kg soluble 
protein) (Hu et al., 2017); bacon*, cooked in a microwave for 5 min (Soladoye et al., 
2017); sausage, commercial cooked sausage (Armenteros et al., 2009). Carbonyl content 
was measured by DNPH for all data points, unless mentioned. For the data of Soladoye 
et al. (2017), the total carbonyl content in bacon represented the sum of α-amino adipic 
semialdehyde and glutamic semialdehyde measured by HPLC-FLD. 
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The initial carbonyl levels in the ingredients (Figure 6.1) did not seem to have a clear 

link with the levels of carbonyls formed during processing. Processed products made 

with lab-made SPI and commercial SPI (Chapter 5) had similar carbonyl content, 

even though the commercial SPI had a higher carbonyl content initially (Figure 6.1). 

To see if the initial oxidative status in plant protein ingredients would clearly affect 

the protein oxidation levels in the final product, a study with different levels of 

protein oxidation before processing should be conducted as a follow-up study. The 

lack of an increase in protein oxidation after processing can be associated with the 

fact that some carbonyls are not stable and can be involved in further reactions. For 

instance, protein semialdehydes can react with non-modified amino acids residues 

and form cross-links and Schiff bases (Estévez et al., 2009).  

The carbonyl content of the commercial meat analogues was measured to put our 

results into perspective (Figure 6.2). The measured carbonyl contents were 

comparable with the values found for the soluble fractions of our samples. Even 

though samples A and B contained sunflower oil, the carbonyl content was not 

higher than that in sample C, which also contained sugars (Table 6.1).  

Table 6.1. Chemical composition and ingredients of commercial meat analogues (A, 
B, and C); the information was obtained from the label. 

Sample Ingredients 
Proteins 
(g/100 g) 

Lipids 
(g/100 g) 

Carbohydrates 
(g/100 g) 

A 
88% soy structure (water, soy protein), 

onion extract, sunflower oil, natural 
aromas. 

19.9 4.4 5.0 

B 
Water, 27% soy protein concentrate, 

sunflower oil, salt, aromas, spices. 
19.4 2.3 1.8 

C 

95% soy structure (water and soy 
protein), potassium lactate, barley malt 

extract, glucose syrup, soy protein 
hydrolyzed, aromas, spices, caramel, salt, 

iron, vitamin B12. 

24.3 0.2 2.8 

 

  



General discussion 

136 

Meat proteins, raw beef, and fish meat had ~2 mmol carbonyl/kg soluble protein, 

which increased to ~6 mmol carbonyl/kg soluble protein in beef (Santé-Lhoutellier 

et al., 2008b) and to 10.6 mmol carbonyl/kg soluble protein in fish (Hu et al., 2017), 

after cooking. The exact level of protein oxidation during cooking depended on the 

temperature and time applied (Mitra et al., 2018). Protein oxidation has been 

described for processed meat, such as bacon, sausages, ham. Cooking bacon in a 

microwave increased the level of carbonyls to 130 mmol carbonyl/kg soluble protein, 

considering that there was already 80 mmol carbonyl/kg soluble protein in the raw 

bacon. The high carbonyl content found in raw bacon was associated with the nature 

of raw material, the ingredients used, and the processing of bacon. Most of the 

ingredients added have been associated with protein carbonylation such as salt, 

nitrite, and sugars (Soladoye et al., 2017).  

To sum up, protein oxidation in processed products containing soy ingredients 

depends on the process temperature and the composition of the ingredients. The 

carbonyl content in our processed samples and commercial meat analogues was 

higher the than values reported for raw and cooked meat, but within the range of 

levels reported for processed meat such as bacon.  

6.6. Future research 

Protein oxidation in plant protein-derived foods requires further study. Most studies 

in the past have focused on evaluating the effect of lipids and oxidized lipid radicals 

combined with lipoxygenase activity on SPI oxidation and linked to emulsifying 

properties and digestibility (Chen et al., 2013a; Chen et al., 2013b; Cucu et al., 2013; 

Huang et al., 2006; Li et al., 2019; Wu et al., 2009a,b). However, the effect of process 

conditions on protein oxidation of soy-based food is still largely uncharted territory. 

Therefore, we discuss the importance of further characterization of the mechanisms 

and product formation under the process conditions, the development of strategies 

to control protein oxidation, and finally, provide a summary about the consequences 

of oxidized protein intake on human health. 
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6.6.1. Mechanisms and products formed during protein oxidation 

In this thesis, we have identified the presence of carbonyls in various soy protein 

ingredients: soy flours, concentrates and isolates. In addition, subjecting those 

ingredients to a thermomechanical process increased the amount of carbonyls. 

However, there is still much more to be understood regarding protein oxidation in 

plant protein-based ingredients and products.  

Protein carbonylation can occur via different pathways: direct oxidation of side 

chains of amino acids residues, non-enzymatic glycation, oxidative cleavage of the 

polypeptide backbone, and covalent binding to non-protein carbonyl compounds 

from lipid oxidation (Estévez et al. 2011). So far, it is not clear which of these 

pathways is the most relevant to induce the formation of carbonyls in food products, 

such as meat analogues. For this reason, identification of the specific amino acids 

involved in the formation of carbonyls in soy proteins help us understand the 

mechanisms behind the initiation of protein oxidation. In parallel, the specific 

Maillard reaction products should be identified. 

In oxidized meat proteins, the formation of specific products such as α-amino adipic 

semialdehyde (AAS) and glutamic semialdehyde (GGS) has been shown to account 

for 30%–60% of the total protein carbonyls in different meat products (Utrera et al., 

2011) and up to 90% in oxidized bovine serum albumin (BSA) (Requena et al., 2001). 

AAS is formed through oxidation of lysine residues and GGS from that of arginine 

and proline residues, both of which induced by metal-catalyzed oxidation reactions 

(MCOR). Estévez et al. (2009) reported that after 10 days of MCOR incubation, BSA 

(~50 mmol carbonyl/kg soluble protein) had the highest formation of total carbonyls 

followed by myofibrillar proteins (~40 mmol carbonyl/kg soluble protein), α-

lactalbumin (~35 mmol carbonyl/kg soluble protein), and commercial SPI (~20 

mmol carbonyl/kg soluble protein). The authors explained their results based on the 

protein structure, whereby amino acids that are more exposed due to the protein’s 

structural conformation can be prone to oxidation. The lower formation of protein-
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bound carbonyls in SPI suggested that soy proteins were less susceptible to metal-

catalyzed oxidation than the animal proteins studied in the study by Estévez et al 

(2009). In addition, in meat the presence of heme iron, such as in myoglobin, has an 

important prooxidant effect (Baron & Andersen, 2002; Berton et al. 2012a; Estévez, 

2017). In addition to the formation of AAS and GGS in meat proteins, other studies 

have shown the contribution of histidine-derived carbonyls in the oxidation of meat 

proteins (Bao et al., 2018).   

In Table 6.2, we compare studies that have induced protein oxidation in SPI by the 

presence of unsaturated lipids and/or their oxidation products, or free radicals. The 

use of 5 mmol hypochlorous acid (HClO) per g of soy protein incubated at 30 °C 

for 10 min induced the formation of  50 mmol carbonyl/kg soluble protein, and the 

incubation of soy proteins with oxidized soybean oil with CuSO4 (p-anisidine value, 

93.9) for 50 h resulted in the formation of 12 mmol carbonyl/kg soluble protein 

(Cucu et al. 2013). The authors reported that CuSO4 alone had no effect on protein 

carbonylation. However, SPI incubated with malondialdehyde (MDA) also led to 

carbonyl content similar to that obtained when incubated with HClO, as shown by 

Chen et al. (2013c). Wu et al. (2009b) found lower carbonyl content in SPI incubated 

with MDA at 10 times higher concentration than Chen et al (2013c). Overall, the 

actual reaction routes and oxidation products formed depend on the target, oxidizing 

system and intensity of the oxidation conditions (Estévez, 2011).  

 



 

139 

C
ha

pt
er

 6
 

Table 6.2. Carbonyl content as a result of induced oxidation in soy protein 
isolate (SPI) using different prooxidants conditions. 

Soy protein 
substrate 

Induced 
oxidation 
conditions 

Carbonyl content†   
(mmol/kg soluble 

protein) 
Reference 

Control Oxidized 

10 mg/mL SPI 
suspension 

100 mmol/L 
MDA at 25 °C for 

24 h 
1.7 ± 0.06 16.6 ± 0.20 

Wu et al.  
(2009b) 

10 mg/mL SPI 
suspension 

25 mmol/L  
AAPH at 37 °C 

for 24 h 
1.7 ± 0.12 10.1 ± 0.18 

Wu et al.  
(2009c) 

10 µg/µL SPI 
suspension 

5 mmol HClO/g 
protein at 30 °C 

for 10 min 
~3 50 

Cucu et al. 
 (2013) 

10 mg/mL SPI 
suspension 

5 mg/mL soybean 
oil (pAV, 93.9) and  
10 µmol/L CuSO4 

for 50 h 

~3 ~12 

40 mg/mL SPI 
suspension 

10 mmol/L MDA 
at 25 °C for 24 h 

5.3 ± 0.32 50.3 ± 0.95 
Chen et al.  
(2013c) 

5 wt% SPI 
suspension 

8.5 mL linoleic 
acid and 10 mL 

LOX at 25 °C for 
6 h 

4.3 ± 0.02 5.9 ± 0.02 
Huang et al. 

(2006) 

SPI* 
2% soybean oil at 

100 °C for 8 h 
7.2 10.4 

Zhang et al. 
(2017) 

Results are expressed as the mean ± standard deviation, when given. MDA, malondialdehyde; 
AAPH, 2,2’-azobis (2-amidinopropane) dihydrochloride; HClO, hypochlorous acid; pAV, p-
anisidine value; CuSO4, copper sulfate; LOX, lipoxygenase enzyme. 
 † Measured by the DNPH method. 
 *Commercial SPI. 
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6.6.2. Strategies to control protein oxidation in plant protein-based 

ingredients and foods  

Milling is the first process to obtain flour from soybeans. Rupture of the cells can put 

the lipoxygenase enzyme (LOX) into contact with unsaturated lipids (Alhendi et al., 

2018) and, autooxidation can occur via a non-enzymatic pathway when the lipids 

come into contact with atmospheric oxygen (Doblado-Maldonado et al., 2012). 

Milling under a controlled oxygen atmosphere could prevent autooxidation of lipids 

combined with inactivation of LOX activity. Non-thermal treatments to inactivate 

LOX have been reported, such as the use of pulsed light (Alhendi et al., 2018). 

Recently, the use of alternative fractionation processes has been explored, with 

emphasis on milder processing. A consequence of this approach is that less pure 

protein-rich fractions will be obtained. Therefore, these complex fractions should be 

investigated for their ability to mitigate oxidation during processing. Strategies to 

improve the oxidative stability of meat proteins via the use of natural antioxidants 

have also been gaining increased interest. The different routes include: (i) introducing 

antioxidants in the animal diet, (ii) directly enriching the meat products during 

formulation, or (iii) coating the packaging material with plant extracts (Ribeiro et al., 

2019). The use of natural antioxidants has been motivated by the desire of consumers 

for less synthetic additives in food products (Asioli et al., 2017). Studies have shown 

the potential of essential oils; extracts from fruits, herbs and seeds; and peptides and 

protein hydrolyzates on reducing carbonyl formation and thiol losses during storage 

of meat and processed meat products (Estévez et al., 2006; Utrera et al., 2012; Jiang 

& Xiong, 2016; Xu et al., 2018). However, for processed plant proteins, oxidation 

increases during processing; and for this reason, the stability of natural antioxidants 

submitted to high temperature processes and their ability to suppress protein and 

lipid oxidation are  interesting topics for further investigation. On the other hand, 

mild fractionation results in protein-rich fractions containing a certain level of lipids. 

As discussed previously, the higher content of lipids might enhance protein 

oxidation. Therefore, a balance between the presence of natural antioxidants and 
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lipids has to be investigated, and the effect of high temperature on antioxidant activity 

should be better understood. 

Lastly, the effect of cooking methods on protein oxidation of soy protein-based 

products needs further investigation. Studies have assessed the effect of different 

cooking methods on the oxidation of meat proteins and found that carbonylation is 

strongly dependent on temperature and time (Bax et al., 2012; Filgueras et al., 2011; 

Gatellieret al., 2009b; Hu et al., 2017; Mitra et al., 2018; Santé-Lhoutellier et al., 2008a; 

Traore et al., 2012). The method of heat transfer in different cooking methods also 

has an effect on the final level of protein oxidation. Usually, dry heating and frying 

result in higher protein carbonyls levels than wet heating methods, probably due to 

higher average product temperatures during preparation. Hu et al. (2017) showed 

that roasted and fried fish had an increase in carbonyl content of 10.6 and 9.7 mmol 

carbonyl/kg soluble protein, respectively, compared with initial levels of 2.1 mmol 

carbonyl/kg soluble protein in raw fish; boiling and steaming resulted in 4 mmol 

carbonyl/soluble protein.  

6.6.3. Understating the impact of protein oxidation on human health 

The potential threat of dietary oxidized proteins to the human body is related to three 

main aspects: (i) the loss of essential amino acids, (ii) the alteration of protein 

digestion, and (iii) the potential for oxidized proteins to induce oxidation stress in 

vivo.  

Irreversible modifications induced by protein oxidation, such as carbonylation, can 

result in a decrease of essential amino acids such as lysine and arginine, resulting in 

changes in the amino acid profile (Estévez, 2011). However, this concern might be 

more relevant for meat protein, which contains all essential amino acids. For plant 

protein-based diets a broad range of food products is recommended to reach the 

dietary requirements of all essential amino acids, because some amino acids are in 

limited amounts in plant proteins.  
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A number of studies involving in vitro digestion revealed that protein oxidation 

negatively affected the interaction between proteins and proteolytic enzymes, 

resulting in lower digestion of oxidized meat proteins and SPI (Chen et al., 2013a; 

Rysman et al., 2016; Santé-Lhoutellier et al., 2007). Lower digestion will result in a 

decrease in the absorption of amino acids, concomitantly with a promoted 

fermentation of undigested proteins in distant portions of the gut, which has been 

reported to form toxic compounds (Soladoye et al., 2015). However, we did not find 

a clear relationship between the degree of hydrolysis under simulated gastric 

conditions and protein oxidation (Chapter 4). The determination of other oxidation 

modifications is relevant because aromatic amino acids are present in protease 

recognition sites. 

Protein oxidation in vivo has been associated with oxidative damage to cells, which is 

related to aging and neurodegenerative diseases such as Parkinson disease and 

Alzheimer disease (Estévez et al., 2017). The biological significance of protein 

oxidation on oxidative stress in vivo and its potential to impair physiological processes 

and promote some diseases in humans is still a work in progress. The evidence that 

protein oxidation in vivo is a source of oxidative stress reinforces the need to 

understand the extent to which dietary oxidized proteins interact with cells in the 

gastrointestinal tract, and are absorbed and distributed to specific organs, thereby, 

contributing to aggravating oxidative stress in vivo and its harmful consequences 

(Estévez & Luna, 2017). The effect of dietary oxidized proteins has been shown to 

cause organs dysfunction in experimental animals. Rats that were fed with 2–8 g of 

oxidized tyrosine per kg of diet for 24 weeks showed hepatic, kidney, and pancreatic 

disorders (Li et al., 2017). In this study, a high concentration of oxidized tyrosine was 

used, typically much higher than that found in oxidized food proteins (Estévez & 

Xiong, 2019). For comparison purposes, studies have reported concentrations of 

0.029 µg dityrosine/mg protein in milk powders (Fenaille et al., 2004) and 0.12 µg 

dityrosine/mg protein in bovine and buffalo cheese (Balestrieri et al., 2002). 
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Furthermore, the possible threat of dietary oxidized proteins to human health 

combined with the consumption of highly processed food, as the main source of 

oxidized proteins, predicts a field of research that clearly needs further exploration. 

There is still much to be clarified regarding nutritional losses due to oxidation, the 

role of food components as sources of toxic compounds, oxidation during digestion 

and postprandial oxidative stress. Even though negative nutritional aspects have been 

associated to dietary oxidized proteins, the frequency of consumption of oxidized 

food will have an impact on the exposure and its consequences on human body; and 

therefore this topic cannot be neglected.  

6.7. Concluding remarks 

Plant-based products have gained a lot of interest as a route to help consumers to 

reduce their meat consumption. A special category of products aims at mimicking 

the taste and texture of meat. In this study, it has become evident that the process 

conditions used to make these products lead to oxidation of proteins to a certain 

extent. Further, we learned from this thesis that the incorporation of ferrous sulfate, 

free or encapsulated, did not affect protein oxidation in plant protein-based 

structured food. The encapsulation of ferrous sulfate could still be useful to reach 

high concentrations without any undesirable metallic taste. Furthermore, we 

identified that commercial plant protein ingredients have a certain level of protein 

oxidation, sometimes substantially higher than that of lab-made protein isolates. 

Whatever the protein ingredient used, the application of a thermomechanical process 

to yield structured products systematically increased protein oxidation. Therefore, 

protein oxidation in plant protein-based foods is a relevant topic that needs further 

research to understand possible chemical routes and interconnections with lipids, 

carbohydrates, and Maillard oxidation products. Such new insights will allow the 

development of strategies to control protein oxidation in plant protein-based foods. 

Finally, we hope that the results of this thesis motivate not only further research on 

protein oxidation but also the need for less processed plant protein-based foods. 
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Plant protein-based foods have gained huge interest in the past years due to 

environmental and health reasons. Several food products have accordingly been 

developed recently. A special category of those products aims at mimicking animal-

based products using plant proteins. Here, the focus is on meat analogues aimed to 

help consumers reduce their meat consumption. The technological challenge is to 

make a structure similar to the natural fibrous structure in meat, while still delivering 

food with high nutritional value. High temperature-based processes have been used 

to reach desirable fibrous structures, but such process conditions induce 

physicochemical proteins modifications that can reduce functionality and protein 

quality.  

Meat provides high quality proteins and is a source of a highly bioavailable iron form. 

The latter motives the incorporation of this micronutrient into meat analogues. The 

incorporation of the most bioavailable form of iron, water-soluble iron may however 

be hampered by its prooxidant activity, which can result in lipid and protein 

oxidation in the final product, altering the nutritional and sensory aspects. Therefore, 

encapsulation of iron is often proposed to prevent oxidation reactions in fortified 

food. The aim of this thesis was to assess and control the protein quality in plant 

protein-based meat analogues, as a function of the presence of soluble iron as free 

or encapsulated form, and of the conditions applied for the structuring process. First, 

two methods of encapsulation are described. The effect of iron addition is compared 

to the effect of processing, regarding the occurrence of protein oxidation. Then the 

extent of protein oxidation over each processing step from the raw plant material, to 

the final product, is quantified. Lipid and protein oxidation were observed in iron 

encapsulates, but the subsequent application of iron in meat analogues had only a 

marginal effect on protein oxidation compared to that of the process conditions. 

Chapter 2 describes the potential of using double emulsions to encapsulate iron. 

The main focus was on the effect of the lipophilic emulsifier (PGPR) concentration 

on the physicochemical stability and ability of double emulsions to encapsulate 
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soluble iron. At low PGPR concentrations, the release of iron to the surrounding 

water phase was faster compared to higher concentrations. However, the use of high 

PGPR concentrations resulted in more lipid oxidation, which was attributed to the 

presence of smaller water droplets leading to enhanced contact of iron with the oil 

phase. We concluded that an optimal concentration of PGPR should be balanced 

and the use of less unsaturated oil should be considered to make physicochemically 

stable iron-loaded double emulsions.  

Chapter 3 started with the investigation of the physicochemical stability of spray-

dried pea protein particles, with and without iron, subjected to high temperatures. 

Proteins present in both particles exhibited increased oxidation levels compared to 

before spray drying. Iron-loaded pea protein particles had lower protein solubility 

compared to iron-free ones, indicating protein aggregation. Secondly, we measured 

the effect of those iron-loaded pea protein particles on protein oxidation after 

incorporation into fibrous products. The results revealed that the effect of iron was 

not substantial compared to that of the processing conditions applied. Surprisingly, 

the starting plant protein ingredients used to make the iron-loaded particles and the 

fibrous products, i.e., pea and soy protein concentrates, respectively, were already 

oxidized. Therefore, the findings in this chapter have triggered us to further elucidate 

where protein oxidation starts in plant protein ingredients and how this chemical 

alteration further increases upon additional processing.  

Chapter 4 describes the effect of shearing at high temperatures on protein oxidation 

and in vitro gastric digestion of soy-based products. It was noted that soy ingredients, 

SPC and SPI, were already oxidized before processing. Products (referred to as 

matrices in Chapter 4) made with less purified protein, e.g., SPC, exhibited increased 

carbonylation levels compared to SPI when processed at 140 °C, indicating higher 

oxidation levels. Regarding gastric digestion, SPC also showed a higher degree of 

hydrolysis and processing slowed down the rate of hydrolysis for all soy-based 

products. Besides product composition, surface area contributed to slowing down 
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the hydrolysis rate of soy-based products, compared to soy protein suspensions. The 

final degree of hydrolysis was not influenced.  

In Chapter 5 we investigated the effect of processing on oxidation of purified 

protein ingredients and final structured products, and the oxidative stability of soy 

ingredients upon storage. Soy flours were stable to oxidation during storage and no 

significant effect of temperature (from chilled to ambient) was found. The 

fractionation process was not relevant to increase protein oxidation on SPI, but 

shearing at high temperatures increased substantially oxidation. We concluded that 

strategies to control protein oxidation in processed plant-protein food should focus 

on milder process conditions.  

Chapter 6 concludes with a general discussion of the main findings in this thesis. 

Challenges to measure protein oxidation in meat analogues are discussed, followed 

by a discussion on protein oxidation in plant protein-based ingredients and the effect 

of process conditions to induce oxidation. Lastly, we give an outlook for further 

research on protein oxidation of plant protein-based ingredients and food products. 

In conclusion, the results described in this thesis indicate that protein oxidation in 

plant protein-based ingredients should not be overlooked, but rather considered an 

important aspect for their quality. Finally, we encourage the need for strategies to 

control oxidation during the processing of ingredients and final products.
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(Nantes, France) 
2017 

17th Food Colloidsa, UL (Leeds, UK) 2018 

3rd Food Structure and Functionality Forum Symposiumb, 

Elsevier (Montreal, Canada) 
2018 

  

General courses  

Presenting with Impact, WGS (Wageningen, The Netherlands) 2015 

Competence Assessment, WGS (Wageningen, The 

Netherlands) 
2015 

VLAG PhD week (Soest, The Netherlands) 2016 
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Techniques for Writing and Presenting a Scientific Paper, WGS 

(Wageningen, The Netherlands) 

2016 

Applied Statistics, VLAG (Wageningen, The Netherlands) 2016 

Scientific Writing, WGS (Wageningen, The Netherlands) 2017 

Brain training, WGS (Wageningen, The Netherlands) 2017 

Career Perspectives, WGS (Wageningen, The Netherlands) 2019 

 
Optional activities  

Preparation of research proposal, FPE (Wageningen, The 

Netherlands) 

2015 

PhD study tour to Germany and Switzerlanda,b 2016 

Weekly group meetingsb, FPE (Wageningen, The Netherlands)   2015-2019 

PhD study tour to Canadaa,b 2018 

 

a Poster presentation 

b Oral presentation 

Abbreviations:  

VLAG: Voeding, Levensmiddelentechnologie, Agrobiotechnologie en Gezondheid 

UCPH: University of Copenhagen 

BRG: Bioencapsulation Research Group  

EPS: Experimental Plant Sciences 

WUR: Wageningen University & Research 

EFFoST: European Federation of Food Science and Technology 

UL: University of Leeds 

WGS: Wageningen Graduate Schools 

FPE: Food Process Engineering 
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