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Abstract 

Increasing consumer demand for dietary protein coupled with the need for 

functional proteins is driving the growth of the soy protein market. However, the 

expanded use of soy protein is limited by its distinction as one of the “Big 8” food 

allergens. Thus, there exists a need for a functional, hypoallergenic soy protein 

ingredient. Previous protein modification approaches have demonstrated varying levels of 

success in producing a functional, hypoallergenic protein ingredient, with limitations 

including feasibility, consumer acceptability, loss of functionality, and residual 

immunoreactivity. A potential solution is to combine two controlled modification 

approaches, limited enzymatic hydrolysis with partial Maillard-induced glycation. We 

hypothesize that optimization of limited enzymatic hydrolysis and Maillard-induced 

glycation conditions will reduce the allergenicity of soy protein, while maintaining its 

functionality. 

Thus, the objectives of this study were twofold: (1) to optimize limited enzymatic 

hydrolysis and partial Maillard-induced glycation conditions to produce a hypoallergenic 

soy protein, and (2) to determine the effect of limited and targeted hydrolysis and further 

glycation on protein functionality. 

Limited (< 8%), targeted hydrolysis was achieved using alcalase, pepsin, and an 

alcalase/pepsin combination to produce, respectively, ASPH, PSPH, and AP_SPH 

samples with degrees of hydrolysis (% DH) ranging from 3.8 – 6.8%. Two levels of 

glycation were achieved, with 68 – 75% remaining free amines, for the mild condition 

and 55 – 68% for the advanced condition. Changes in immunoreactivity was monitored 

following qualitative, western blot, and quantitative, ELISA immunoassays, utilizing sera 

from seven individual with high levels (>3.5 kU/L) of soy protein specific IgE. 

A significantly higher overall L*a*b* color difference and visible browning 

confirmed that the advanced condition, compared to the mild condition, had propagated 

to the final stages of the Maillard reaction. To avoid browning, loss in nutritional quality, 

and formation of advanced glycation endproducts (AGE) associated with the final stages 

of the Maillard reaction, the mild glycation conditions were selected for functionality 
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testing. The solubility, emulsification capacity (EC), emulsification activity index (EAI), 

emulsion stability (ES), gel strength, and water holding capacity (WHC) were tested for 

soy protein isolate (SPI) and hydrolysate (SPH) samples, as well as the glycated samples 

and glycation controls. 

Pepsin targeted the hydrolysis of glycinin, and alcalase targeted the hydrolysis of 

β-conglycinin. Limited enzymatic hydrolysis significantly reduced immunoreactivity, 

with reductions in immunoreactivity ranging from 20 – 75%, depending on the enzyme 

used and the variability among the sera tested. Maillard-induced glycation predominately 

modified the subunits of β-conglycinin, while having a variable effect on 

immunoreactivity. In some cases, the negative effect of glycation was due to partial 

denaturation (unfolding), which exposed epitopes originally hidden in interior of the 

protein. 

The solubility, at neutral pH and a 2.5% protein concentration, of SPH samples 

(66 – 68% protein solubility) decreased in comparison, to that of SPI (96% protein 

solubility). The effect of limited enzymatic hydrolysis and partial Maillard-induced 

glycation on emulsification and gelling properties was highly variable with factors such 

as enzyme choice, % DH, peptide profile, and extent and location of glycation 

influencing the observed results. For example, while hydrolysis reduced the ES and 

increased EAI, glycation improved the ES and had an opposite effect on EAI. Similarly, 

both modifications reduced gel strength of soy protein, while the WHC of PSPH and 

AP_SPH was improved upon glycation. 

Overall, this study demonstrated that limited enzymatic hydrolysis and partial 

Maillard-induced glycation, under specific conditions require further optimization to 

successfully reduce immunoreactivity (> 90% reduction to claim a hypoallergenic 

product) and improve functionality. Results highlighted the importance to consider and 

target individual variability in the immunoreactivity with the various modified proteins, 

when optimizing conditions to produce a hypoallergenic product. Additional research to 

optimize modification conditions and to understand the structural impact of these 

modifications on the protein structure is needed to achieve the goal of developing a 

hypoallergenic, functional soy protein ingredient.
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Chapter 1: Literature Review 

1.1 Introduction 
Consumers have an insatiable demand for protein. The perception that protein 

consumption is the healthier alternative to excessive fat and sugar consumption has 

driven the consumer’s demand for protein. To meet this demand for expanded sources of 

dietary protein, the food industry seeks affordable, functional protein ingredients. 

Accordingly, the protein ingredient market has been growing at unprecedented rates in 

recent years. Soy protein, with its Food and Drug Administration (FDA) approved heart 

health claim and recognized functional properties, is dominating a major sector of the 

protein ingredient market. 

In the United States, there are four main soy protein ingredients: soy flour, soy 

protein concentrate, soy protein isolate, and soy protein hydrolysate. With the highest 

protein content and blandest flavor, soy protein isolate is the most widely used protein 

ingredient. These value added ingredients are used for their ability to gel, absorb and bind 

water, emulsify, foam, and bind flavors. This diversity in functional applications is due to 

the structures of the two main soy proteins—glycinin and β-conglycinin. With a more 

open structure and a better hydrophilic/lipophilic balance, β-conglycinin is known for its 

ability to form and stabilize emulsions. Whereas, glycinin has a higher amount of 

sulfhydryl groups allowing it to form stronger, more stable gels.  

 However, the major drawback to the continued and expanded use of soy protein is 

its allergenicity. As one of the FDA “Big 8” food allergens, the prevalence and increasing 

incidences of soy protein allergies pose complex challenges to the use of soy protein 

ingredients. With strict avoidance being the only treatment recommended for individuals 

with soy allergy, there is a need and demand for new hypoallergenic protein ingredients. 

The only hypoallergenic protein ingredient currently in the market is the extensively 

hydrolyzed protein used in infant formulas.  

Extensive hydrolysis reduces allergenicity by denaturing and cleaving the allergenic 

segments of the protein (epitopes) making them unrecognizable to the immune system. 

However, the structure of extensively hydrolyzed soy proteins, namely the structure 
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glycinin and β-conglycinin, is completely lost, resulting in a non-functional protein 

ingredient.  

To address the challenge of reducing allergenicity while maintaining functionality, 

controlled and targeted modification approaches such as limited enzymatic hydrolysis 

and partial Maillard-induced glycation need to be evaluated. Each of these modification 

approaches may reduce soy protein’s immunoreactivity while improving solubility, 

emulsification, and gelling properties. However, neither approach individually can result 

in the production of a hypoallergenic and functional product. At least 90% reduction in 

immunoreactivity is needed to claim a hypoallergenic product. A combination of targeted 

enzymatic hydrolysis and partial glycation under controlled conditions may effectively 

reduce immunoreactivity while maintaining functionality.  

1.2 Hypothesis and Objectives 
We hypothesize that optimization of enzymatic hydrolysis and Maillard-induced 

glycation conditions will reduce the allergenicity of soy protein while maintaining protein 

functionality. The combination of limited enzymatic hydrolysis and partial Maillard-

induced glycation will have a synergistic effect on the reduction of immunoreactivity. 

The enzymatic hydrolysis will target the modification of both the glycinin and β-

conglycinin soy protein subunits. Maillard-induced glycation will further reduce 

immunoreactivity by modifying remaining and new epitopes exposed during enzymatic 

hydrolysis. Furthermore, through limited peptide production and controlled partial 

glycation, the functionality of the soy protein will be maintained. 

Therefore, the overall objective of this project is to use limited enzymatic hydrolysis 

and partial Maillard-induced glycation to produce a hypoallergenic, functional soy 

protein ingredient. The specific objectives for this project are to: 

1) Optimize limited enzymatic hydrolysis and partial Maillard-induced glycation 

conditions to produce a hypoallergenic soy protein. 

2) Determine the effect of limited and targeted hydrolysis and further glycation on 

protein functionality. 
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1.3 The Significance of Soy Protein 

1.3.1 Protein craze 
Consumers want more protein in their diets. A quick survey of new products on 

supermarket shelves reveals an ubiquity of “High in Protein,” “Protein Added,” “More 

Protein” claims. A 2014 New Product Development (NPD) group study showed that 

protein content is the number one item consumers look for on a nutrition label, with 

greater than fifty percent wanting more protein in their diet (NPD, 2014). Consumers are 

also using protein content as a criteria in choosing new products: 70% of consumers 

consider products higher in protein as an influencing factor for trying different food and 

beverage brands (Innova, 2016). This seemingly insatiable consumer demand for protein 

is driven by negative consumer perception towards fats and sugar while proteins are 

viewed as a key part of a healthy diet due to well-known benefits such as promoting 

satiety, building lean muscle mass, and improving glycemic control (Paddon-Jones et al., 

2008). 

In conjunction with an increasing consumer demand for protein, there is a growing 

group of “flexitarians”: consumers, who are looking for lower calorie, lower fat, less 

expensive protein sources (NPD, 2014). In 2015, approximately 120 million Americans 

(38%) ate meatless diets at least one day a week (Innova, 2016). Consequently, this has 

lead consumers to seek out affordable plant protein sources with known health benefits. 

1.3.2 Health driven growth 

A staple in Eastern Asian cuisine for centuries, it was not until the 1960s when 

soybeans began to enter Western cuisine as a high quality, economical alternative to 

traditional animal based protein sources. However, the consumption of soy protein 

remained a niche market in the United States until the 1990’s when research consistently 

began demonstrating a physiological advantage to consuming soy protein. In 1999, the 

Food and Drug Administration (FDA) approved a heart health claim in response to 

significant scientific evidence that suggests “diets low in saturated fat and cholesterol that 

include 25 grams of soy protein a day may reduce the risk of heart disease” (21 CFR § 

101.82, 1999). The 2016 consumer attitude study by the United Soybean Board found 
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43% of consumers were aware of the FDA Heart Health claim with 78% of those 

consumers more likely to consume soy: a 14% increase in the past five years (United 

Soybean Board, 2016). In conjunction with this increase in consumer awareness, there 

has been a 36% total growth of heart health claims on packages, in the past five years 

(Innova, 2016). Furthermore, market research estimated the value of the soy protein 

ingredient market to be 7.11 billion USD in 2015 with a projected 7.3% annual market 

growth rate over five years reaching a projected value of 10.12 billion USD by 2020 

(MarketsandMarkets, 2016).  

1.3.3 Health and physiological benefits 

When assessing the health effects of soy protein, the question arises as to what 

component drives the witnessed effects:  “Are the effects due to the intact protein, to 

bioactive peptides, or to the isoflavones (phytoestrogens) associated with soy protein?” 

Studies on the same physiologic effect of soy protein have often been contradictory or 

inconclusive in their results (Friedman & Brandon, 2001; Potter et al., 1998). However, 

there is a general consensus that soy protein is a complete protein source, and that soy 

protein consumption contributes to cardiovascular health and promotes satiety and weight 

management (Friedman & Brandon, 2001; Fukushima, 2011; Mojica, Dia, & de Mejia, 

2015).  

1.3.3.1 Complete Protein 

 Soy protein has become a desirable alternative to milk and meat proteins due to its 

high quality. The quality of the protein is determined by both amino acid composition 

(mainly presence of essential amino acids) and digestibility (bioaccessibility of the amino 

acids needed for metabolism and growth). A complete protein is a protein source capable 

of delivering the amino acids needed to meet the dietary requirements of a population. To 

assess protein quality for children and adults, the World Health Organization (WHO) and 

FDA adopted the protein digestibility and corrected amino acid score (PDCAAS) 

method. The PDCAAS score for soy protein ranges from 0.9 – 1.0 (max PDCAAS score 

is 1.0) depending on processing conditions (Young, 1991). Having this high PDCAAS 

score means that sole consumption of soy protein at a level of 0.6 g protein/kg body 
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weight is sufficient to meet the protein needs of children and adults; hence, classifying 

soy protein as a complete protein source (National Kidney Foundation, 2002; Young, 

1991). For infants, modest supplementation of soy protein with methionine, an essential 

amino acid, is suggested because the methionine content of soy protein can be limiting 

for this population (Young, 1991).  

1.3.3.2 Cardiovascular Health 
As previously mentioned, the 1999 FDA approval of the soy protein heart health 

claim was the initial force driving the growth of soy as a food source. This claim was 

supported by the consistent finding that consumption of soy protein, instead of animal 

protein, significantly lowered serum levels of total cholesterol, LDL cholesterol, and 

triglycerides (Anderson, Johnstone, & Cook-Newell, 1995). A meta-analysis of 38 

clinical studies found that individuals with higher initial cholesterol levels (moderate to 

high hypercholesterolemia) had greater reductions in cholesterol upon consumption of 

soy protein isolate (SPI) and texturized soy protein (Anderson et al., 1995). These results 

indicate that the consumption of soy protein, regardless of its form, is particularly 

beneficial for those with higher risk of heart disease. Another finding further supported 

the cardiovascular benefits of soy protein by the increased HDL levels, decreased non-

HDL levels, and increased mononuclear cell LDL receptor mRNA levels in a study of 

post-menopausal, hypercholesterol women (Potter et al., 1998). These women were asked 

to consume 40 grams/day of SPI with two levels of isoflavones with the positive results 

evidenced at both isoflavone levels, confirming that the positive results were attributed to 

the protein and not to the associated isoflavones. 

1.3.3.3 Satiety and Weight Management 

The insatiable consumer demand for increased protein is largely due to widely 

known, positive effect of proteins on satiety and weight management. There exists 

considerable variability on the presence and magnitude of the effect of proteins on weight 

management and satiety. However, protein consumption is generally associated with 

increased satiety over carbohydrates and fats, increased thermogenesis augmenting 

energy expenditure, and improved maintenance of muscle mass (Paddon-Jones et al., 
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2008b). Despite protein consumption being widely accepted to have the three described 

effects, there has been less research on the effect of individual protein sources on satiety 

and weight management.  

In a comparison between animal (pork) and vegetable (soy) protein sources, one 

study found both protein sources increased Energy Expenditure (EE) over carbohydrate 

sources, yet the animal protein had a 2% higher EE than the vegetable source (Mikkelsen, 

Toubro, & Astrup, 2000). Variability amongst the satiating effect of non-animal sources 

has also been documented: the addition of soy and whey protein isolates—and not egg 

albumin—to beverages led to meal suppression (Anderson, Tecimer, Shah, & Zafar, 

2004). This differential effect of protein source on food intake is believed to be due to the 

unique physiological actions of proteins on the gut with bioactive peptides, protein 

degradation time, absorption rates, and hormonal responses, all potentially contributing 

factors (Anderson & Moore, 2004). Although individual protein sources might have a 

differential impact on food intake and satiety, the role of a protein source in a mixed meal 

may be of little individual importance: A study looking at the effect of egg albumin, 

casein, gelatin, soy, wheat gluten, and pea protein on satiety and food intake had no effect 

in a mixed meal (Lang et al., 1998), highlighting the complexity of isolating the effects of 

multi-component foods.  

 Establishing soy protein’s role in satiety and weight management is the first step 

in understanding the unique role soy protein may have in combating the obesity 

epidemic. The next step is to elucidate the mechanisms and characterize the role of soy 

protein in obesity prevention through animal and human studies. The findings of animal 

studies indicate that soy protein consumption improves insulin resistance, a cornerstone 

of human obesity, and reduces body fat accumulation (Velasquez & Bhathena, 2007). For 

example, studies with genetically obese rats have consistently shown that the 

consumption of SPI and soy protein hydrolysate (SPH), in comparison to casein, leads to 

decreased body mass and fat, decreased plasma and liver triglycerides, and decreased 

plasma glucose and glucose resistance (Aoyama et al., 2000; Iritani et al., 1997; Iritani et 

al., 1996; Velasquez & Bhathena, 2007). Similarly, clinical studies with obese individuals 
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showed a reduction in body mass and improved insulin resistance in addition to the 

lowered triglyceride levels discussed in the cardiovascular health section (Velasquez & 

Bhathena, 2007). Furthermore, there is evidence that these responses are due to soy 

protein specifically. A clinical study looking at the effect of substituting soy vs. 

casein/milk proteins into the diets of obese individuals showed that both protein sources 

led to decreases in body weight, but the soy diets led to greater reductions in 

triglycerides, total cholesterol, and LDL cholesterol (Deibert et al., 2004; Mikkelsen et 

al., 2000). 

 What components of soy protein are responsible for the unique role soy protein 

appears to play in obesity prevention? Research to address this question indicates that 

specific soy protein subunits and polypeptides along with soy isoflavones, saponins, and 

phospholipids are all involved in mechanisms to reduce obesity. Focusing on the protein 

components, a fragment of β-conglycinin was found to reduce food intake and increase 

secretion of cholecystokinin (CCK), a gastric hormone that regulates satiety and gastric 

emptying (Nishi, Hara, & Tomita, 2003). Furthermore, In vitro studies demonstrated the 

ability of β-conglycinin hydrolysates to inhibit lipid accumulation and downregulate 

genes, like fatty acid synthase and lipoprotein lipase, associated with obesity (Martinez-

Villaluenga et al., 2009; Martinez-Villaluenga et al., 2010).  

1.4 Soybean Composition and the Structure of Soy Protein 

1.4.1 General composition and structure 
 As oilseeds, soybeans are approximately 40% protein and 20% oil on a dry basis. 

The remaining soybean composition is approximately 35% carbohydrate and 5% ash. The 

carbohydrate fraction is composed of sugars (glucose and sucrose), oligosaccharides 

(stachyose and raffinose), and polysaccharides (cellulose, hemicellulose, pectin, and trace 

amounts of starch) (Bainy et al., 2008; Gillman, 2014; Stevenson et al., 2006). The 

stachyose and raffinose content of soybeans is notable because they have α-galactoside 

linkages, which are resistant to digestion leading to flatulence due to increased microbial 

fermentation (Rackis, 1975). The oil fraction of soybeans is rich in two essential fatty 

acids—linoleic and α-linolenic—shown to help prevent coronary artery diseases, 
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hypertension, arthritis, diabetes, and cancer (Simopoulos, 1999; USDA, 2016). 

Additionally, soybeans are the richest source of isoflavones, polyphenolic compounds 

associated with the soy protein component. Isoflavones are a class of phytoestrogens due 

to their ability to exert estrogen-like effects.  Consequently, isoflavones have been 

positively linked to the prevention of cardiovascular diseases, osteoporosis, cancer, and 

menopausal symptoms (Tham, Gardner, & Haskell, 1998). 

Soy protein is mainly comprised of globular proteins (90%), with the remaining 

albumin proteins (10%) composed of lipoxygenase (102 kDa), β-amylase (61.7 kDa), 

lectin (33 kDa), Kunitz trypsin inhibitor (KTI, 20 kDa), and the Bowman Burk inhibitor 

(BBI, 8 kDa) (Iwabuchi & Yamauchi, 1987; Koshiyama, Kikuchi, & Fukushima, 1981; 

Mao et al., 2005; Rackis, Wolf, & Baker, 1986). Globular and albumin proteins differ in 

their solubilities, with the globulins soluble in dilute salt solutions and the albumins in 

water (Damodaran, 2008). Soy proteins are also commonly characterized by size, based 

on their Svedberg sedimentation coefficients, as the 2S (25 kDa), 7S (160 kDa), 11S (350 

kDa), and 15S (600 kDa) subunits (Mojica et al., 2015). The 2S fraction typically 

constitutes the KTI and BBI protease inhibitors, the 7S fraction is mainly β-conglycinin, 

the 11S fraction is mainly glycinin, and the 15S fraction is the association between 2S, 

7S, and 11S fragments. 

Comprising 65 - 80% of the total seed protein, glycinin (~ 40 – 50%) and β-

conglycinin (~ 25 - 30%) are the two main soy storage proteins (Liu, 1997; Mojica et al., 

2015). As the two main proteins, the focus of much of this literature review will be on 

glycinin and β-conglycinin. The individual protein composition of a soy protein 

ingredient and the fractions derived from it does, however, depend on the compatibility 

of a protein’s solubility in the extraction solvent used for a specific production method. In 

soy protein concentrate and soy protein isolate production (Sections 1.5.3 and 1.5.4), 

water or alkaline extraction and acid precipitation from defatted flour is commonly used 

affecting the protein proportions. Howard et al. (1983) found that 90% of the proteins 

precipitated at a pH of 5.5 were associated with the 11S subunit, while only 30% of those 

precipitated at a pH of 4.5 were 11S proteins. It is important to also note that soy protein 
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concentrates and isolates also contain additional proteins (Table 1), such as the oil-body 

associated proteins (OBAP, Section 1.4.5) that can have implications on the ingredient’s 

allergenicity and functionality.  

 
Table 1. Main proteins found in acid-precipitated soy protein isolate categorized by 
protein type. 
Protein Fractions Globulins Albumins 
2S OBAP KTI 
  BBI 
7S β-conglycinin γ-conglycinin 
  Basic 7S globulin 
  Lipoxygenases 
  β-amylase 
11S Glycinin  
 OBAP  
   
15S Polymer of aggregated 2S, 

7S, and 11S fractions  
 

Based on Petruccelli & Anon (1995) 

1.4.2 Structure of Glycinin (11S) 

Glycinin (11S) is composed of a larger acidic (α) and a smaller basic (β) subunits, 

which are linked via disulfide linkages forming a monomer (Figure 1). Specifics 

regarding the properties of glycinin are summarized in Table 2. Five different glycinin 

monomers have been identified and are classified as either Group I (A1aB1b, A2B1a, 

A1bB2) or Group II (A5A4B3, A3B4) based on sequence homology (Nielsen et al., 1989). 
Through hydrophobic interactions, three monomers associate into a trimer with a 

hexagonal shape. Two trimers arrange via electrostatic interactions and hydrogen-

bonding into a hexamer, with a hexagonal prism shape, representing the final post-

translational quaternary structure of glycinin. Environmental factors during processing, 

such as temperature, pH, and ionic strength, determines if glycinin associates/dissociates 

into a hexamer or a trimer. For example, glycinin is a 180 kDa timer at ambient 

temperature and pH = 3.8, while increasing the pH to 7.6 maintains a 360 kDa hexamer 

(Badley et al., 1974). 
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Figure 1. Schematic of the glycinin trimer (left) and hexamer (right) configurations 
(Gillman, 2014). 
 

1.4.3 Structure of β-conglycinin (7S) 
β-conglycinin (7S) consists mainly of α, α’, and β acidic subunits. There is also a 

minor γ subunit, which due to its proportion contributes little to the structure and function 

(Thanh & Shibasaki, 1977). A glycoprotein, β-conglycinin has all of its potential sites N-

glycosylated at asparagine (Asn) residues (Koshiyama, 1966; Thanh & Shibasaki, 1977; 

Utsumi, Matsumura, & Mori, 1997). Specifics regarding the properties of β-conglycinin 

are also found in Table 2. Depending on pH and ionic strength, three β-conglycinin 

subunits associate by hydrophobic interactions to form trimers (Figure 2). Various 

combinations of the three β-conglycinin subunits have resulted in the isolation of seven 

trimer species (α’β2, αβ2, α2α’β, α2β, α2α’, α3, and β3) (Thanh & Shibasaki, 1977, 1978; 

Yamauchi et al., 1981). Low in arginine and rich in acidic amino acids (aspartic and 

glutamic acid), the β-conglycinin subunits have a net negative charge, with little to no 

sulfur containing amino acids.  

 

Figure 2. Schematic of β-conglycinin trimer structures (Gillman, 2014). 
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Table 2. Physicochemical properties of select soy proteins. 

Protein 
% of soy 
proteinsab pI 

Molecular 
weight 
(kDa)i j 

Td 
(°C)k 

-SH 
grouplm 

-SS 
groupl 

# Carb. 
Moietiesn 

Glycinin (11S) 36.5-51.0 4.7e 300-380 92.0 12-20 5-13  
  Acidic  
  polypeptides 

 
4.5 – 5.5f ~35f 

 
6   

  Basic     
  polypeptides 

 
6.5 – 8.5f ~ 20f 

 
6   

        
β -conglycinin 
(7S) 27.8-40.7 4.9-5.0e 150-200 75.0 2 0 4 – 5% 

  α' 
  

72.0-82.2i 

 
1  2 

  α 
  

68.0-70.6i 
 

1  2 

  β 
  

48.0-52.0 e 

 
0  1 

        

γ-conglycinin  5.0-6.2 
 

170g 

 
  ~5%o 

        
Basic 7S 
globulin 3.6 9.1-9.3g 168i 

 
   

        
Kunitz trypsin 
inhibitor (2S) 2.9-4.1 3.8h 20.1h 

 
4 h 2h  

        

OBAP 20-30c       

   P34 5d  34    1p 

Table adapted from Gillman (2014). Td = denaturation temperature. aMurphy & 
Resurreccion (1984). bSato, Yamagishi, & Yamauchi (1986). cSamoto et al., (2007). 
dOgawa et al. (1993). eKoshiyama (1972). fStaswick, Hermodson, & Nielsen (1981). 
gSato et al. (1987). hKoide & Ikenaka (1973). iSathe et al. (1987). jFontes et al. (1984). 
kMargatan et al., (2013). lWolf (1993). mUtsumi et al. (1997).nThanh & Shibasaki (1977). 
oSato et al. (1984). pBando et al. (1996)  
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1.4.4 3D Structures of Glycinin and β-Conglycinin 

 Amino acid composition and sequence dictate a protein’s secondary, tertiary, and 

quarternary structure. Final structure, in turn, is the basis for the physicochemical and 

functional properties of a protein. Consequently, considerable research has been devoted 

to characterizing the 3D structure and physicochemical properties of glycinin and β-

conglycinin, the main components of soy protein. X-ray crystallography is the gold 

standard for elucidating the 3D structure of proteins. However, due to the size and 

heterogeneity of the glycinin and β-conglycinin subunits, researchers have found X-ray 

crystallography of these proteins difficult. To overcome these challenges, researchers 

have used special soybean variants bred to contain only one type of monomer (e.g. 

glycinin A3B4) to facilitate purification and crystallization (Figure 3 & Figure 4). 

 
Figure 3. X-ray crystal structure of glycinin. A) glycinin homotrimers composed of A1 – 
A3 and B1 – B3 monomers B) Association of two homotrimers to form the A3B4  
glycinin hexamer (Adachi et al., 2003). © 2003 by the National Academy of Sciences. 
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Figure 4. X-ray crystal structure of a native β-conglycinin homotrimer from the front (A) 
and side (B) views (Maruyama et al., 2001). 
 

These X-ray crystal images then allowed researchers to estimate the secondary 

structure content. β-conglycinin is estimated to be 10% α-helix, 33% β-sheets/turns, and 

57% random coil while glycinin is 8% α-helix, 36% β-sheets/turns, and 56% random coil 

(Adachi et al., 2003; Fukushima, 2011; Maruyama et al., 2001). An understanding of the 

differences in secondary structure and how they drive protein folding provides a 

foundation for the understanding of differences in glycinin and β-conglycinin’s 

physicochemical properties discussed in Section 1.6.1. 

1.4.5 Oil-Body Associated Proteins (OBAP) 

Soybeans store their oil in discrete, subcellular compartments with a phospholipid 

(lecithin) membrane known as oil bodies. Research into the oil body composition led to 

the discovery of a group of associated lipophilic proteins known as either oleoresin 

proteins or OBAP. Four known OBAP (34-, 24-, 18-, and 17- kDa proteins) have been 

identified (Herman, 1987; Mashahiko Samoto et al., 2007). Aggregation of OBAP during 

heat treatment of soy flour and association of OBAP with the 11S subunit have made it 

difficult to estimate their content, but estimates for the OBAP content of soy protein 

isolate are as high as 20 -30% (Mashahiko Samoto et al., 2007). Due to their naturally 

amphiphilic nature, the OBAP help improve the stability of soybean oil emulsions against 

aggregation and creaming after thermal processing, at low salt concentrations, and certain 

A B 
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pHs (Iwanaga et al., 2007). However, OABPs are known to contribute to the off-flavor of 

soy protein isolate, while the 34-kDa OBAP (i.e. P34 vacuolar protein) is specifically 

associated with the immunodominant soy epitope, Gly m Bd 30K (Ogawa et al., 1993; 

Samoto et al., 1998).  

1.5 Soy Protein Ingredients 
 Western countries, like the United States are mainly producing and consuming 

soy protein ingredients rather than traditional soy foods like miso or tofu (Fukushima, 

2011). There are three basic types of soy protein ingredients: soy flour (50 – 60% protein, 

dry basis), soy protein concentrate (65 – 80% protein), and soy protein isolate (> 90% 

protein). To achieve desired biological or physicochemical functions, soy protein isolate 

is commonly subjected to hydrolysis to produce soy protein hydrolysates. 

1.5.1 Soy Flour 

For the production of soy flour (Figure 5), soybeans are cleaned, dried, dehulled, 

conditioned, and then flaked. The soy flakes can then be milled to produce soy grits 

and/or soy flour depending on final particle size (Riaz, 2004). Soybeans typically contain 

about 18 – 22% oil; therefore, it is common to hexane extract the oil from soy flakes 

before milling to produce a defatted soy flour (Riaz, 2004). Defatted soy flour (approx. 

52 – 54% protein) is typically further processed into soy protein concentrate (SPC) and 

soy protein isolate (SPI) to increase protein content, reduce the “beany” flavor, and 

improve digestibility (Riaz, 2004; Singh et al., 2008).  
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Figure 5. Production of defatted soy flour from whole soybean schematic, based on Riaz 
(2004) and Keller (2011). a Flash desolventizer (DT) process, hexane superheated to 
vaporize in seconds. b Mesh sizes refers to the U.S. standard sieve mesh number used to 
determine final particle size. 

1.5.2 Soy Protein Concentrate (SPC) 

Three methods are commonly used to reduce the content of ash, oligosaccharides, 

and other minor constituents, found in soy flour, and thus produce SPC (~80% protein). 

Known for producing the blandest flavor, the first method precipitates the proteins and 

polysaccharides with a 60 – 80% aqueous alcohol wash (Riaz, 2004; Singh et al., 2008). 

The second method acidifies soy flour to a pH about 4.5 to insolubilize the major 

globulins and polysaccharides while leaching the sugars (Singh et al., 2008). An 

advantage of this method is an improved protein dispersibility index compared to SPC 

produced using aqueous alcohol (Riaz, 2004). Finally, moist heat can be applied to 

denature and insolubilize the protein allowing for the removal of sugars and other minor 

components with a water wash (Singh et al., 2008).   
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1.5.3 Soy Protein Isolate (SPI) 

 To produce SPI (>90% protein), the polysaccharide content of a soy flour needs to 

be decreased to achieve a higher, final protein content.  The typical commercial method 

for producing SPI begins with solubilizing defatted soy flour in a dilute alkali solution 

(pH 7 – 9) for 1 - 2 hours (Damodaran, 2008). The alkali solution is then centrifuged and 

the insoluble portion, containing mostly polysaccharides, is discarded. Next, the 

supernatant is acidified to the isoelectric point of the major soy protein globulins (pH 

4.5), and then it is centrifuged or filtered to separate the water soluble oligosaccharides 

from the precipitated soy protein curd. The soy protein curd is then washed and re-

solubilized by neutralizing (pH 6.5 -7.0) the slurry, before spray drying into a powder 

(Singh et al., 2008). In addition to a higher protein content, the additional processing 

steps give SPI a cleaner flavor, a lower content of flatulence promoting oligosaccharides, 

and fewer reducing sugars to improve overall product quality.  ` 

1.5.4 Soy Protein Hydrolysate (SPH) 
The production of SPI can be followed by a hydrolysis process to SPH. A widely 

utilized protein ingredient, SPH is produced for its added functional and physiological 

benefits (Sections 1.3.3 & 1.6.2.2). Specifically, hydrolysis uses chemical or enzymatic 

reactions to cleave peptide bonds releasing smaller peptide fragments and amino acids. 

Historically, acid hydrolysis (e.g. 6N HCl) was used to produce protein hydrolysates. 

However, the relatively harsh conditions of acid hydrolysis degrades essential amino 

acids like tryptophan. Acid hydrolysis also produces toxic compounds as by-products of 

protein hydrolysis (e.g. lysinoalanine) or as by-products of side reactions between the 

acid and residual lipids (e.g. chloropropanols) (Collier, Cromie, & Davies, 1991; Eslie & 

Cheryan, 1981). Consequently, enzymatic hydrolysis is favored as a milder, safer method 

that allows for increased process control due to enzyme specificity.  

Enzymatic hydrolysis of soy proteins can be done using a batch or a continuous 

process. Traditionally, the batch process involved mixing protein suspension and enzyme 

together at a specific pH and temperature until a desired degree of hydrolysis (DH) is 

reached, and then the enzyme is inactivated by increasing the temperature or altering the 
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pH. The % DH of a protein hydrolysate is the percentage of total peptide bonds cleaved, 

and it is an important determinant of a hydrolysate’s physicochemical and functional 

properties (Damodaran, 2008). The batch method is known to have a low efficiency, to 

be labor intensive, to produce hydrolysates with variable composition, and to be costly 

due to the high enzyme costs (Chiang, Shih, & Chu, 1999; Eslie & Cheryan, 1981). 

Consequently, enzyme immobilized, continuous systems are being used to improve 

efficiency and reduce cost. This approach involves immobilizing the enzyme on a solid 

support, which is often attached to an ultrafiltration membrane to better control molecular 

weight range of the final hydrolysate. In a continuous process, the length of time and 

flow rate in the column also influence the final DH of a hydrolysate (Sun, 2011). 

 In addition to % DH, the functional and physiologic properties of a protein 

hydrolysate are determined by enzyme choice. Enzymes are selected based on factors that 

include their selectivity (i.e. substrate, product, vs. stereochemical specificity), type (i.e. 

endo- vs. exo-peptidase), and source (e.g. animal, plant, vs. microbial). Common 

proteases used in SPH production include flavourzyme, alcalase, neutrase, bromelain, 

papain, trypsin, chymotrypsin, and pepsin (Seo, Lee, & Baek, 2007). The use of a 

specific enzyme results in the production of unique peptide profile with a specific 

functionality enhancement (Section 1.6.2.2).  

A major concern in SPH production is the release of bitter peptides hindering 

consumer acceptance of the product. The bitter taste in a partially hydrolyzed SPH has 

been associated with the release of low molecular weight, hydrophobic peptides (Matoba 

& Hata, 1972). The combination of enzyme selection and minimal hydrolysis (typically a 

%DH < 8 -10%) can be used to minimize bitter peptide formation. For example, a study 

by Seo et al. (2007) found at a DH of 10% bitterness was not detected in the flavourzyme 

hydrolysate, while the protamex hydrolysate was four times as bitter as the alcalase 

hydrolysate. However, increasing the DH of the alcalase hydrolysate from 10 to 15% 

resulted in a 16 fold increase in bitterness (Seo et al., 2007).  
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1.6 Soy Protein Functionality 
 For food processors, soy protein ingredients are value-added ingredients by 

imparting viscosity, gelation, water absorption and binding, emulsification, foaming, and 

flavor-binding functions to complex food systems (Fukushima, 2011). For example, soy 

protein is added to comminuted meats (e.g. hot dog batter) to improve gelation, and to 

coffee creamers to assist with emulsification and foaming (Fukushima, 2011). Although 

SPI is the fastest growing and most widely used protein segment, soy flour and SPC are 

the ingredient of choice for certain applications and food systems (MarketsandMarkets, 

2016; Singh et al., 2008). For example, soy flour and soy concentrates are preferred 

ingredients for baked good applications (Table 3): the lipoxygenase in soy flour bleach 

the wheat flour and strengthen the gluten network by reacting with carotenoids and 

generating peroxides, respectively (Singh et al., 2008). At low levels of fortification (3% 

– 7%), soy flour was found to increase dough water absorption while producing breads 

with comparable sensory characteristics (i.e. appearance, crust texture, and flavor) as 

whole wheat bread (Mashayekh, Mahmoodi, & Entezari, 2008). The increased water 

holding capacity at low levels of fortification is also important for improving 

machinability of sweet doughs: defatted soy flour increases the dough strength allowing 

for better layering during the fat roll-in process, and thus a more tender product (Singh et 

al., 2008). 
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Table 3. Summary of the functional properties and utilization of soy protein ingredients.  
Functional Property Protein form 

used 
Food System 

Emulsification   

Formation  F, C, I Frankfurters, bologna, sausages, bread, cakes, 
soups 

Stabilization F, C, I Whipped toppings, frozen desserts, frankfurters, 
bologna, sausages, soups 

Aeration I Whipped toppings, chiffon mixes, confections 

Fat absorption   

Promotion F, C, I Frankfurters, bologna, sausages, meat patties 

Prevention F, C Doughnuts, pancakes 

Water absorption   

Uptake F, C Breads, cakes 

Retention F, C Macaroni, confections, breads, cakes 

Texture   

Viscosity F, C, I Soups, gravies 

Gelation I Simulated ground meats 

Chip and chunk 
formation 

F Simulated meats 

Shred formation F, I Simulated meats 

Fiber formation I Simulated meats 

Dough formation F, C, I Baked goods 

Film formation I Frankfurters, bologna 

Adhesion C, I Sausages, lunch meats, meat patties, meat loaves 
and rolls, boned hams 

Cohesion F. I Dehydrated meats, baked goods, macaroni, 
simulated 

Elasticity I Baked goods, simulated meats 

Color Control   

Bleaching F Breads 

Browning F Breads, pancakes, waffles 

Flavor-binding C, I Simulated meats, baked goods 

F = soy flour, C = soy protein concentrate, I = soy protein isolate. Table adapted from 
(Kinsella, 1979; Singh et al., 2008).  
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1.6.1 Influence of structure on soy protein functionality 

 As mentioned in Section 1.4.4, the functionality of soy protein exhibited in Table 

3 is largely attributed to the structures of and interactions between its two main proteins-- 

β-conglycinin and glycinin. Despite the versatility highlighted in Table 3, soy protein’s 

main functional contribution to food systems are its gelling and emulsifying abilities. 

Additionally, gel and emulsion systems are commonly used in research as models to 

understand the hydrodynamic/textural (i.e. gelation and viscosity) and interfacial 

properties (i.e. emulsification and foaming) of food proteins (Damodaran, 2008; Utsumi 

et al., 1997). 

 An expression of the thermodynamic equilibrium between protein - protein and 

protein - solvent interactions, solubility is often required for a protein to exhibit optimal 

functionality in a food system (Damodaran, 2008). In comparison to casein and whey 

proteins, the use of soy protein as a functional food ingredient is hindered by lower 

solubility (Morr et al., 1985). Extrinsic factors, such as pH, ionic strength, and 

temperature, greatly impact solubility by altering the protein structure. For example, the 

solubility of soy protein at its isolectric point (pI, pH 4.5 – 5.0) tends to be improved at 

high ionic strength (0.5 µ) by increasing electrostatic repulsion (i.e. salting-in effect)  

(Kinsella, 1979; Koshiyama, 1972). However, high ionic strength reduces solubility, at a 

pH below the isoelectric point and a pH above 7, by shielding charges on the protein and 

thus promoting protein – protein interactions (i.e. salting-out effect) (Damodaran, 2008; 

Kinsella, 1979). On the other hand, heating beyond the denaturation temperature (Td ~ 

75⁰C for β-conglycinin, & 92⁰C for glycinin) may result in reduced solubility due to 

hydrophobic and disulfide linkages between unfolded protein molecules. The complex 

effect extrinsic factors have on soy protein solubility can be attributed to their influence 

on the structures of glycinin and β-conglycinin. 

 Glycinin is less soluble than β-conglycinin. The basic subunit of glycinin has a 

higher content of hydrophobic amino acids, causing hydrophobic interactions to dominate 

over electrostatic repulsion, accounting for glycinin’s lower solubility (Mo et al., 2006). 

However, the solubility of glycinin can be increased, at pH 4.0 to 6.5, by increasing ionic 

strength up to 0.5 µ. This solubility increase is due to increased surface exposure of the 
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acidic groups leading to increased electrostatic repulsion. Conversely, the glycosylated, 

acidic extension regions of β-conglycinin’s α and α’ subunits contribute to good 

solubility because of their relatively high hydrophilicity and consequent electrostatic 

repulsion (Maruyama et al., 2002a). The β subunit of β-conglycinin lacks these extension 

regions; therefore, the solubility of β-conglycinin can vary by trimer species (presence or 

absence of β subunit in a trimer, Section 1.4.3) (Maruyama et al., 2002b). These 

structural differences along with environmental factors not only impact solubility of 

glycinin and β-conglycinin but also impact other functional properties. 

  Glycinin is known to have better gelling properties than β-conglycinin (Utsumi et 

al., 1997). A balance between protein – protein and protein – water interactions is needed 

to form the three dimensional network of a gel. The strength of a gel is assessed by how 

well it holds water and by how much force it will stand before deformation. The net 

negative charge of β-conglycinin’s extension regions hinders the protein - protein 

interactions needed to form the gel network, due to excessive intermolecular repulsion. 

Moreoever, glycinin has more sulfhydryl groups than β-conglycinin (Table 3) allowing it 

to form stronger gels through covalent intermolecular disulfide linkages stabilizing the 

protein network (Mori, Nakamura, & Utsumi, 1982; Nakamura, Utsumi, & Mori, 1986). 

Nakamura et al. (1986) found that glycinin formed harder gels than β-conglycinin, and 

that the minimum protein concentration for a self-supporting glycinin gel was 2.5% 

compared to 7.5% for β-conglycinin. 

 β-conglycinin is known to have better emulsification properties than glycinin 

(Nishinari et al., 2014). To assess emulsification properties, the ability of a protein to 

form and stabilize an emulsion are considered. Emulsion formation involves the ability of 

a protein to readily move to a water-oil interface decreasing interfacial tension. The 

amphiphilicity (balance between surface hydrophobicity and hydrophilicity) of a protein 

allows it to move to the interface and reduce interfacial tension. The ability of glycinin to 

form an emulsion is limited by intramolecular disulfide cross-linking, which leads to a 

more compact, less flexible structure (Kinsella, 1979; Wagner & Guéguen, 1999). The 

flexibility of a protein is important because it allows the protein’s hydrophobic region to 

orient to the oil phase and the hydrophilic region to the aqueous phase. The higher 
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surface hydrophobicity β-conglycinin has, on the other hand, coupled with its hydrophilic 

extension regions and flexible structure, due to lack of disulfide linkages, give it a better 

ability than glycinin to lower interfacial tension (Maruyama et al., 2002a; Rivas & 

Sherman, 1984; Utsumi et al., 1997). Furthermore, Rivas & Sherman (1984) found that 

emulsions formed with β-conglycinin were more stable than those formed with glycinin 

or soy protein isolate. The smaller molecular weight of β-conglycinin resulted in a higher 

protein concentration at the interface, and hence a thicker protein film. The thicker 

protein film formed resists coalescence among oil droplets. 

1.6.2 Methods to improve protein functionality 

 The use of proteins in food formulations is subject to processing challenges due to 

their sensitivity to various processing parameters including pH, temperature, shear stress, 

and enzymatic activity. Methods to improve protein functionality and stability during 

processing commonly focus on modifying the protein structure to improve solubility, 

increase flexibility, alter the hydrophilic/lipophilic balance, or promote protein 

crosslinking. Commonly reported protein modification techniques include chemical 

modification, limited enzymatic hydrolysis, and Maillard-induced glycation.  

1.6.2.1 Chemical modification 
Chemical modification by phosphorylation, acylation, and alkylation were among 

the initial approaches to simultaneously improving functionality while solving processing 

challenges. Such chemical modification involves chemical changes to the amino acid side 

chains that may alter the protein’s net charge and/or hydrophobicity through reactant 

choice. Chemical phosphorylation, which results in increased net negative charge, may 

improve the solubility, water holding capacity, and emulsification abilities of soy protein 

(Sung et al., 1983). While acylation, historically, with succinyl groups (i.e. 

succinylation), and more recently with saturated fatty acids, results in improved 

emulsification activity and stability of both the β-conglycinin and glycinin fractions 

(Damodaran, 2008; Kinsella, 1979; Matemu et al., 2011). Whereas, alkylation of soy 

protein with propyleneglycol alginate (PGA) in the presence of sodium cyanoborohydride 

may improve the biopolymer film properties (Rhim et al., 1999; Shih, 1994). However, 
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these methods are increasingly disfavored due to concerns over the use of harmful 

reactants like sodium cyanoborohydride (acid contact liberates toxic gas, water contact 

liberates highly flammable gas), decreased nutritional quality due to blockage of essential 

amino acids, formation of toxic amino acid derivatives (e.g. carcinogen thiourea formed 

during alkylation with isothyocyanate), and regulatory concerns (Baslé, Joubert, & 

Pucheault, 2010; Damodaran, 2008). These regulatory concerns have led the United 

States (USA) and Europe’s food regulatory bodies to ban chemical modification of 

proteins, thus shifting research to non-chemical approaches for improving protein 

functionality. 

1.6.2.2 Limited enzymatic hydrolysis 
 Enzymatic hydrolysis is the most researched and most common approach for 

protein modification intended to improve functionality and physiological benefits. As 

mentioned in Section 1.5.4, % DH and enzyme choice dictates the functional properties 

of the produced SPH by influencing protein structure and peptide profile. A limited 

extent of hydrolysis (i.e. low % DH) is particularly important for producing functional 

SPH, because it controls for both the loss in structure and release of bitter peptides 

associated with more extensive hydrolysis. Excessive hydrolysis (i.e. high % DH) results 

in a product high in free amino acids and short chain peptides with minimal if any 

functionality. Limited enzymatic hydrolysis of soy protein (DH = 2 – 15%) resulted in 

increased solubility (Jung et al., 2005; Meinlschmidt et al., 2016; Sun, 2011), foaming 

(Tsumura et al., 2005), and emulsifying ability (Meinlschmidt et al., 2016; Sun, 2011).   

Enzymatic hydrolysis had shown a contradictory effect on soy protein’s gelling  and 

rheology properties (Jung et al., 2005; Lamsal, Jung, & Johnson, 2007; Tsumura et al., 

2005). Tsumura et al. (2005) demonstrated that the differential effects could be attributed 

to the protein subunits that were targeted by hydrolysis. The Tsumura group produced 

two hydrolysates: a β-conglcyinin (DH = 14%) and a glycinin (DH = 15%) targeted 

hydrolysate. In comparison to SPI, the gel strength decreased after hydrolysis of glycinin 

and increased after hydrolysis of β-conglcyinin. Hydrolysis of glycinin reduced its ability 

to form a protein network (Section 1.6.1). On the other hand, gel strength was improved 
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upon hydrolysis of β-conglycinin, which resulted in reducing intermolecular repulsion 

imparted by the net negative charge of the intact protein. The study by Tsumura et al. 

(2005) highlighted the potential of specific and limited hydrolysis of soy protein to 

produce a hydrolysate with targeted functionality enhancement. 

1.6.2.3 Maillard-induced glycation 
Initially described by Louis Camille Maillard (1912), the Maillard reaction is the 

non-enzymatic browning reaction between an amine group and a reducing sugar: the 

reaction responsible for toasted bread crusts, roasted coffee, and seared steaks. Due to the 

Maillard reaction’s complexity and its effects on the sensory and nutritional quality of 

foods, research to elucidate the reaction mechanisms is still ongoing. In 1953, Hodge 

categorized the Maillard reaction into three stages—initial, intermediate, and final—

proposing the general reaction scheme illustrated in Figure 6 (Hodge, 1953). The initial 

stage begins with the condensation reaction between a reducing sugar and an 

unprotonated amine group. The reactive amine for proteins is typically the ε-amino group 

of lysine or the terminal amino group of peptide chains. The condensation reaction 

releases water and forms an imine product known as the Schiff base. Unstable, the Schiff 

base cyclizes to form N-aldosyl amines, which then undergo the irreversible Amadori 

arrangement to yield ketosamines, like 1-amino-1-deoxy-2-ketose (i.e. Amadori 

products).  N-ketosylamines undergo a similar rearrangement into aldosamines known as 

the Heyns rearrangement (not shown in Figure 6) (Sikorski, Pokorny, & Damodaran, 

2008). Amadori products are notable for being the first stable intermediate of the 

Maillard reaction. 

With the emergence of new pathways and side reactions, the intermediate and 

final stages are less characterized due to their complexity. The intermediate stage 

reactions include decomposition of the Amadori compound and dehydration of 

intermediate products, fragmentation of the sugar moiety, and the Strecker degradation 

reaction between amino acids and the fragmented sugars products (Sikorski et al., 2008). 

The final stage is characterized by polymerization of intermediate products to form 
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heterocyclic flavor compounds, melanoidins, and advanced glycation end-products 

(AGEs) (Sikorski et al., 2008).   

 
Figure 6. The Maillard scheme proposed by Hodge (1953). 
 
 Although a “natural” food reaction, consuming foods with excessive Maillard 

reaction products can have negative health impacts. These health impacts can be 

attributed to the loss of the essential amino acid lysine, decreased digestibility due to 

protein polymerization, and the formation of AGEs. As a primary amine, lysine readily 

partakes in the Maillard reaction which has been found to decrease available lysine up to 

85% (Mao et al., 1993). To a lesser extent, arginine, histidine, tryptophan, and cysteine 

are lost through reactions with intermediate and final Maillard reaction products further 

reducing protein quality (Ames, 1992; Oliver, Melton, & Stanley, 2006; Sikorski et al., 

2008). AGEs are protein derivatives with glycation structures such as N-

carboxymethyllysine (CML) (Ilchmann et al., 2010). These glycotoxins contribute to 

inflammation and increased oxidative stress potentially playing an important role in 

chronic diseases such as diabetes, atherosclerosis, Alzheimer’s disease, renal failure, and 

premature aging (de Oliveira et al., 2016; Uribarri et al., 2010). However, studies have 
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reported intermediate Maillard reaction products may be associated with reduced 

antigenicity (Section 1.7.5.4), and antihypertensive, antioxidant, and antimicrobial 

properties (de Oliveira et al., 2016).  

Limiting the propagation of the Maillard reaction to the undesirable advanced 

Maillard reaction products can be achieved by optimizing reaction pH, water activity 

(aw), incubation temperature, incubation time, and carbohydrate choice and ratio (de 

Oliveira et al., 2016; Sanmartín, Arboleya, Villamiel, & Moreno, 2009). The reaction rate 

reaches it maximum at a slightly alkaline pH (~ 7.5 – 8.5) (Sikorski et al., 2008). Water 

activity, in the optimal range of 0.5 – 0.8, lowers the activation energy, thus increasing 

the reaction rate (Baisier & Labuza, 1992; Martins, Jongen, & van Boekel, 2000; Sikorski 

et al., 2008). Temperature also impacts the reaction rate, the higher the temperature the 

higher the reaction rate (Sikorski et al., 2008). Finally, incubation time determines the 

extent of the reaction’s progress, and thus can be controlled to achieve a desired outcome. 

The rate of the Maillard reaction is also influenced by the ratio, size, and type of 

carbohydrate used (Oliver et al., 2006). Small carbohydrates, such as mono- and 

disaccharides, have a higher reactivity (reducing power) than large carbohydrates, such as 

dextrans (~10-43 kDa). The low reactivity coupled with the steric hindrance of larger 

carbohydrates limits propagation of the Maillard reaction (de Oliveira et al., 2016; 

Jiménez-Castaño, Villamiel, & López-Fandiño, 2007). A better understanding of the 

complex interplay between reaction parameters and their effect on controlling the 

Maillard reaction is still needed.   

 The impact of limited, controlled Maillard-induced glycation on improving 

protein functionality has been researched. A 2016 review highlighted 31 studies showing 

improved functionality for glycated proteins (de Oliveira et al., 2016). Maillard-induced  

glycation may result in improved solubility, thermal stability, emulsification, foaming, 

and gelation properties due to increased hydrophilicity, viscosity, and protein cross-

linking, while lowering the protein’s isoelectric point and preventing denaturation (de 

Oliveira et al., 2016; Wang & Ismail, 2012; Wang et al., 2013). However, the structural 

modifications and functional changes of glycated proteins depend on the Maillard 
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reaction conditions, protein conformation, and polysaccharide characteristics (e.g. chain 

length). Therefore, optimization of Maillard-induced glycation parameters is required to 

achieve the desired protein functionality, while minimizing the propagation of the 

reaction to intermediate and final stages. 

1.7 Soy Allergy as a Big 8 Food Allergen 

1.7.1 Scope of the allergenicity problem 

With a plethora of physiologic and functional benefits, the advantages of 

expanded soy protein use and consumption are considerable. Yet, there is one major 

drawback: soy protein is among the “Big 8” food allergens. FDA mandates strict labeling 

of the “Big 8” food allergens, which account collectively for 90% of Immunoglobulin E 

(IgE) mediated allergies (Section 1.7.2), even when present in trace amounts (FALCPA, 

2004).  The “Big 8” food allergens—peanuts, milk, eggs, wheat, soy, shellfish, tree nuts, 

and crustacea—affect approximately 5% of children and 3 – 4% of adults in the United 

States (Sicherer & Sampson, 2010). About 0.7% of the population, or approximately 2 

million Americans, are specifically allergic to soy protein (Zuidmeer et al., 2008).  

Particularly concerning is the trends of increasing allergy prevalence and 

persistence into adulthood: A study by Barnum & Lukacs (2008) found an 18% increase 

in the prevalence of food allergies, in children under 18, in a 10-year period. However, 

limitations in the statistical power and data methodology (e.g. self-report bias), of studies 

like the Barnum and Lukacs study, have made it challenging to determine if increasing 

prevalence does equate increasing incidences. Despite contradictory studies, there is 

compelling evidence for an increase in the incidences of food allergies (Sicherer, 2011). 

In conjunction with increasing prevalence, there is evidence of increased 

persistence of soy allergies into adulthood. Approximately 85% of children with soy 

allergies outgrow their allergies by adulthood compared to only 15 – 20% of those with 

peanut, tree nut, fish, and shellfish allergies (Nowak-Węgrzyn & Sampson, 2011). 

However, recent studies examining the natural history of soy allergies (i.e. natural 

development of tolerance) indicate that soy allergies are persisting farther into adulthood. 
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For example, a 2010 retrospective study on soy allergies found that only 69% (compared 

to 85%) of children developed tolerance by 10 years of age. The average time to develop 

tolerance was longer than expected based on earlier studies (Savage, Kaeding, Matsui, & 

Wood, 2010).  

1.7.2 Defining a food allergy 

 Three terms are commonly used to classify individuals who experience 

individualistic, adverse reactions to foods: food sensitivities, food intolerances, and food 

allergies. Food sensitivity is the catch-all term for illnesses that occur in a subset of a 

population after consuming typical to minimal amounts of a food (e.g. sulfite sensitivity). 

Food sensitivities are differentiated from the illnesses caused by food intoxications, 

infections, and toxico-infections to which all population members are susceptible. Food 

intolerance is related to the inability to digest certain food components (e.g. lactose 

intolerance).  A food allergy is defined by the National Institute of Allergy and Infectious 

Diseases as “an adverse health effect arising from a specific immune response that occurs 

reproducibly on exposure to a given food” (Boyce et al., 2010). The food component 

triggering the immune response is known as an antigen; or more specifically, an allergen 

if an antigen leads to an allergic reaction. Consequently, food intolerances differ from 

food allergies in the biologic basis of the reaction they cause. Food intolerances are 

adverse reactions without an immunologic reaction, while food allergies are adverse 

reactions caused by the immune system. 

Food allergies are typically classified IgE-mediated, non-IgE mediated, or mixed 

(IgE/non-IgE) based on their pathophysiologic mechanism (Ho, Wong, & Chang, 2014). 

For the classic IgE-mediated food allergy, sensitization follows the Type I IgE-mediated 

pathway (Figure 7): allergen specific IgE antibodies are produced upon initial exposure to 

a food, with subsequent exposures causing an immediate allergic response, which may 

manifest as rashes, hives, runny noses, asthma, and anaphylactic shock (Uzzaman & Cho, 

2012). A non-IgE mediated food allergy typically follows a Type IV cell-mediated 

pathway (Figure 7). In this pathway, cytotoxic T-cells and activated macrophages initiate 

subacute or chronic tissue damage that typically manifests as gastrointestinal symptoms. 
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Celiac disease and food-protein induced entercolitis are examples of a non-IgE mediated 

food allergies (Ho et al., 2014). Finally, as the name suggests, mixed IgE/ non-IgE food 

allergies include symptoms and sensitization pathways of both IgE and non-IgE 

reactions.  Examples of the mixed allergy type include a child with an immediate reaction 

to a food followed by delayed eczema, or an adult with dysphagia due to allergic 

eosinophilic esophagitis (Ho et al., 2014). 

Although there are three classes of food allergies, IgE-mediated food allergy is 

the dominant pathophysiologic mechanism for developing a food allergy such as soy 

protein allergy. The following section will provide a detailed description of IgE-mediated 

food allergy. 

 
Figure 7. Classification of allergies of based on the method of sensitization (Ketchum & 
Bright, 2016). 

1.7.3 IgE-mediated food allergy 

The sensitization pathway for a Type I, IgE-mediated hypersensitivity (Figure 8) 

begins with cell-surface receptors on antigen presenting cells (APCs), such as dendritic 

cells and macrophages, mediating the uptake of the antigen (Ilchmann et al., 2010). The 

APCs encounter the antigen when it passes through epithelial and intestinal barriers due 

to disruptions in barrier lining and incomplete protein digestion (Johnston, Chien, & 

Bryce, 2014). After the sensitizing exposure, APCs recognize, process, and present on 
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their cell surface specific antigen amino acid sequences known as epitopes.  T-cell 

immunogenicity then begins when naive CD4+ and CD8+ T cells differentiate after being 

presented with the antigen by a dendritic cell or macrophage. The CD4+ T cells 

differentiate into the allergen-specific CD4+ TH2 helper cells. These cells secrete the 

cytokines interleukin (IL)-4, IL-5, and IL-13 initiating the class switching of IgM to the ε 

immunoglobulin heavy chain, resulting in the production of allergen-specific IgE by B 

cells (Larché, Akdis, & Valenta, 2006). The IgE then binds to the high-affinitiy receptor 

for IgE (FcεRI) expressed on the surface of mast cells and basophils. The allergic 

reaction is initiated at the second encounter of the antigen with the now primed mast cells 

and basophils (Figure 8). The epitope of the antigen then crosslinks at least two IgE – 

FcεRI complexes causing degranulation of mast cells and basophils (Kraft & Kinet, 

2007). Degranulation releases histamine (vasoactive), prostaglandins and leukotrienes 

(lipid mediators), chemokines, and other cytokines leading to the onset of the early phase 

of the allergic reaction. Early symptoms include local and systemic clinical symptoms 

(Figure 8) that occur within the first hour of degranulation (Larché et al., 2006).  
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Figure 8. Pathway to sensitization for a Type I Soy Allergy, adapted from Walter (2014). 
  
 The cross-linking of an antigen by at least two IgE -  FcεRI complexes 

necessitates that an antigen have at least two epitopes for IgE binding (Kraft & Kinet, 

2007). These epitopes can be linear (consecutive peptide sequence) or conformational 

(discontinuous peptide sequences), which are based on the folding of the secondary and 

tertiary structure of the protein (Aalberse & Crameri, 2011). For soy protein, 42 epitopes 

have been identified and sequenced to date (FARP, 2016). These 42 epitopes have been 

identified on soy proteins including the 2S albumins (2 epitopes), OBAP (3 epitopes), the 

Kunitz trypsin inhibitor (6 epitopes), and the major globulins β-conglycinin and glycinin 

(8 and 11 epitopes, respectively).  The P34 OBAP, β-conglycinin, and glycinin have been 

found to be the main allergenic proteins. The P34 OBAP contains the immunodominant 

soy epitope, Gly m Bd 30K (Section 1.4.5), which accounted for up to 65% of the 

immunoreactivity in soy specific IgE binding assays (L’Hocine & Boye, 2007). Of 30 

individuals with confirmed food allergies, 53% were allergic to either β-conglycinin or 

glycinin (Holzhauser et al., 2009). Additionally, 6 out of the 7 (86%) participants with a 
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history of soy anaphylaxis were allergic to β-conglycinin or glycinin indicating that these 

proteins play a major role in severe reactions to soy protein (Holzhauser et al., 2009).  

1.7.4 Challenges with managing a soy food allergy 
Food allergies obligate avoidance of a wide range of food products by a notable 

percentage of consumers, and pose complex challenges to food innovation and 

production. Currently, due to low No Observable Adverse Effect Levels (NOAEL), the 

only recommendation for managing a soy protein allergy is strict avoidance. Individual 

variation and study design limitations have led to an inconclusive NOAEL for soy 

protein. One European study used a titrated, double blind food challenge to determine a 

No Observable Adverse Effect Level (NOAEL) of 1.1 mg of soy protein (Ballmer-Weber 

et al., 2007). Other studies have found the NOAEL to range anywhere from 0.0013 to 

500 mg (L’Hocine & Boye, 2007). 

 The challenge of avoiding soy protein is further exacerbated by the market trend 

towards protein fortification and allergen cross-reactivity. With consumers continuing to 

demand foods with higher protein contents, soy protein is added to beverages, snack bars, 

baked goods, and dairy products to increase their protein contents. Due to its versatile 

functionality, soy protein is a preferred protein choice for developing these fortified 

products. For example, soy protein is the second ingredient in the new Cheerios Protein 

cereals: one of the top 10 new products of 2015 with over $49.8 USD million in sales 

(IRI, 2016). This addition of soy protein to products where it is traditionally not found 

limits the food choice of soy allergic individuals. The food choice for these individuals 

becomes severely limited when considering issues like the crossreactivity that occurs 

between soy and peanut allergies due to genetic amino acid sequence homology 

(Sicherer, 2001).  

1.7.5 Protein modification approaches to reduce allergenicity 

  Approaches for reducing the allergenicity of food proteins can be categorized as 

pre- or post-harvest modifications. Pre-harvest modifications focus on using plant 

breeding techniques and gene modification to either eliminate or alter the amino acid 
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composition of known epitopes. Targeting all possible epitopes by breeding and/or 

genetic modification is a complex task and may lead to major and undesirable changes to 

the nutritional and functional properties of the protein. In this literature review, post-

harvest modifications for reducing allergenicity will be the focus. These approaches aim 

to modify the protein structure by altering conformational and linear epitopes to prevent 

IgE recognition and binding. Commonly employed post-harvest modifications include 

thermal processing, fermentation, enzymatic hydrolysis, and Maillard-induced glycation.  

1.7.5.1 Thermal Processing 
 Food proteins typically encounter a thermal processing step during food 

production. Based on the parameters of this heat treatment, the protein will denature 

(unfold) altering conformational epitopes. Consequently, research has examined the 

effect of dry and wet heating conditions in addition to processing techniques like 

extrusion on soy allergenicity. Burks et al. (1991) found heat treating 11S and 7S 

fractions significantly reduced their IgE immunoreactivity with sera from soy allergic 

children. Immunoblotting of soy protein extrudates produced at various conditions 

resulted in reduced reactivity to the P34 vacuolar and β-conglycinin proteins, with 

glycinin being more stable against modification (Franck et al., 2002; Mojica et al., 2015). 

The structure of glycinin is stabilized by disulfide bonds making it more stable to thermal 

denaturation (Td = 92⁰C, Table 2) compared to β-conglycinin. A drawback to thermal 

treatment is it mainly targets conformational epitopes and, depending on protein 

unfolding, it can expose hidden epitopes or create new epitopes. For example, IgE 

recognition of low molecular weight allergens in roasted soybeans, such as P34, 

increased after treating soy protein with superheated steam (Herian, Taylor, & Bush, 

1990; Yamanishi et al., 1995). 

1.7.5.2 Fermentation 
 Traditional soy protein products are fermented. Through fermentation, soy protein 

is hydrolyzed by enzymes produced by the fermentative organism. Five traditional soy 

products—including soybean sprouts, soy sauce, tempeh, and miso—were less allergenic 

than raw soybeans in RAST skin tests (Herian et al., 1990). A study emulating the 
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traditional Natto fermentation process and a second using a novel fermentation process 

were found to hydrolyze the protein into peptides (< 10 kDa) that were unreactive to soy-

sensitive human sera (Lee et al., 2004; Yamanishi et al., 1995). Fermentation is limited as 

a protein modification method for reducing allergenicity because it does not allow for a 

targeted, controlled hydrolysis. Thus, the hydrolysates produced with a specific 

fermentation process will tend to have a peptide profile that varies by batch, while some 

of the allergenic subunits will remain intact. 

1.7.5.3 Enzymatic Hydrolysis 
 Extensive enzymatic hydrolysis has been used for more than 50 years to produce 

hypoallergenic soy and cow’s milk infant formula. To ensure the formula is safe, the 

American Academy of Pediatrics (AAP) defines hypoallergenic protein as a protein 

hydrolysate that will not elicit an allergic reaction in 90% of children (within a 95% 

confidence interval) in double blind, placebo controlled, food challenge (DBPCFC) 

(Zeiger, 2003). Consequently, extensive hydrolysis has typically been employed to 

reduce the protein into free amino acids and peptides <1.5 kDa (AAP, 2000). However, 

extensive hydrolysis releases bitter peptides and results in the loss of protein structure, 

severely limiting their use as protein ingredients (Section 1.5.4). Therefore, researchers 

have experimented with enzyme choice and hydrolysis conditions to achieve selective, 

partial hydrolysis of known soy allergens. 

 In previous research, pepsin, trypsin, chymotrypsin, and combination of the three 

were used to partially hydrolyze glycinin and/or β-conglycinin, with reductions in 

immunoreactivity reaching up to 85% for certain hydrolysates (Lee et al., 2007; Tsumura, 

2009; Zhao et al., 2010). Direct comparisons among these studies are difficult due to 

differences in the subunit targeted, degrees of hydrolysis achieved, and the methods used 

to assess immunoreactivity. In a study assessing both allergenicity and functionality, 

enzymatic hydrolysis with Proleather FG-F (commercial protease from Bacillus subtilis, 

DH = 25%) targeted the P34 protein subunit reducing its content by 99.2% and 

eliminating its immunoreactivity to soy specific IgE from one of the allergic participants 

(Tsumara, Kugimaya, Bando, Hiemori, & Ogawa, 1999). Hydrolysis with Proleather FG-
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F did not compromise tofu gel strength, because the glycinin subunit was not hydrolyzed 

(Tsumara et al., 1999). However, this Proleather FG-F hydrolysate would still be 

expected to elicit allergic reactions in other allergic individuals due to the presence of 

intact glycinin. Different individuals may be allergic to different protein subunits.  

 To target all allergenic subunits while combating the loss of functionality seen 

with the higher degrees of hydrolysis, Meinlschmidt et al. (2016) used 9 different 

enzymes to produce 44 different hydrolysates all with a % DH < 13%.  Assessing the 

ability of these enzyme conditions to hydrolyze the allergenic glycinin and β-conglyginin 

subunits, they found that alcalase, pepsin, and papain were most successful at reducing 

the percent of intact protein with, respectively, 100%, 100%, and 95.9% percent 

reductions achieved (Meinlschmidt et al., 2016). However, in this study researchers did 

not assess immunoreactivity. Therefore, it is unknown if the generated peptides still 

contain epitopes, or whether hydrolysis exposed epitopes originally hidden within the 

interior moiety of the intact protein. 

 Many of the studies that assess immunoreactivity are further limited by the use of 

only one sera or of a pooled sera. Thus, these studies do not account for the considerable 

individual variability seen with allergenicity (Walter et al., 2016). To achieve the goal of 

developing a hypoallergenic, palatable, and functional protein hydrolysate, additional 

research to comprehensively study the effects of limited hydrolysis is needed. 

1.7.4.4 Maillard-Induced Glycation 
 The theory behind using Maillard-induced glycation to reduce protein 

allergenicity is that the reaction between a reducing carbohydrate and the target protein 

will modify epitopes in one of three ways. First, the reducing carbohydrate will react with 

an amino acid in an epitope sequence preventing IgE binding. Second, the binding of the 

reducing carbohydrate will alter the tertiary structure of the protein eliminating or 

deforming conformational epitopes. Third, the IgE binding to an epitope will be blocked 

due to steric hindrance from the reducing carbohydrate. The effect of protein glycation on 

reducing the immunoreactivity of food allergens including shellfish (Nakamura et al., 

2005), cherries (Gruber et al., 2004), peanuts (Gruber et al., 2005), milk (Miralles et al., 
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2007), and soy proteins (Babiker et al., 1998) have been examined with mixed results. 

Consequently, a better understanding of the effect of Maillard-induced glycation on the 

allergenicity of soy protein is needed.  

 An early study focusing on soy protein used Maillard-induced glycation to 

produce soy protein – galactomannan conjugates (Babiker et al., 1998). The reactivity of 

sera from soy-allergic individuals to the P34 allergen was eliminated in ELISA and 

immunoblotting assays, performing better than chymotrypsin hydrolysates. Furthermore, 

the soy protein-galactomannan conjugates had improved solubility, heat stability, and 

emulsification properties of soy protein (Babiker et al., 1998). In a later study, Usui et al. 

(2004) compared soy protein-chitosan and soy protein -galactomannan conjugates and 

found the soy protein –chitosan conjugates were more successful, through Western Blot 

analysis, at masking the P34 allergen structure. Soy protein-fructooligosaccharides 

conjugates also reduced antigenicity of glycinin and β-conglycinin by up to 90% (Usui et 

al., 2004; van de Lagemaat et al., 2007). 

These studies, with reductions in immunoreactivity ≥ 90%, illustrate the potential 

for Maillard-induced glycation to develop a hypoallergenic product. However, these 

studies do little to control or test for the extent of glycation and the propagation of the 

Maillard reaction. Excessive glycation leads to substantial loss of lysine, and the 

propagation of the Maillard reaction to the final stages is associated with decreased 

protein quality, digestibility, and the production of AGEs (Section 1.6.2.3). For example, 

Babiker et al. (1998)  and Usui et al. (2004) incubated samples for 14 days at 60 ⁰C and 

greater than 65% relative humidity, but they did not assess excessive browning, loss of 

lysine, or digestibility. van de Lagemaat et al. (2007) found that less than 25% of the 

available lysine remained after 19 days of incubation at 60 ⁰C and 65% RH. 

To address these limitations, a study by Walter et al. (2016) aimed to control 

glycation by incubating soy protein with dextran at 60 ⁰C and aw of 0.43 (below the 

optimum aw for the Maillard reaction) for 120 hours. The minimal glycation (88% of 

available lysine remained at the end of incubation) achieved under these conditions were 

found to have a variable effect on reducing soy protein’s immunoreactivity to different 

sera obtained from soy allergic individuals. The extent of glycation may not have been 
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sufficient enough to block all exposed epitopes. Further research is needed to assess the 

effect of moderate levels of glycation on reducing immunoreactivity across different sera, 

on excessive browning, and on the functionality of the modified protein.  

1.7.4.5 Enzymatic Hydrolysis combined with Maillard-Induced Glycation 
 A theoretical solution to the loss of functionality and nutritional quality observed 

with extensive hydrolysis and glycation that resulted in reduced allergenicity, is to 

combine limited enzymatic hydrolysis with partial Maillard-induced glycation. Epitopes 

that remain after controlled and limited enzymatic hydrolysis (DH < 8 – 10%) would then 

be modified by the subsequent partial Maillard-induced glycation (Figure 9). 

 
Figure 9. Theoretical mechanism for reducing allergenicity by a combined, limited 
enzymatic hydrolysis and partial Maillard-induced glycation. 
 

Through this combined protein modification approach, the functional loss due to 

hydrolysis, and the release of bitter peptides, would be minimized. Moreover, excessive 

loss of lysine, browning, and production of deleterious AGEs would be minimized, and 

functionality improved, with partial Maillard-induced glycation. Initial research on 

applying this combination approach to soy protein showed that reductions in 

immunoreactivity, as high as 80%, could be achieved (Walter et al., 2016). However, the 

alcalase hydrolysis and Maillard-glycation conditions used targeted the β-conglycinin 

subunit leaving glycinin mainly intact. Therefore, the immunoreactivity was not 



 

 38 

significantly reduced for all sera tested. Additionally, only the effect of minimal glycation 

on SPH immunoreactivity was assessed. Thus, the research conducted by Walter et al. 

(2016) demonstrated the need for targeted hydrolysis of the glycinin subunit, and the 

need for further optimization of β-conglycinin glycation to improve reductions in 

immunoreactivity across different sera. Finally, the impact of this combined method on 

functionality still needs to be investigated. 

 

 



 

 39 

Chapter 2: Immunoreactivity of Soy Protein Subjected to 
Targeted Enzymatic Hydrolysis and Partial Maillard-Induced 
Glycation 

2.1 Overview 
 The effect of limited (< 8%) enzymatic hydrolysis and partial Maillard-induced 

glycation had on the immunoreactivity of soy protein isolate was examined. Soy protein 

hydrolysate (SPH) was produced using alcalase, pepsin, and an alcalase/pepsin 

combination to produce, respectively, ASPH, PSPH, and AP_SPH samples with degrees 

of hydrolysis (% DH) ranging from 3.8 – 6.8%. These SPH samples were then subjected 

to controlled and limited Maillard-induced glycation using dextran in a 1:4 protein to 

dextran ratio under mild (120 hours at 60°C and 0.49 aw) and advanced conditions (72 

hours at 65°C and 0.54 aw). The effect of limited enzymatic hydrolysis and partial 

Maillard-induced glycation on protein/peptide profiles was assessed with SDS-PAGE. 

The extent of glycation was monitored by measuring remaining (%) free amine, Amadori 

compound formation, and L*a*b* overall color difference Changes in immunoreactivity 

were monitored following qualitative, western blot, and quantitative, ELISA 

immunoassays, utilizing sera from seven individual with high levels (>3.5 kU/L) of soy 

protein specific IgE. Two levels of glycation were achieved, with 68 – 75% remaining 

free amine for the mild condition and 55 – 68% for the advanced condition. A 

significantly higher overall L*a*b* color difference and visible browning confirmed that 

the advanced conditions resulted in the propagation of the Maillard reaction to the final 

stages. Limited enzymatic hydrolysis resulted in significant (P ≤ 0.05) reductions in 

immunoreactivity, with reductions ranging from 20 – 75%. The effect of Maillard-

induced glycation was highly variable, with glycation increasing immunoreactivity in 

some cases participants, while further reducing the immunoreactivity in others. In 

general, data highlighted individual variability in reactivity to different epitopes. Our 

results indicated that limited enzymatic hydrolysis and partial Maillard-induced glycation 

need further optimization to achieve the > 90% reductions needed to develop a 

hypoallergenic soy protein ingredient. 
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2.2 Introduction  
While soy protein is a high quality protein with several functional properties, it is 

among the “Big 8” food allergens that account collectively for 90% of IgE mediated 

allergies (FALCPA, 2004). An IgE mediated  allergic response may manifest as rashes, 

hives, runny noses, asthma, and in extreme cases anaphylactic shock (Uzzaman & Cho, 

2012). Thus, FDA mandates strict labeling of the “Big 8” food allergens. With soy 

protein allergies affecting approximately 2 million Americans (~ 0.7% of the population), 

the risk of an allergic reaction is a major hurdle against the expanded use of soy protein 

ingredients (Zuidmeer et al., 2008).  To address these concerns, researchers have 

investigated several protein modification approaches for developing a hypoallergenic soy 

protein ingredient. 

In an IgE mediated allergic reaction, the IgE binds to specific regions of a protein 

known as epitopes. These epitopes can be linear (consecutive peptide sequences) or 

conformational (discontinuous peptide sequences) in structure (Aalberse & Crameri, 

2011). For soy protein, there are 42 known epitopes found across all of the major soy 

protein subunits (FARP, 2016). The β-conglycinin and glycinin subunits, along with the 

Gly m Bd 30K epitope found on the P34 oil-body associated protein, are considered to be 

immunodominant (Holzhauser et al., 2009; Ogawa et al., 1993; Samoto et al., 2007). 

Approaches to reduce the allergenicity of soy protein have focused on preventing soy 

specific IgE from recognizing these epitopes through targeted modifications of the 

protein structure. 

Approaches to reduce allergenicity include genetic breeding (Samoto et al., 1997), 

thermal processing (Burks et al., 1991; Herian et al., 1990), fermentation (Lee et al., 

2004; Yamanishi et al., 1995), enzymatic hydrolysis (Lee et al., 2007; Tsumura, 2009; 

Zeiger, 2003), and Maillard-induced glycation (Usui et al., 2004; van de Lagemaat et al., 

2007; Walter et al., 2016). Although these protein modification approaches have 

demonstrated varying levels of success, each has several limitations including feasibility, 

consumer acceptability, and residual reactivity. The only commercial hypoallergenic soy 

protein ingredient is the extensively hydrolyzed soy protein used in infant formulas 
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(AAP, 2000). Due to the complete loss of protein structure and the presence of short 

chain peptides, this extensively hydrolyzed soy protein ingredient has lost its functional 

properties and has acquired a bitter taste, limiting its use in different food products. Thus, 

recent research has focused on approaches that allow for limited and targeted 

modifications to maintain the structural integrity of the soy proteins while, still reducing 

their allergenicity (Walter et al., 2016). 

Pepsin, trypsin, chymotrypsin, and combination of the three have been used to 

partially hydrolyze glycinin and/or β-conglycinin, with reductions in immunoreactivity 

reaching up to 85% for certain hydrolysates (Lee et al., 2007; Tsumura, 2009; Zhao et al., 

2010). Challenges with these early studies included failure to target, through limited 

hydrolysis, all of the major allergenic subunits, and lack of assessment of individual 

differences in immunoreactivity. For example, Tsumara et al. (1999) were able to 

eliminate the immunoreactivity of the P34 subunit by enzymatic hydrolysis with 

Proleather FG-F ( DH = 25%). However, glycinin, an immunodominant protein, was not 

hydrolyzed, and serum from only one soy allergic individual was used for 

immunoreactivity testing.  

Maillard-induced glycation has also been researched as an approach to reduce the 

immunoreactivity of glycinin and β-conglycinin (Usui et al., 2004; van de Lagemaat et 

al., 2007). Maillard-induced glycation has been favored as a way to modify proteins 

through a controlled chemical reaction. Although a naturally occurring reaction during 

food processing, excessive and advanced stages of the reaction are associated with 

negative health impacts that include loss of the essential amino acid lysine, decreased 

digestibility, and the formation of AGEs, which may cause diabetes and atherosclerosis 

(de Oliveira et al., 2016; Mao et al., 1993). Controlling and limiting the reaction to the 

initial stage, which is the formation of the Amadori compouds (glycated proteins) may 

result in desired functional enhancement (Oliver et al., 2006) and reduced allergenicity 

(L’Hocine & Boye, 2007). A drawback of the previous research, however, showing high 

reductions in immunoreactivity (up to 90% reduction) with Maillard-induced glycation 

was the failure to monitor and prevent the propagation of the reaction to the 

final/advanced stages. 
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A potential solution to the challenge of reducing allergenicity, while maintaining 

nutritional quality and functionality through minimal protein modification, is to combine 

limited enzymatic hydrolysis with partial Maillard-induced glycation. Walter et al. (2016) 

reported reductions in immunoreactivity, up to 80%, through this combination approach. 

However, the alcalase hydrolysis and minimal Maillard-glycation conditions used in their 

study targeted the β-conglycinin subunit leaving glycinin mainly intact, which resulted in 

mixed outcomes when using sera from different allergic individuals. 

Therefore, we hypothesize that targeting the modification of both glycinin and β-

conglycinin through enzymatic hydrolysis, combined with partial Maillard-induced 

glycation, will have a synergistic effect on reducing the immunoreactivity of soy protein. 

The targeted enzymatic hydrolysis will cleave epitopes on the major soy protein subunits, 

while partial Maillard-induced glycation will modify new epitopes exposed during 

enzymatic hydrolysis. Therefore, the overall objective was to optimize limited enzymatic 

hydrolysis and partial Maillard-induced glycation conditions to produce a hypoallergenic 

soy protein. 

2.3 Materials  
Defatted, minimally heat treated 7B soy flour was kindly provided by Archer 

Daniels Midland (Decatur, IL, USA). Pepsin from porcine gastric mucosa (EC 3.4.23.1, 

3,200-4,500 units/mg, P6887) and Alcalase 2.4L from Bacillus licheniformis (EC 2.4 

units/g, P4860) were purchased from Sigma Aldrich (St. Louis, MO, USA). Additonally, 

Dextran produced by Leuconostoc mesenteroides (average MW 9-11 kDa, D9260, 

dextrose equivalence: 2.3), electrophoresis grade sodium dodecyl sulfate (SDS, L3771), 

o-phthaldialdehyde (OPA) (79760), 2-mercaptoethanol (BME, 63700), bovine serum 

albumin (2 mg/mL, 23210), L-lysine (56871), and L-serine (84959) standards were 

purchased from Sigma Aldrich. Electrophoresis grade dithiotheritol (DTT, BP1725) and 

the Thermo ScientificTM PierceTM BCA assay kit were purchased from Fisher Scientific 

(Waltham, MA, USA).  UV-specific (Costar® 3635) and polystyrene (Costar 3370) 96-

well microplates were purchased from Corning, Inc. (Corning, NY, USA). Pre-stained, 

broad-range molecular weight standard (161-0318), Laemmli sample buffer (161-0737), 
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10X Tris/Glycine/SDS running buffer (161-0732), and TGX Precast Gels 4-20% (567-

1094) were purchased from BioRad (Hercules, CA). Streptavidin alkaline phosphatase 

(s2890), streptavidin peroxidase (s5512), protease free, essentially globulin free, bovine 

serum albumin (A3059), p-nitrophenol phosphate substrate (N7653), tris buffered saline 

(pH = 8.0, T6664), and phosphate buffered saline (pH = 7.4, P5368) were also purchased 

from Sigma Aldrich. Biotinylated goat anti-human IgE (16-10-04) was purchased from 

Kirkland and Perry Laboratories (Gaithersburg, Maryland, USA). Biotinylated Mouse 

Anti-Human IgE (ab99807) was purchased from Abcam (Cambridge, England, UK). 

Polyvinylidene fluoride (PVDF) 0.2 µm (ISEQ00010) was purchased from Millpore 

(Billerica, MA, USA). Enhanced chemiluminescent substrate was obtained from 

(PI32106) from Pierce Scientific (Rockford, IL, USA). All other chemical grade reagents 

were purchased from Fisher Scientific or Sigma-Aldrich. 

2.4 Methods 

2.4.1 Soy protein isolate (SPI) production from defatted soy flour 

Minimally heat-treated and defatted soy flour was used to prepare SPI following the 

method outlined by Margatan et al. (2013). A soy flour and double de-ionized water 

(DDW) dispersion (1:10 w/v) was prepared. The pH was adjusted to 7.5 with 2 N NaOH 

and stirred at room temperature for 1 hour. The solution was then centrifuged at 5000 x g 

for 30 min. The supernatant was adjusted to a pH 4.5 with 2 N HCl and centrifuged at 

5000 x g for 10 min to precipitate the protein. The pellet was re-dispersed (1:4 w/v) in 

DDW, neutralized with 2 N NaOH, and lyophilized. The protein content of the 

lyophilized sample was an average of 91.6%, as determined following the Dumas method 

(AOAC 990.03, 1989) using a LECO® TruSpecNTM nitrogen analyzer (St. Joseph, MI, 

USA). 

2.4.2 Soy protein hydrolysate (SPH) production from SPI 

 Three different soy protein hydrolysates (SPHs) - each targeting different soy 

protein subunits—were produced. First, based on the research by Walter et al. (2016), 

SPI was hydrolyzed with alcalase (ASPH) to target the β-conglycinin subunit. To target 



 

 44 

the glycinin subunit, SPI was hydrolyzed with pepsin according to the work by Margatan 

et al (2013). Finally, a dual alcalase-pepsin hydrolysate (AP_SPH) to target both the β-

conglycinin and glycinin subunits was produced. The degree of hydrolysis (DH) was 

measured to assess the extent of hydrolysis with DH values varying for each hydrolysate. 

See Table 4 for a summary of the conditions used and Sections 2.4.2.1 – 2.4.2.3 for the 

procedure used to produce each SPH. 

 

Table 4: Summary of the conditions used for producing the experimental soy protein 
hydrolysates (SPH).   
Condition ASPH PSPH AP_SPH 

Enzyme    
(Final Activity) 

Alcalase               
(2.4 units/g) 

Pepsin  
(1770 units/mL) 

Alcalase  
(2.4 units/g) 

Pepsin  
(1770 units/mL) 

Time 65 min 60 min 30 min 60 min 

Temperature 65°C 37°C 45°C 37°C 

pH 7.5 2.0 7.5 2.0 

E:Sa 0.12 mL/100 g 40 mL/100 g 0.4 mL/100 g 40 mL/100 g  

% DHb 6.84 ± 0.30 3.81 ± 0.23 5.67 ± 0.36 
a E:S is the Enzyme – to – Substrate ratio (mL enzyme solution per 100 g of protein); b % 
DH  is the percent degree of hydrolysis. Range is standard error, where n = 4 for ASPH 
and PSPH & n = 3 for AP_SPH 

2.4.2.1 Alcalase hydrolysate production (ASPH) using the pH stat method 
Soy protein isolate was subjected to enzymatic hydrolysis by Alcalase 2.4L 

following the pH-stat methodology optimized by Walter et al. (2016). A DL22 titrator 

(Mettler Toldeo, Columbus, OH, USA) was used to conduct a series of end point 

titrations to a pH of 7.5 for the duration of the experiment. Dispersions (150 mL) of SPI 

in DDW (5% protein w/v) were prepared, in triplicate, and the pH was adjusted to 7.5 

with 0.2 N NaOH. The dispersions were heated to 65ºC for 15 min prior to the addition of 

alcalase. Alcalase was added to obtain an enzyme to substrate ratio (E:S) of 0.12 mL of 
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enzyme : 100 g of protein. The dispersion was then allowed to incubate, while stirring, 

for 65 min maintaining a pH of 7.5 throughout by titration with 0.2 N NaOH every 5 min. 

After incubation, the hydrolysates were boiled for 5 min to inactivate the enzyme, then 

lyophilized. The protein content of the lyophilized sample was an average of 89.9%, as 

determined using a LECO® TruSpecNTM nitrogen analyzer following the Dumas method 

(AOAC 990.03). Lyophilized samples were kept at -20°C until further analysis. The DH 

was calculated following the formula reported by Adler-Nissen (1984) (Equation 1). See 

Appendix A for sample calculation. 

 

Equation 1 
 

% 𝐷𝐻 =
ℎ
ℎ!"!

𝑥 100 =
𝐵 ×𝑁!

𝑀𝑃×∝×ℎ!"!
×100 

   

 

B is the volume of NaOH that is added in mL; Nb is the normality of the base; MP is the 

mass of the protein; htot is the total number of peptide bonds in the protein; and α is the 

degree of dissociation of the α-NH2 as determined by the incubation temperature.  

2.4.2.2 Pepsin Hydrolysate (PSPH) Production using a Batch Method 
The pH stat method could not be used for PSPH production because of the acidic 

conditions (pH 2) needed for pepsin hydrolysis. To determine % DH, the pH stat method 

titrates, with a strong base, the ionized carboxyl groups released with hydrolysis of the 

peptide bond, requiring hydrolysis to be carried out at a pH around or above the pKa of 

the amino and carboxyl groups (pH ~ 7 – 10) (Adler-Nissen, 1984; Nielsen, Petersen, & 

Dambmann, 2001). The pepsin hydrolysis batch method outlined by Margatan et al. 

(2013) was, therefore, used. Dispersions (150 mL) of SPI in DDW (5% protein w/v) were 

prepared, in triplicate, and the pH was adjusted to 2.0 with 2 N HCl. Pepsin was 

dissolved in DDW to a concentration of 1770 units/mL. The dispersion was heated to 

37°C for 10 min prior to the addition of the pepsin enzyme solution (1 mL pepsin 

solution/50 mL SPI dispersion). The mixture was incubated at 37°C for 60 min followed 
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by pH adjustment to 7.0 with 2 N. After incubation, the hydrolysates were boiled for 5 

min to inactivate the enzyme, and then lyophilized. The protein content of the lyophilized 

samples was an average of 82.8%, as determined using a LECO® TruSpecNTM nitrogen 

analyzer following the Dumas method (AOAC 990.03). Lyophilized samples were kept 

at -20°C until further analysis. 

2.4.2.3 Alcalase and Pepsin Hydrolysate Production (AP_SPH) using a Dual Method 
Soy protein isolate was first subjected to enzymatic hydrolysis by Alcalase 2.4L, 

in triplicate, following the method outlined in Section 2.4.2.1 using the following 

conditions: pH = 7.5, time = 25 min, temperature = 45°C, and enzyme to substrate ratio 

(E:S) of 0.4 mL enzyme : 100 g protein (Table 4). After alcalase hydrolysis, samples 

were acidified to a pH of 2.0 to inactivate the enzyme, and then hydrolyzed with pepsin 

according to the method outlined in Section 2.4.2.2 and lyophilized. The protein content 

was an average of 81.0%, as determined using a LECO® TruSpecNTM nitrogen analyzer 

following the Dumas method (AOAC 990.03). Lyophilized samples were kept at -20°C 

until further analysis. 

2.4.2.4 Degree of Hydrolysis (% DH) Determination using the O-phthaldialdehyde 
(OPA) method 

The pH stat method of hydrolysis enables direct calculation of % DH (Section 

2.4.2.1); whereas, the batch hydrolysis method requires a second method, an OPA 

method, to calculate % DH (Nielsen et al., 2001). OPA and a SH-compound (DTT or 

BME) react with primary and free amines to form a product that than can be quantified at 

340 nm to calculate % DH. The OPA reagent was prepared as follows: 3.810 g of sodium 

tetraborate decahydrate was dissolved in 20 mL of DDW; sodium dodecyl sulfate (SDS) 

was added (0.10 g) followed by the addition of 0.080 g of OPA dissolved in 4 mL of 

ethanol; DTT was then added (0.088g), and the solution was brought to volume (100 mL) 

with DDW. Suspensions (1 mL) of each of PSPH and AP_SPH samples were prepared in 

triplicate by solubilizing in DDW (1:10 w/v), vortexing for 30 sec, and centrifuging at 

15,682 x g for 10 min. The resulting supernatant was mixed with DDW (1:10 dilution) to 

a final dilution of 1:100 w/v. The samples were then assayed for protein content using the 
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Thermo ScientificTM PierceTM BCA assay kit following the manufacturer’s instructions. 

The % DH was determined as outlined by Nielsen et al. (2001), with modifications. 

Serine standard solution (diluted 1:10,000 w/v) was used to aid in the calculation of the 

DH as a standard source of free amine. Water mixed with OPA reagent was used as the 

blank. Aliquots (27 µL) of the samples were added to a UV microplate followed by the 

addition of 200 µL of the OPA reagent (prepared fresh). The absorbance was read at 340 

nm on a microplate reader (Biotek, Winooski, VT, USA) after a 2 min hold time. 

Calculations were carried out using Equations 2 - 4. See Appendix B for sample 

calculation. 

Equation 2 

Serine-NH2=
ODsample-ODblank
ODstandard-ODblank

*0.9516
meqv
L *0.01*

100
X*P 

Equation 3 

h=
(Serine-NH2- β)

α  

Equation 4 

DH=
h

htotal
*100 

Corrected DH= DHSPH-DHSPI 

Where: 

Serine – NH2 = meqv serine NH2/g protein 

ODsample = absorbance of sample at 340 nm 

ODblank = absorbance of sample at 340 nm 

ODstandard = absorbance of sample at 340 nm 

X = g sample 

P = % Protein in sample, as determined by BCA assay 

0.01 = sample volume in liters 

h = number of hydrolyzed bonds 

β = dissociation constant, 0.342 (specific for soy protein) 

α = dissociation constant, 0.970 (specific for soy protein)  

htotal = total number of peptide bonds per protein equivalent (7.8 specific to soy protein) 
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2.4.3 Experimental design for glycation 

The SPI and SPH samples were subjected to partial Maillard-induced glycation under 

controlled conditions. Glycation of SPI was carried out to determine the effect of 

glycation on the allergenicity of intact protein. This information was used to assess 

whether controlled Maillard-induced glycation and limited hydrolysis have a synergistic 

effect on reducing the allergenicity of soy protein.  

For this research, dextran (10 kDa) was selected as the carbohydrate source based on 

the previous work of Wang & Ismail (2012) who reported improved protein functionality, 

good control of reaction rate, and limited glycation. The good control of the reaction rate 

is attributed to dextran having a dextrose equivalence (DE) of 2.3 attributing to a slower 

Maillard reaction rate. A higher DE is indicative of a smaller molecular weight and hence 

a higher reducing power (DE of glucose is 100). Furthermore, a 1:4 protein to dextran 

ratio was utilized because it had previously been found to promote Maillard-induced 

glycation, while minimizing propagation to advanced stages (Wang & Ismail, 2012). 

 The mild glycation conditions (Section 2.4.4) were chosen to extend the research 

previously conducted by Walter et al. (2016) to include pepsin and alcalase/pepsin 

hydrolysates. Based on preliminary trials (Appendix C), the advanced glycation 

conditions (Section 2.4.4) were chosen to assess the effect of more extensive Maillard 

glycation on immunoreactivity. To emulate the research of Walter et al. (2016), a sealed 

desiccator and a saturated salt solution was used to generate the reaction relative 

humidity (RH).  For the advanced glycation, a HPP Constant Climate Chamber 

(Memmert, Büchenbach, Germany) was used to increase flexibility in the selection of 

reaction conditions while serving as better model of industrial conditions. 

 For each incubation, glycation controls were prepared, in triplicate, and incubated 

alongside the samples mixed with dextran. Glycation controls were SPI and SPH samples 

dissolved in potassium phosphate buffer with no dextran added. To control for the 

“whitening effect” of the dextran, the glycation controls were then mixed with dextran in 

a 1:4 (w/v) ratio after incubation and re-lyophilized before testing sample color and 

extent of glycation. 
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2.4.4 Maillard-induced glycation of soy protein isolate and hydrolysates 

For the mild glycation, SPI and SPH samples were, individually  mixed with 

dextran in 1:4 ratio (w/w), dissolved in a potassium phosphate buffer (0.001M, pH = 7) in 

a 1:4 ratio of powder (g) to buffer (mL), and lyophilized. The mild glycation samples 

were incubated in triplicate, in a desiccator, at 0.49 aw (using saturated sodium bromide) 

and 60°C for 120 hours to emulate conditions (Table 5) tested by Walter et al. (2016). To 

increase the extent of glycation, another set of samples were prepared with a more 

concentrated potassium phosphate buffer (0.1M, pH = 7). Samples were then incubated, 

in triplicate, in a HPP Constant Climate Chamber (Memmert, Büchenbach, Germany) at 

54% RH (equivalent to 0.54 aw)  and 65°C for 72 hours (Table 5). The higher RH (aw) 

chosen is within the optimum of the Maillard reaction, thus, we expected the reaction to 

progress faster, hence the 72 hours of incubation. After incubation, the protein contents of 

the partially glycated (PG) samples were determined using a LECO® TruSpecNTM 

nitrogen analyzer following the Dumas method (AOAC 990.03). The protein contents 

averaged 17.0% for PG-SPI, 18.1% for PG-PSPH, 17.8% for PG-SPH, and 17.8% for 

PG-AP_SPH. Lyophilized samples were kept at -20°C until further analysis. 

 
Table 5. Experimental conditions used for Maillard-induced glycation. 

Condition Mild Glycation Advanced Glycation 
Water Activity (aw) 0.49 0.54 

Time 120 hours 72 hours 

Temperature 60°C 65°C 

Protein : 
Carbohydrate ratio 

1:4 
 

1:4 
 

Buffer 0.001M Potassium Phosphate 0.1M Potassium Phosphate 

Location Desiccator in Incubator Climate Chamber 
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2.4.5 Estimation of extent of Maillard-induced glycation for incubated SPI and SPH 
samples 
 To address limitations of previous studies (Section 1.7.4.4) and to monitor the 

propagation of the Maillard reaction to the final stages, the loss of free amino groups, 

formation of Amadori compounds, and extent of browning were measured. These 

assessments of the extent of glycation were also used to verify that experimental 

conditions had achieved two different levels of glycation.  

2.4.5.1 Remaining (%) free amine groups 
Remaining (%) free amine groups was determined following the OPA methods 

outlined by Goodno, Swaisgood, & Catignani (1981) and Rao et al. (2012). The OPA 

reagent was prepared as follows: 3.810g of sodium tetraborate decahydrate was dissolved 

in 20 mL of DDW; sodium dodecyl sulfate (SDS) was added (0.05g) followed by the 

addition of 0.080g of OPA dissolved in 4 mL of ethanol. β-mercaptoethanol (200 µL) 

was added, and the solution was brought to volume (100 mL) with DDW. Glycated 

samples (PG-SPI and PG-SPHs), glycation controls (incubated SPI and SPHs, dextran 

added post incubation), and the non-glycated samples (SPI and SPHs) were prepared in 

triplicate by dissolving 0.01g of sample in 3% SDS (1:10 w/v). All samples were 

vortexed for 30 sec and then centrifuged at 15,682 x g for 10 min. The supernatants from 

all samples were diluted 5x using 3% SDS (w/v) prior to analysis. Protein content of the 

supernatant was determined using the Thermo ScientificTM PierceTM BCA assay kit 

following manufacturer’s instructions. 

Aliquots (50 µL) of samples were added to a UV microplate followed by the addition 

of 200 µL of the OPA reagent. The absorbance was read at 340 nm on a microplate 

reader (Biotek, Winooski, VT, USA) after a 2 min hold time. L-lysine standard solutions 

(5 µg/mL-150 µg/mL) were used to create a standard curve, and 3% SDS (w/v) served as 

the blank. The free amino group concentration (µg/mL) of each sample was adjusted for 

sample protein content (µg/mL) with Equation 5. Remaining (%) free amino groups was 

determined by Equation 6. Sample calculation is found in Appendix D. 

 



 

 51 

Equation 5 

% 𝐹𝑟𝑒𝑒 𝐴𝑚𝑖𝑛𝑒 =  
𝐹𝑟𝑒𝑒 𝐴𝑚𝑖𝑛𝑒 𝐶𝑜𝑛𝑡𝑒𝑛𝑡
𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝐶𝑜𝑛𝑡𝑒𝑛𝑡  𝑥 100 

Where: 

Free amine content = determined from L-lysine standard curve 

Protein content = determined from BSA standard curve of the BCA assay 

 

Equation 6 
 

% Remaining Free Amine Groups 

= 100 −  
100 ∗ (% free amine groups!"!!!"#$%&'( −% free amine groups!"#$%&'()

% free amine groups!"!!!"#$%&'(
 

  

2.4.5.2 Monitoring Amadori compound formation 
Amadori compound formation was monitored as an indicator of Maillard reaction 

progression following the UV-Visible difference spectroscopy method outlined by Wang 

& Ismail (2012), with modifications. Glycated samples, glycation controls, and the non-

glycated samples (SPI and SPHs) were dissolved in 1% SDS to make a 0.2% protein 

solution (w/v), vortexed for 30 sec, and centrifuged (13,800 x g for 10 min). The 

absorbance of the supernatant (800 µL) was measured at 280 nm and diluted, 

accordingly, to standardize for protein content across samples. The difference UV 

absorption (DUV) at 304 nm between the glycated samples/controls and the non-glycated 

samples were measured with the UV 1800 spectrophotometer (Shimadzu, Columbia, 

Maryland, USA) and served as an indication of Amadori compound formation. 

2.4.5.3 L*a*b* color analysis by Chroma Meter  
Color change of the glycated samples and controls was assessed using a Chroma 

Meter CR-221 (Minolta Camera Co., Osaka, Japan). Before analysis of the samples, the 

Chroma Meter was calibrated with the white CR-221 calibration plate (Minolta) and six 

color standards (yellow, gray, white, pink, blue, and green). The color of the samples was 

measured following the manufacturer’s instruction in the absolute measuring mode, using 

the CIE (International Commission on Illumination) 1976 L*a*b* color space system.  
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The L* values (lightness) extend between 0 for black and 100 for white; the 

positive a* values are red and the negative a* values are green; the positive b* values are 

yellow and the negative b* values are blue. The a* and b* values do not have a limited 

scale in contrast to the lightness scale, which is bound by 0 and 100.  

The color of the glycation samples and controls along with the non-glycated 

samples were measured in triplicate using a different Petri plate location for each reading. 

To assess the effect of glycation on color, the total color difference (ΔE) between the 

glycated and non-glycated samples were calculated. (Equation 7). A sample calculation 

can be found in Appendix E. 

 
Equation 7 

∆E =  ∆L∗! +  ∆a∗! +  ∆b∗! 

Where: 

ΔE = total color difference 

ΔL* = change in L* value between glycated and non- glycated samples 

Δa* = change in a* value between glycated and non- glycated samples 

Δb *= change in b* value between glycated and non- glycated samples 

2.4.6 Assessment of the immunoreactivity of soy protein samples 

2.4.6.1 Participant recruitment 
Participants with medical charts indicating positive skin prick and/ or 

radioallergoabsorbent test (RAST) results to soy and peanut were subjected to an initial 

blood draw. Due to the high level of cross-reactivity between soy and peanut allergies, 

participants with a diagnosed peanut allergy may have high levels of soy specific IgE 

(Sicherer, 2001). Sera was then separated from whole blood by centrifugation and stored 

at -80°C. Clinical laboratory services for this work were provided by Clinical 

Translational Science Institute (CTSI) at the University of Minnesota (Minneapolis, MN, 

USA) and the Central Clinical Laboratory at the Mayo Clinic (Rochester, MN, USA). 

Serum samples were then sent to Quest Diagnostics (Woodale, IL, USA) for 

ImmunoCAP testing to determine the soy specific IgE, IgE total, and IgG total. Sera from 



 

 53 

seven participants with soy specific IgE levels of 3.5 kU/L or greater was chosen for use 

in ELISA and Western Blot assessments of immunoreactivity of the experimental soy 

protein ingredients (Table 6): A soy specific IgE level of 3.5 kU/L or greater is 

considered a high level according to the manufacturer of the ImmunoCAP assay used to 

quantify IgE levels.  

 
Table 6: Immunoglobulin quantification of participant sera. Quantification determined by 
Quest Diagnostics (Woodale, IL, USA) 

Sera IgG (kU/L) IgE (kU/L) 
Soy Specific IgE 

(kU/L) 
1 958 225 6.25 
2 1040 956 10.60 
3 958 951 22.40 
4 1025 633 6.08 
5 1503 4023 79.80 
6 794 245 6.96 
7 1100 7289 45.3 
Control 926 Not Available <0.35 
 

2.4.6.2 Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) 
Protein distribution of SPI, SPH, partially glycated (PG)-SPI, and PG-SPH samples 

were monitored by conducting SDS-PAGE under reducing conditions as outlined by 

Laemmli (1970). Each sample was dissolved in DDW (~10.60 mg protein/mL), and an 

aliquot (100 µL) was mixed 1:1 (v/v) with Laemmli buffer under reducing (0.75 M β-

mercaptoethanol) conditions and boiled for 5 min. Aliquots of samples (5 µL, 25 µg 

protein) and pre-stained molecular weight standards (10 µL) were loaded into wells of a 

pre-cast 4-20% TGX Criterion Tris-HCl gradient gels. Gels were electrophoresed at 150 

V for approximately 1 hour. The gels were then were stained with staining solution (45% 

w/v methanol, 10% glacial acetic acid w/v, 45% DDW w/v, and 3 g/L Coomassie 

Brilliant Blue G-250) for 45 min and destained first for 1 hour and then overnight using 

fresh destaining solution (10% glacial acetic acid w/v, 5% methanol w/v, and 85% DDW) 

each time. Gels were scanned using Molecular Imager Gel Doc XR system (Biorad, 

Hercules, CA).   
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2.4.6.3 Western blot 
Western blots were performed to monitor the reactivity of the different protein 

samples with soy specific IgE in sera from soy allergic donors, following the method 

outlined by (Walter et al., 2016) with modifications. Samples were prepared as outlined 

under Section 2.4.6.2. Aliquots (5 µL) were loaded into wells of a Criterion TGX Precast 

4-20% gradient gel and electrophoresed at 150 V for approximately 1 hour.  Transfer 

onto a PVDF membrane using transfer buffer (48 mM Tris, 39 mM Glycine, 20% 

Methanol w/v, 0.0375% w/v SDS) was done for 2 hours at 4°C and 300 mA. The 

membrane was soaked in methanol for 30 seconds prior to the transfer. Gels after transfer 

were stained with coomassie blue and scanned to confirm complete transfer (i.e. no 

protein bands visible after staining). Membranes were blocked by incubating with 3% 

BSA in phosphate buffered saline with Tween 20 (PBST) (PBS: 10 mM Na2HPO4, 13.7 

mM NaCl, 2.7 mM KCl, pH 7.4; Tween 20 (0.1% w/v)) overnight at 4°C on a shaker. 

Membranes were washed with PBST20 (0.1% w/v) for 30 minutes (5 minute wash x 6 

times, on a shaker) after each incubation. The membranes were then incubated with 

serum (1:8-1:5 dilution, PBST) for 2 hours at room temperature on a shaker, followed by 

washing. The membranes were then incubated at room temperature with secondary 

biotinylated mouse anti-human IgE (diluted 1:3000 using PBS-Tween 20 (0.1% w/v)) for 

1 hour on a shaker, followed by washing. Finally, membranes were incubated with 

streptavidin-peroxidase (diluted 1:2000 using PBS) for 30 min at room temperature on a 

shaker, followed by washing. All blots were developed using enhanced chemiluminescent 

substrate (ECL) and scanned with a film processor.   

2.4.6.4 Enzyme Linked Immunosorbant Assay (ELISA) 
An indirect ELISA, with sera from individuals with high levels of soy specific IgE, 

was used to assess the immunoreactivity of glycated and non-glycated samples based on 

the method outlined by Walter et al. (2016), with modifications. Polystyrene 96-well 

microtiter plates were incubated overnight at 4°C with 100 µL of 5 µg protein/mL of 

antigen (either SPI, SPH, PG-SPI, or PG-SPH) dissolved in PBS. Plates were washed 4 

times in between each step using an automatic plate washer (Stat Fax, Orlando Florida, 

USA) with PBST (PBS with 0.05% Tween 20 w/v). The plates were then blocked for 1.5 
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hours at room temperature using 200 µL/well of 3% (w/v) protease free, bovine serum 

albumin + 0.05% w/v Tween 20. Diluted serum (1:20-1:120 dilution using PBST) was 

added to each well (100 µL), and the plate was incubated for 1 hour at room temperature. 

Secondary antibody, biotinylated anti-human goat IgE, was diluted 1:250 (v/v) using tris 

buffered saline (TBS, 50 mM Tris, 0.138 M NaCl, 2.7 mM KCl, pH 8.0, and 0.01% 

Tween 20, w/v), and 100µL was added to each well followed by 1 hour incubation at 

room temperature. Diluted streptavidin alkaline phosphatase (1:500 in TBS and 0.1% 

Tween 20, w/v) was then added (100 µL) followed by a 30 min incubation at room 

temperature. Lastly, p-nitrophenol phosphate (100 µL) was added to each well, and the 

plate was incubated, in the dark, for 30 minutes at room temperature. Absorbance was 

read at 405 nm using a microplate reader (Biotek, Winooski, VT, USA). In addition to 

the positive samples, the following controls were run for each sample: Negative sera 

(non-soy allergic) control, blank control (all reagents, no antigen or sera), and a 

secondary antibody control (no sera) to correct for non-specific binding (Figure 10). All 

analyses were conducted in triplicate. The % reduction in immunoreactivity of the SPH, 

PG-SPI, and PG-SPH samples were determined by Equation 8. A sample calculation can 

be found in Appendix F.  

 
Equation 8 
 

% 𝐑𝐞𝐝𝐮𝐜𝐭𝐢𝐨𝐧 𝐢𝐧 𝐈𝐦𝐦𝐮𝐧𝐨𝐫𝐞𝐚𝐜𝐭𝐢𝐯𝐢𝐭𝐲
= 𝟏𝟎𝟎

×( 
𝐂𝐨𝐫𝐫𝐞𝐜𝐭𝐞𝐝 𝐀𝐁𝐒𝐒𝐏𝐈 −  𝐂𝐨𝐫𝐫𝐞𝐜𝐭𝐞𝐝 𝐀𝐁𝐒𝑺𝑷𝑯,   𝑷𝑮!𝑺𝑷𝑰,   𝒐𝒓 𝑷𝑮!𝑺𝑷𝑯

𝐂𝐨𝐫𝐫𝐞𝐜𝐭𝐞𝐝 𝐀𝐁𝐒𝐒𝐏𝐈
) 

 
Where:             

ABS is the absorbance at 405 nm 

Corrected ABSSPI is equivalent to (ABSSPI positive sera – ABS2nd antibody) 

Corrected ABSSPH is equivalent to (ABSSPH positive sera – ABS2nd antibody) 

Corrected ABSPG-SPH is equivalent to (ABSPG-SPH positive sera – ABS2nd antibody) 
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Figure 10. ELISA Well Type Diagram, modified from Walter (2014). 
 
 

2.4.5 Statistical analysis  

Analysis of variance (ANOVA) was conducted utilizing R (version 3.3.0). When a factor 

or interaction was found significant (P ≤ 0.05), differences between the means were 

determined using Tukey-Kramer Honest Significant Difference (HSD) mean comparison. 

ANOVA tables can be found in  

Appendix G. 

2.5 Results and Discussion 

2.5.1 Protein/peptide profile of the produced soy protein hydrolysates 

SDS-PAGE visualization (Figure 11) confirmed that alcalase and pepsin, 

respectively, targeted modification of β-conglycinin and glycinin, as identified by the 

molecular weight distribution of their subunits (Wang, Bringe, Berhow, & Gonzalez de 

Mejia, 2008). Upon alcalase hydrolysis (Figure 11, lane 3), the bands corresponding to 

the α’, α, and β subunits of β-conglycinin mostly disappeared. The specificity of alcalase, 

for all three subunits of β-conglycinin, has also been demonstrated by Tsumura et al. 

(2005) and Walter et al. (2016). For pepsin hydrolysis (Figure 11, lane 4), the band 



 

 57 

corresponding to the acidic subunit of glycinin disappeared, while the band 

corresponding to glycinin’s basic subunit appears fainter. The resistance of the glycinin 

basic subunit to enzymatic hydrolysis has been reported by others (Lee et al., 2007; 

Tsumura et al., 2005), and is attributed to the compact size and greater hydrophobicity of 

the basic subunit (Lee et al., 2007). The specificity of pepsin for glycinin, however, has 

also been previously demonstrated (Margatan et al., 2013). For AP_SPH (Figure 11, lane 

5), the bands for the α and α’ subunits of β-conglycinin and the acidic subunit of glycinin 

disappeared, while a faint band for glycinin’s basic subunit remained, confirming dual 

targeted hydrolysis. The specificity of an enzyme is determined by its ability to 

discriminate between competing substrates. The enzyme’s specificity for a type of 

chemical bond, chemical reaction, product, or stereochemistry (Parkin, 2008) can then be 

utilized for targeted modification.  

The faint band just above the β subunit of β-conglycinin for AP_SPH (Figure 11, 

lane 5), not present in SPI (Figure 11, lane 2), corresponds most likely to peptides 

released upon hydrolysis of the α and α’ subunits of β-conglycinin. Alcalase is a serine 

endopeptidase with a broad specificity, meaning it preferentially cleaved the α and α’ 

subunits of β-conglycinin at non-terminal, uncharged amino acid residues, which resulted 

in the release of relatively large peptides. Similarly, the increased intensity and width of 

the β subunit band for AP_SPH (Figure 11, lane 5) is most likely due to both the release 

of these relatively large peptides and to the incomplete hydrolysis of the β subunit with 

the milder alcalase hydrolysis conditions applied during the production of AP_SPH. The 

alcalase hydrolysis conditions used for ASPH production (Table 4), on the other hand, 

further hydrolyzed released peptides, thus the band above the β subunit in AP_SPH 

disappeared, while only a faint band for the β subunit remained for ASPH (Figure 11, 

lanes 3 and 5). The alcalase hydrolysis conditions used for AP_SPH production were 

milder than those used for ASPH production (Table 4) to ensure that the total % DH 

remained < 8% after the coupled hydrolysis by pepsin, thus minimizing the release of 

bitter peptides and loss of functionality. Finally, for all hydrolysate samples (Figure 11, 

lanes 2 – 5), bands that corresponded to peptides with molecular size < 17 kDa were 
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apparent, indicating the release of peptides of varying molecular weights upon hydrolysis 

by the different enzymes. 

 
Figure 11. SDS-PAGE visualization of the effect of the non-glycated, mild, and advanced 
glycation conditions on the soy protein samples. Lane 1: molecular weight marker (MW); 
Lanes 2 - 5: non-glycated SPI, ASPH, PSPH, and AP_SPH; Lanes 6 – 9: SPI, ASPH, 
PSPH, and AP_SPH glycated under the mild conditions (0.49 aw, 60⁰C, 120 h, 1:4 
protein to dextran ratio); Lanes 10-12: SPI, ASPH, PSPH, and AP_SPH glycated under 
the advanced conditions (0.54 aw, 65⁰C, 72 h, 1:4 protein to dextran ratio); A: α’ subunit 
of β-conglycinin (72 kDa); B: α subunit of β-conglycinin (68 kDa); C: β subunit of β-
conglycinin (48 kDa); D: A3 acidic subunit of glycinin (42 kDa); E: A1, A2, A4 acidic 
subunit of glycinin (33.6-37); F: basic subunit of glycinin (20 kDa). 

2.5.2 Assessment of the extent of glycation of SPI and SPH samples 

2.5.2.1 Remaining (%) Free Amine  
 The initial free amine content of SPI was approximately 6.2%, which was 

comparable to the 5.4 and 5.9% reported by van de Lagemaat et al. (2007) and Walter et 

al. (2016), respectively. As expected, the initial free amine content of the hydrolysates 
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was higher than that of SPI due to the breaking of peptide bonds during hydrolysis, 

causing the release of additional free terminal amine groups. Percent free amine contents 

corresponded with % DH (Table 4) for PSPH (7.2%), ASPH (11%), and AP_SPH 

(8.4%)), with the higher % DH leading to higher % free amine content. Walter et al. 

(2016) reported 12.1% initial free amine for ASPH (% DH = 7.8%) produced using the 

method outlined in Section 2.4.2.1. 

 Free amine content was significantly reduced upon glycation, confirming 

initiation of the Maillard reaction. A significant difference was observed in % remaining 

free amine between the mild and advanced Maillard-induced glycation levels (Figure 12), 

for all samples except AP_SPH (P ≤ 0.05). This observations confirmed that two distinct 

levels of glycation occurred. The lack of difference observed between the two glycated 

AP_SPH samples indicated that protein/peptides in this sample varied from the other soy 

protein samples in how they may bind dextran. Altering the structure and reducing the 

size of both glycinin and β-conglycinin, in contrast to altering only one component as in 

ASPH and PSPH, may have promoted interactions between generated peptides. Available 

reactive amine groups may thus get blocked upon protein/peptide interactions, hindering 

interactions between the protein and dextran. The effect of protein structure on the 

polysaccharide binding was demonstrated by Kato (2002), who showed that α-casein, 

with a flexible, open structure, bound more polysaccharides per mole than the globular, 

compact lyzosyme. This effect was more pronounced for polysaccharides with greater 

steric hindrance (i.e. long chain, branched) (Kato, 2002).  

  The % remaining free amine ranged from approximately 68 – 75% for the mild 

glycation condition (Figure 12). Whereas, Walter et al. (2016) reported  83% and 78% 

remaining free amine contents in glycated SPI  and ASPH, respectively. The lower values 

reported by Walter et al. (2016) is attributed to the lower aw (0.43) compared to the aw 

(0.49) used in our study. For the samples produced under advanced glycation conditions, 

the remaining free amine ranged from approximately 55 – 68%. van de Lagemaat et al. 

(2007) reported < 25% of the available free amine remained for SPI glycated with 

fructooligosaccharides at 60 ⁰C and 65% RH for 19 days. The lower content of remaining 

free amine observed by an de Lagemaat et al. (2007) is attributed to the higher % RH and 
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longer incubation time compared to our tested conditions. Thus, based on the remaining 

free amine, our mild and advanced glycation conditions achieved a glycation level more 

moderate than Walter et al. (2016) and less excessive than that of van de Lagemaat et al. 

(2007).  

 
Figure 12. Remaining (%) free amine remaining as determined by the OPA method for 
samples incubated under mild glycation (60⁰C, 0.49 aw, 120 h) ( ) and advanced 
glycation (65⁰C, 0.54 aw, 72 h) ( ) conditions. Error bars represent standard errors (n=3). 
Uppercase letters indicate significant differences among soy protein samples (SPI, PSPH, 
ASPH, AP_SPH) within a glycation condition, and the asterisks for significant difference 
between the two glycation conditions according to the Tukey-Kramer HSD means 
comparison test (P ≤ 0.05). 

2.5.2.2 Amadori compound formation 
 The formation of the Amadori compound, the first stable intermediate in the 

Maillard reaction, can be monitored by DUV absorption at 304 nm.  For comparison, the 

Amadori compound formation in non-glycated controls was also measured. Significant 

differences (P ≤ 0.05) in the Amadori compound formation among the control, mild, and 

advanced glycation samples (Figure 13) confirm that two levels of the Maillard reaction 
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were achieved. The DUV absorption values were slightly lower than the values (approx. 

0.65 -0.80) observed by Walter et al. (2016) for SPI and ASPH glycated at a lower aw. 

 
Figure 13. Amadori compound formation as indicated by absorbance at 304 nm for non-
glycated ( ) and mild glycation (60⁰C, 0.49 aw, 120 h) ( ) and advanced glycation 
(65⁰C, 0.54 aw, 72 h) ( ) samples. Error bars represent standard errors (n=3). Uppercase 
letters indicate significant differences among soy protein samples (SPI, PSPH, ASPH, 
AP_SPH) within a glycation condition, and the lowercase letters for significant 
differences across glycation conditions within each sample type according to the Tukey-
Kramer HSD means comparison test (P ≤ 0.05). 

2.5.2.3 Assessment of color change 
 The color changes associated with the final stages of the Maillard reaction were 

assessed by measuring the overall color difference between the glycated and non-

glycated samples using the L*a*b* color space system. The advanced glycation samples 

had a significantly greater (P ≤ 0.05) overall color difference than the mild glycation 

samples (Figure 14), further confirming that two different levels of glycation were 

achieved, and that the advanced glycation conditions lead to greater propagation to final 

stages of the Maillard reaction. 
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Figure 14. Overall L*a*b* color difference for samples incubated at the mild glycation 
(60⁰C, 0.49 aw, 120 h) ( ) and advanced glycation (65⁰C, 0.54 aw, 72 h) ( ) conditions. 
Error bars represent standard errors (n=9). Asterisks indicate significant differences in 
soy protein samples between the two glycation conditions within each sample type 
according to the Tukey-Kramer HSD means comparison test (P ≤ 0.05). 
 

These differences in color, particularly in browning, of the non-glycated, the mild 

glycation, and the advanced glycation samples, can be visualized in Figure 15. The mild 

glycation samples had a more yellow tint than the non-glycated samples, while the 

advanced glycation samples browned. Browning occurs in the final stage of the Maillard 

reaction with the formation of melanoidins, confirming that the advanced glycation 

conditions allowed the reaction to progress to the final stage.  

We did not monitor digestibility or AGE formation, and correlations between the 

overall color difference and AGE quantification have not been studied in literature. Thus, 

we are unable to assess the impact of propagation to the final stages on the nutritional 

quality of the advanced glycation samples.  
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Figure 15: Browning observed of SPI, PSPH, ASPH, and AP_SPH for the non-glycated, 
mild glycation, and advanced glycation samples.  
 

While resulting in the advancement to final stages, since 55 – 68% of the free 

amines are still available, the advanced glycation conditions did not drive the Maillard 

reaction to completion. Therefore, partial Maillard-induced glycation was achieved, since 

less than half of the available free amines were glycated and Amadori formation was 

moderate. 

2.5.3 Effect of partial Maillard-induced glycation on protein/peptide profile 

Glycation with dextran under the mild and advanced conditions, shifted the α, α’, and β 

subunits of β-conglycinin to a higher molecular weight distribution, as indicated by the 

longitudinal smearing (Figure 11, lanes 6 -13). The spread of molecular weights, 

observed with this longitudinal smearing, is attributed to differences in the number of 

dextran molecules (~10 kDa each) with which a subunit was glycated. The decrease in 

intensity of the acidic glycinin subunit of glycated SPI and PSPH (Figure 11, lanes 6 – 7 

& 10 – 11) indicated partial glycation. Thus, the bands associated with the acidic subunit 

that shifted to a higher molecular weight distribution contributed further to the observed 
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smearing. The more intense longitudinal smearing of the advanced glycation samples 

(Figure 11, lanes 10 -13), particularly of the β-conglycinin subunits, confirmed a higher 

extent of glycation compared to mild glycation samples (Figure 11, lanes 6-9). Despite 

the higher extent of glycation, faint bands for the basic subunit of glycinin persisted in the 

advanced glycation samples. Glycinin, particularly the basic subunit, has fewer reactive 

lysine residues impeding glycation (Utsumi et al., 1997). This observation has been 

supported by others who found that glycinin resisted modification by Maillard-induced 

glycation (Diftis & Kiosseoglou, 2006; Walter et al., 2016). 

2.5.4 Effect of limited enzymatic hydrolysis and partial Maillard-induced glycation on 
the immunoreactivity of soy protein 

2.5.4.1 Western blot characterization of immunoreactivity  
When using serum from participant 2, all β-conglycinin and glycinin subunits in 

SPI demonstrated immunoreactivity (Figure 16 A & B, lane 1). Targeted enzymatic 

hydrolysis decreased, for each SPH, the band intensity of one or more of the β-

conglycinin and glycinin subunits (Figure 16 A & B, lanes 2 - 4). The immunoreactivity 

illustrated by band intensity pattern of the hydrolysates reflected on enzyme specificity. 

For example, the glycinin basic subunit was not hydrolyzed in ASPH (Figure 11, lane 2) 

and thus remained immunoreactive. The glycinin basic subunit was partially hydrolyzed 

in PSPH and AP_SPH (Figure 11, lanes 4 & 5) leading to reduced immunoreactivity of 

the band at ~ 20 kDa (Figure 16 A & B, lanes 3 – 4). However, faint bands in the 

molecular weight region below 20 kDa, were observed, indicating that not all epitopes 

were cleaved and/or new epitopes were exposed upon hydrolysis. It is worthwhile noting 

that not all released peptides were still immunoreactive when comparing intensity of the 

bands in Figure 11 to the intensity of the bands in Figure 16.  For AP_SPH, dual 

hydrolysis markedly decreased the band intensity of all subunits (Figure 11, lane 5) 

congruent with reduced immunoreactivity of these bands (Figure 16 A & B, lane 4). 

Some remaining immunoreactivity for AP_SPH, specifically that of the band around 48 

kDa for the β subunit of β-conglycinin, was observed (Figure 16, lane 4). This persistence 

of the immunoreactivity can be attributed to the partial hydrolysis of the β subunit 

(Figure 11, lane 5).  Panda et al. (2015) demonstrated, through 2D-immunoblotting and 
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LC-MS/MS, that fragments of the α, α’, and β subunits of β-conglycinin that resisted 

hydrolysis contributed to the increased biological reactivity of chymotrypsin 

hydrolysates.  

Upon glycation, the immunoreactivity of the glycated SPI shifted to a higher 

molecular weight range, as indicated by the longitudinal smearing in (Figure 16 A & B, 

lane 5). The longitudinal smearing does not allow quantitative comparison, thus it was 

not clear if the immunoreactivity increased overall, remained the same, or decreased. The 

longitudinal smearing posed a similar challenge for the glycated PSPH samples (Figure 

16 A & B, lane 6).  Usui et al. (2004), on the other hand, reported a significant decrease 

in the immunoblot immunoreactivity of soy protein-chitosan and soy protein-

galactomannan conjugates, as the incubation time for glycation increased from one to two 

week. Glycation minimally impacted the immunoreactivity of the glycinin basic subunit 

for SPI and ASPH (Figure 16 A & B, lanes 5 and 6), which is attributed to the minimal 

glycation of the basic subunit that occurred (Figure 11, lanes 6 – 7 & 10 – 11).  

When using serum from participant 5, the β subunit of β-conglycinin appeared 

immunodominant based on the dark bands that persisted, across samples, at ~ 48 kDa 

(Figure 16 A & B, lanes 1 - 8). The faintest β subunit band was observed for ASPH 

(Figure 16 A & B, lane 2), which was targeted by alcalase hydrolysis (Figure 11, lane 3). 

The remaining immunoreactivity of the β subunit band for AP_SPH (Figure 16 A & B, 

lane 4) is attributed to the milder alcalase hydrolysis conditions used to produce AP_SPH 

which did not result in complete hydrolysis of β subunits (Figure 11, lane 5).  

By predominately modifying β-conglycinin, the intensity of the β subunit for 

PSPH was decreased upon glycation (Figure 16 A & B, lanes 3 and 7). Subsequently, the 

intensity of the β subunit of β-conglycinin decreased for all samples upon increasing the 

extent of glycation from the mild to the advanced conditions (Figure 16A & B, lanes 4- 

8), which is attributed to the additional glycation that could have resulted in more of 

epitopes on the β subunit.  
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Figure 16. Western blots generated using sera from participants 2 and 5 for soy protein 
samples tested at (A) mild (0.49 aw, 60⁰C, 120 h, 1:4 protein to dextran ratio) and (B) 
advanced glycation conditions (0.54 aw, 65⁰C, 72 h, 1:4 protein to dextran ratio); Lanes 1 
– 4: non glycated SPI, ASPH, PSPH, and AP_SPH and Lanes 5 – 8): glycated SPI, 
ASPH, PSPH, and AP_SPH   
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2.5.4.2 ELISA assessment of immunoreactivity 
 Limited enzymatic hydrolysis reduced the immunoreactivity of SPI (Figure 17), 

with reductions ranging from 20 – 75%. Walter et al. (2016) tested the immunoreactivity 

of ASPH (1.2 – 14.6 % DH) and reported reductions up to 52%. The immunoreactivity of 

our ASPH with a similar % DH (6.8%) to one of the hydroysates produced by Walter et 

al. (2016), varied between 20 and 68% based on the sera used. Despite reducing the 

immunoreactivity for all sera tested, the effect of targeted, limited enzymatic hydrolysis 

was highly variable. For example, when using serum from participant 5, all three 

hydrolysates differed significantly (P ≤ 0.05) in the observed reductions in 

immunoreactivity, with ASPH having the greatest reduction (68%). Lower reduction in 

immunoreactivity was observed for PSPH, across all sera, which may be attributed to % 

DH.  PSPH had the lowest % DH (3.8%), and the hydrolysis conditions of PSPH might 

not have sufficiently altered epitopes on the glycinin subunit since not all glycinin 

subunits were hydrolyzed (Figure 11). Also, β-conglycinin subunits remained intact in 

PSPH (Figure 11, lane 4). On the other hand, AP_SPH with the targeted hydrolysis of 

glycinin, in addition to the β-conglycinin subunits (Figure 11), contributed to greater 

reduction in immunoreactivity specifically when using sera from participants 2 

(confirming western blot’s qualitative observation) and 7. The reduction in 

immunoreactivity, however, was greater when using serum from participant 7 (~70%) 

than serum from participant 2 (~45%).  

 The differential effect enzymatic hydrolysis had on reducing immunoreactivity 

demonstrates the impact of individual variability in reactivity to different epitopes. Each 

individual has specific epitopes to which they are sensitized, with variations in the 

immunodominancy of the epitopes (Holzhauser et al., 2009; Panda et al, 2015). Thus, the 

hydrolysis of glycinin and β-conglycinin in AP_SPH was sufficient to modify epitopes 

that are immunodominant when using serum from participant 7 compared to that of 

participant 2. However, when using serum from participants 4 and 5, ASPH showed the 

greatest reduction in immunoreactivity among the three hydrolysates (Figure 17), 

indicating that the immunodominant epitopes may be on β-conglycinin. While observed 

reductions in immunoreactivity are significant, they are still not high enough (>90%) to 
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claim a hypoallergenic product. Therefore, limited hydrolysis alone may not be sufficient, 

and additional modification is needed to further increase reductions in immunoreactivity. 

 
Figure 17. % Reduction in immunoreactivity of SPH samples following ELISA using 
sera from seven participants. Soy protein samples tested were PSPH ( ), ASPH ( ) and 
AP_SPH ( ). Error bars represent standard errors (n=3). Lowercase letters indicate 
significant differences among soy protein samples for within a specific serum according 
to the Tukey-Kramer HSD means comparison test (P ≤ 0.05).  

 
The effect of partial-Maillard induced glycation, as an additional modification to 

limited hydrolysis, was assessed. The ELISA immunoreactivity results of mild and 

advanced glycation samples from all seven participants can be found in Appendix H.  To 

illustrate the complicated effect of glycation on the immunoreactivity, the results 

obtained using sera from participants 2 and 5 are discussed (Figure 18 and Figure 19).  
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Figure 18. % Reduction in immunoreactivity of SPH samples following ELISA using 
serum from participant 2. Non-glycated ( ) and glycated ( ) and advanced glycation ( ) 
soy protein samples (SPI, PSPH, ASPH, and AP_SPH) were tested. Error bars represent 
standard errors (n=3). Lowercase letters indicate significant differences among glycation 
levels within each protein group according to the Tukey-Kramer HSD means comparison 
test (P ≤ 0.05). 
  

Glycation increased immunoreactivity when using serum from participant 2 

(Figure 18). For SPI and PSPH, glycation significantly increased the immunoreactivity of 

SPI by as much as 20% for PSPH and 60% for SPI. Maillard-induced glycation partially 

denatures (unfolds) a protein (Wang et al., 2013), which may lead to the exposure of 

epitopes hidden within the protein core. This effect was more pronounced for the un-

hydrolyzed SPI and least hydrolyzed PSPH, compared to other samples, due to their 

structures being more intact prior to glycation.  

 It was expected that increasing the extent of glycation would lead to blocking of 

original epitopes, as well as those that would be exposed upon hydrolysis and partial 

unfolding. However, immunoreactivity persisted in advanced glycation samples. While 

the advanced glycation conditions used may have advanced the Maillard reaction into the 

final stages, and resulted in production of AGE, the extent of glycation achieved may still 
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be insufficient to result in significant reductions in immunoreactivity. For example, Usui 

et al. (2004) and van de Lagemaat et al. (2007) observed up to a 90% reduction in the 

ELISA antigenicity of glycinin and β-conglycinin for soy protein-fructooligosaccharides 

conjugates produced using more advanced glycation conditions than employed in this 

study. Nesbit et al. (2012) found that roasting peanuts increased IgE binding of the major 

peanut allergenic subunit Ara h1 up to the point where the secondary structure was lost. 

Additionally, AGEs have been shown to increase T-cell immunogenicity in cell culture 

and mice experiments (Ilchmann et al., 2010).  

 

 
Figure 19. % Reduction in immunoreactivity of SPH samples following ELISA using 
serum from participant 5. Non-glycated ( ) and glycated ( ) and advanced glycation ( ) 
soy protein samples (SPI, PSPH, ASPH, and AP_SPH) were tested. Error bars represent 
standard errors (n=3). Lowercase letters indicate significant differences among glycation 
levels within each protein group according to the Tukey-Kramer HSD means comparison 
test (P ≤ 0.05). 
 

When using serum from participant 5, glycation resulted in further reductions in 

immunoreactivity of SPI and PSPH (Figure 19), but had no significant effect on that of 
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than that for ASPH (68%), which supported the Western blot qualitative observation that 

the milder AP_SPH alcalase hydrolysis conditions (5.7% DH) were less successful at 

hydrolyzing epitopes on β-conglcyinin than the more moderate ASPH hydrolysis 

conditions (6.8% DH) (Figure 16 A &B, lanes 2 and 4).  The combined effect on 

immunoreactivity could be attributed to glycinin targeted modification by pepsin 

hydrolysis coupled with the targeted glycation of β-conglycinin (Figure 11). Nonetheless, 

the overall reduction of immunoreactivity with this combined effect is close to 70%, 

which falls short of what would be needed (90% at least) to develop a hypoallergenic soy 

protein ingredient. 

For SPI, increasing the extent of glycation led to a significantly greater reduction 

in immunoreactivity (P ≤ 0.05) (Figure 19), which is attributed to dextran blocking more 

of the originally exposed epitopes, as well as blocking epitopes revealed with the partial 

denaturation induced by Maillard glycation (Wang et al., 2013). This was not the case for 

the other samples. Advanced glycation conditions may have resulted in different 

structural changes in different samples, attributing to varying immunoreactivity.  

The western blot and ELISA results, when using sera from participants 2 and 5, 

illustrated variability in individual reactivity to different soy protein epitopes. Serum 

from participant 5 demonstrated immundominancy to epitopes on the β subunit of β-

conglycinin (Figure 16 A & B, lanes 1 – 8); whereas, the ELISA data generated using 

serum from participant 2 (Figure 18) suggested an immunoreactivity for epitopes hidden 

in the protein core, which could have been exposed upon partial denaturation of the soy 

protein. These mixed results were also observed using sera from other participants 

(Appendix H).  Therefore, a modification that may reduce the immunoreactivity for one 

individual may not adequately modify or may create or reveal hidden epitopes for another 

individual. Panda et al. (2015) and Walter et al. (2016) similarly determined that the 

immunoreactivity of SPH varied by tested sera.  

2.6 Conclusion 
 Limited enzymatic hydrolysis combined with partial Maillard-induced glycation 

did not have a synergistic effect on reducing the immunoreactivity of soy protein. By 



 

 72 

targeting glycinin and β-conglycinin, limited enzymatic hydrolysis did reduce 

immunoreactivity for all tested sera (reductions up to 75%); however, this approach alone 

was not sufficient to achieve the > 90% reductions in immunoreactivity needed to 

develop a hypoallergenic soy protein ingredient. Neither mild nor advanced glycation of 

the different soy protein samples conditions resulted in considerable reductions in 

immunoreactivity, with glycation having a minimal or negative effect on the 

immunoreactivity of SPI and SPH.  While modification of the main soy proteins was 

achieved through limited enzymatic hydrolysis and partial Maillard-induced glycation, 

these conditions were not extensive enough to overcome challenges in individual 

variability in immunoreactivity. To develop a hypoallergenic ingredient, further 

optimization of hydrolysis and glycation conditions, along with a better understanding of 

individual variability is needed. This study, however, provides a framework for future 

research. 
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Chapter 3: Functionality of Soy Protein Isolate, Soy Protein 
Hydrolysate, and Glycated Soy Hydrolysates 

3.1 Overview 
 The solubility, emulsification, and gel-forming properties of soy protein isolate 

(SPI) and soy protein hydrolysate (SPH) upon partial glycation with dextran was 

investigated. Alcalase, pepsin, and an alcalase/pepsin combination were used to 

respectively produce ASPH, PSPH, and AP_SPH samples with degrees of hydrolysis (% 

DH) ranging from 3.8 – 6.8%. These SPH samples were then subjected to controlled and 

limited Maillard induced glycation using dextran in a 1:4 protein to dextran ratio for 120 

hours at 60°C and 0.49 aw.  The functionality of the glycated samples, along with the 

non-glycated SPI and SPH samples and glycation controls, was tested. The solubility, at 

neutral pH and a 2.5% protein concentration, of SPH samples (66 – 68% protein 

solubility) decreased significantly (P ≤ 0.05) in comparison to that of SPI (96% 

solubility). The effect of limited enzymatic hydrolysis and partial Maillard induced 

glycation on emulsification and gelling properties was highly variable with factors such 

as enzyme choice, % DH, peptide profile, and extent and location of glycation 

influencing the observed results. For emulsification, both enzymatic hydrolysis and 

Maillard-induced glycation improved the emulsification capacity (EC); whereas, 

hydrolysis improved the emulsification activity index (EAI), and glycation improved the 

emulsion stability (ES) while hydrolysis had a more positive influence on emulsification 

activity index (EAI). Similarly, the gel strength was reduced upon hydrolysis and 

glycation, while glycation improved the water holding capacity (WHC) of PSPH and 

AP_SPH. The unreacted dextran was not removed from the samples post glycation, due 

to processing limitations, limiting the understanding of the impact that partial Maillard-

induced glycation could have on functionality. Nonetheless, this study provided a 

foundation for understanding and predicting the impact that combined limited enzymatic 

hydrolysis and partial Maillard-induced glycation have on soy protein functionality. This 

investigation of the effect of modification on soy protein functionality provides a 

framework for understanding how minimal modification can be used to create soy protein 

ingredients with targeted functional enhancement. 
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3.2 Introduction  
Increasing consumer demand for dietary protein coupled with an increasing health 

consciousness is driving the growth of the protein ingredient market. Soy protein with its 

FDA “Heart Health Claim” and recognized functional properties has been an ideal choice 

to meet these demands driving the growth of the soy protein market. Valued in 2015 at 

$7.11 billion USD, the value of the soy protein ingredient market is projected to reach 

10.12 billion USD by 2020 (MarketsandMarkets, 2016). However, a drawback to the 

expanded use of soy protein is its allergenicity. 

Soy protein is one of the “Big 8” food allergens declared by the FDA to be 

collectively responsible for 90% of the food allergies in the United States (FALCPA, 

2004). Symptoms of an allergic reaction to soy protein include rashes, hives, runny noses, 

asthma, and anaphylactic shock (Uzzaman & Cho, 2012).  With soy protein allergies 

affecting approximately 2 million Americans (≈ 0.7% of the population), the risk of a 

consumer having an allergic reaction is a major concern for the expanded use of soy 

protein ingredients (Zuidmeer et al., 2008). Thus, there is a need for the development of a 

hypoallergenic soy protein ingredient that maintains its functionality. 

As the two main soy storage proteins, glycinin ( 40 – 50%) and β-conglycinin (35 

– 30%) are the major contributors to the functionality of soy protein (Liu, 1997; Mojica et 

al., 2015). Glycinin is known for its gelling properties and β-conglycinin for its 

emulsification properties (Nishinari et al., 2014; Utsumi et al., 1997).  With a greater 

content of sulfhydryl groups, glycinin creates stronger gels at lower concentrations, while 

a better hydrophilic/lipophilic balance and greater molecular flexibility lends β-

conglycinin better emulsification properties (Kinsella, 1979; T. Nakamura et al., 1986; 

Wagner & Guéguen, 1999). They are, however, also considered to be the 

immunodominant soy allergens targeted for modification to reduce their allergenicity 

(Holzhauser et al., 2009). 

 The successful approach for markedly reducing the allergenicity of soy protein 

has been extensive modification of the protein structure through enzymatic hydrolysis. 

The extensively hydrolyzed protein ingredients used in infant formulas are the only FDA 
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approved hypoallergenic protein ingredients, but they have a distinct bitter taste and lack 

the functionality to be used in other food systems (AAP, 2000). Therefore, researchers 

intensified efforts to investigate protein modification approaches that may reduce 

allergenicity yet enhance or maintain functionality. Limited enzymatic hydrolysis and 

partial Maillard-induced glycation are among the most promising approaches studied. 

Limited enzymatic hydrolysis (DH = 2 – 15%) enhanced solubility (Jung et al., 2005; 

Meinlschmidt et al., 2016; Sun, 2011), foaming (Tsumura et al., 2005), emulsifying 

properties (Meinlschmidt et al., 2016; Sun, 2011), and reduced allergenicity (Zhao et al., 

2010) of soy protein. Partial Maillard-induced glycation has also been shown to improve 

solubility, thermal stability, emulsification, foaming, and gelling properties (de Oliveira 

et al., 2016; Oliver et al., 2006), while reducing allergenicity (van de Lagemaat et al., 

2007b) 

 However, research done thus far indicated that limited enzymatic hydrolysis and 

partial Maillard-induced glycation individually may not be sufficient to achieve the 90% 

reduction in allergenicity needed to claim a hypoallergenic soy protein ingredient (Lee et 

al., 2007; Tsumura, 2009; van de Lagemaat et al., 2007; Walter et al., 2016). Walter et al. 

(2016) investigated a combined modification approach using limited enzymatic 

hydrolysis followed by partial Maillard-induced glycation of soy protein, and found up to 

80% reduction in immunoreactivity. However, the functional properties of these glycated 

hydrolystates were not assessed.  

Therefore, the objective of this study was to determine the effect of limited and 

targeted hydrolysis and further glycation on protein functionality.The hydrolysis and 

glycation conditions, used in this study, are based on those optimized in a previous study 

(Chapter 2) to reduce allergenicity. We hypothesized that through targeted hydrolysis and 

controlled partial glycation, the functionality of the soy protein will be maintained and/or 

enhanced. 

 

 

 



 

 76 

3.3 Materials  
Defatted, minimally heat treated 7B soy flour was kindly provided by Archer 

Daniels Midland (Decatur, IL, USA). Pepsin from porcine gastric mucosa (EC 3.4.23.1, 

3,200-4,500 units/mg, P6887), Alcalase 2.4L from Bacillus licheniformis (EC 2.4 units/g, 

P4860), dextran produced by Leuconostoc mesenteroides (average MW 9-11 kDa, 

D9260, dextrose equivalence: 2.3) were purchased from Sigma Aldrich (St. Louis, MO, 

USA). Posi-click, 1.7 mL microcentrifuge tubes (C-2170) were purchased from Denville, 

Inc. (South Plainfield, NJ, USA).  Glycine standard (99%, 502-211) was purchased from 

Leco, Corp. (St. Joseph, MI, USA). Sudan Red 7B (Acros, 19163005) was purchased 

from Fisher Scientific, and Crisco pure corn oil was purchased from local retailers. All 

other chemical grade reagents were purchased from Fisher Scientific or Sigma-Aldrich. 

3.4 Methods 

3.4.1 Production of soy protein samples 

 The SPI and SPH samples were produced following the methods outlined in 

Sections 2.4.1 and 2.4.2. Based on the extent of glycation and immunoreactivity results 

discussed in Section 2.5, the mild glycation conditions were chosen to produce glycated 

samples for functionality testing, and the method outlined in Section 2.4.4 was followed; 

however, the HPP Constant Climate Chamber (Memmert, Büchenbach, Germany) was 

used for incubating the samples instead of using desiccators filled with saturated sodium 

bromide solution (aw 0.49). 

 Testing for functionality was done on three types of samples: the non-glycated 

glycation controls, and glycated samples. The glycation control samples were SPI and 

SPH samples mixed with dextran (in phosphate buffer followed by lyophilization) but 

were not incubated. The unreacted dextran in the glycated samples was not removed, so 

the glycation control samples were run to assess the effect of free dextran on 

functionality. The functionality of a heat treated SPI sample (SPI HT) was also tested. 

The SPH samples were all subjected to heat treatment during production to inactivate the 

enzyme; whereas, SPI did not undergo any heat treatment during production. 

Consequently, SPI HT was produced by heating SPI samples (5% protein solution) for 80 
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min at 65⁰C followed by boiling for 5 min (i.e. the heat treatment conditions applied 

during ASPH production). Samples were then lyophilized and stored at -20 ⁰C for later 

analysis. 

3.4.2 Functionality testing of soy protein samples 

3.4.2.1 Quantitative determination of protein solubility 
Suspensions (1 mL in DDW, vortexed for 30 sec) of SPI, SPI HT, ASPH, PSPH, 

and AP_SPH were prepared individually in 1.5 mL microcentrifuge tubes, in triplicate, at 

2.5% protein concentration (w/v). The solubility of the glycated samples was not tested 

because we were unable to remove after glycation the unreacted dextran. Thus, the 

presence of the hydrophilic free dextran would confound the solubility data for the 

glycated samples. Solutions were adjusted to pH 7 using aliquots of 0.1M HCl and an 

Orion™ ROSS Ultra™ pH Electrode (Thermo Scientific, Waltham, MA, USA). The 

protein content of each solution (100 µL aliquot) was initially determined by the 

DUMAS method (AOAC 990.03, 1989) using the LECO® TruSpecNTM nitrogen analyzer 

(St. Joseph, MI, USA). Samples were then heat treated (80ºC for 30 min in a water bath) 

or held at room temperature (non-heated). All samples were then centrifuged (15,682 x g 

for 10 min at 23ºC), and protein content of the supernatants of the heated and non-heated 

samples were again determined by the DUMAS method. The % protein solubility was 

determined using Equation 9. 

Equation 9 

% protein solubility=
original protein %-supernatant protein % 

original protein % in solution  

3.4.2.2 Emulsification Capacity (EC) 
Emulsification capacity (EC) was measured following the method outlined by 

Rickert, Johnson, & Murphy (2006), with  modification. Solutions (5 mL of a 1% protein 

solution (w/v), stirred for approx. 1 h) of the non-glycated, glycation control, and 

glycated samples in DDW were prepared, in triplicate, and the pH was adjusted to 7.0. 

Corn oil dyed with 4 µg/mL of Sudan Red 7B was titrated at a steady flow rate of 4 

mL/min into each protein solution while blending using a homogenizer (IKA® RW 20 
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Digital, IKA Works, Inc., NC, US) with a 4 blade, 50 mm diameter shaft (IKA® R 1342, 

IKA Works, Inc., NC, US) rotating at 860 - 870 rpm. Samples were homogenized until a 

phase inversion was observed. Emulsification capacity is expressed as g oil /g protein and 

was calculated using Equation 10.  Sample calculation is found in Appendix I. 

 

Equation 10 
 

𝐸𝑚𝑢𝑙𝑠𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 =  
 𝑉𝑜𝑙𝑢𝑚𝑒!"# !"!#$!%&  𝑥 𝐷𝑒𝑛𝑠𝑖𝑡𝑦!"#

𝐺𝑟𝑎𝑚𝑠 𝑜𝑓 𝑃𝑟𝑜𝑡𝑒𝑖𝑛  

 

3.4.2.3 Emulsion Stability (ES) and Emulsification Activity Index (EAI) 
The emulsion stability (ES) and emulsification activity index (EAI) were measured 

according to the methods outlined by Pearce & Kinsella (1978), with modifications. To 

calculate EAI, the equation reported by Cameron et al. (1991) was used. An aliquot (6 

mL) of a protein solution (0.1% protein w/v), prepared in DDW and allowed to stir for 2 

hours, was added to 2 mL of corn oil and homogenized for 1 min using a Scilogex D500 

homogenizer (Rocky Hill, CT, USA), with a 20 mm shaft, set at 10,000 rpm. 

Immediately after homogenization, 50 µL of the emulsion (pipetted from the bottom of 

the beaker) was diluted in 5 mL of 0.1% SDS to prevent the emulsion from creaming. 

The sample was then vortexed for 5 sec, and the absorbance at t = 0 min was measured at 

500 nm using a spectophotometer (Beckman 12V – 20, Chaska, MN, USA). A second 

absorbance measurement of the same sample was taken 10 min later (t = 10 min). The 

ES, in min, was determined using Equation 11, and the EAI, in m2/g, was determined 

using Equation 12. Sample calculations are found in Appendix J.  

 

Equation 11 

𝐸𝑚𝑢𝑙𝑠𝑖𝑜𝑛 𝑆𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦 min =  
𝐴!

𝐴! −  𝐴!"
 𝑥 10  

Where:   

A0 is the absorbance at t = 0 min 

A10 the absorbance at t = 10 min.  
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Equation 12 

𝐸𝐴𝐼 (𝑚!/g) =  
2𝑇

1− 𝜙 𝐶  

 

𝑇𝑢𝑟𝑏𝑖𝑑𝑖𝑡𝑦 𝑜𝑓 𝑂𝑖𝑙 𝑇 =  
2.303𝐴!

𝑙   
 
Where: 

C  = weight of protein per volume of aqueous phase 

Φ = volume fraction of oil  

T = turbidity of the oil at 500nm  

l = path length of the cuvette 

3.4.2.4 Heat-induced gelation 
Heat-induced gelation was monitored following the method outlined by Kong et al. 

(2008), with modifications. Protein solutions (12% protein (w/v), stirred for approx. 1 h) 

were prepared with DDW. In triplicate, 1 mL of the protein solution was transferred to a 

1.7 mL microcentrifuge tube (the inner surface swabbed with oil as a lubricant). Samples 

were heated in a water bath at 95°C for 10 min. The samples were then cooled to room 

temperature (~ 23°C), the tip of the microcentrifuge tube was cut, and the gels were 

carefully released from the microcentrifuge mold into a petri dish. The force needed to 

rupture the gel was measured using a TA-TX Plus Texture Analyzer (Stable Micro 

Systems LTD, Surrey, UK) with a 100 mm diameter probe and a 1 mm/s test speed. 

3.4.2.5 Water Holding Capacity (WHC)  
Water holding capacity (WHC) was measured according to the procedure outlined by 

Sternberg, Chiang, & Eberts (1976), with modification. Protein solutions were prepared 

as described in Section 3.4.2.4. In triplicate, 1 mL of the protein solution was transferred 

to a 1.7 mL microcentrifuge tube, and the weight of the solution was recorded as (T1). 

The samples were then heated in a water bath at 95°C for 10 min. Samples were cooled to 

room temperature (~ 23 °C), and the weight was recorded as (T2). Samples were then 

centrifuged for 5 min at 1000 x g. Centrifuged samples were inverted for 10 minutes to 

drain water expelled from the gel, and the weight was recorded as (T3). The WHC was 
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the percentage of water that remained trapped in the gel matrix, and it was determined 

using Equation 13. Sample calculation can be found in Appendix K. 

 

Equation 13 
 
WHC = 100 x [(T3 – T1)/(T2 – T1)] 

𝑊𝑎𝑡𝑒𝑟 𝐻𝑜𝑙𝑑𝑖𝑛𝑔 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 = 100 𝑥 
𝑇! −  𝑇!
𝑇! −  𝑇!

  

Where: 

T1 = Mass of protein solution before heating  

T2 = Mass of protein solution + microcentrifuge tube after cooling 

T3 = Mass of protein solution + microcentrifuge tube after draining excess water 

3.4.3 Statistical analysis 
Analysis of variance (ANOVA) was conducted utilizing R (version 3.3.0). When a 

factor or interaction was found significant (P ≤ 0.05), differences between the means 

were determined using Tukey-Kramer Honest Significant Difference (HSD) mean 

comparison.  ANOVA tables can be found in Appendix L.  

3.6 Results and Discussion 

3.6.1 Solubility of soy protein as affected by enzymatic hydrolysis 

 The solubility of soy protein varies with pH, ionic strength, and heat treatment 

(Kinsella, 1979). It is expected for soy protein to have minimal solubility around its 

isoelectric point (pH = 4.5), and to reach maximum solubility under alkali conditions 

(Kinsella, 1979). At a pH of 7, SPI produced in the lab from minimally heat-treated soy 

flour exhibited excellent solubility (~95%) at 2.5% protein concentration, with no 

significant change in solubility observed after heating for 30 min at 80°C (Table 7). 

Glycinin is the soy protein component that can readily form polymers via disulfide 

linkages once denatured. The denaturation temperature of glycinin is ~ 92°C (Margatan 

et al., 2013); therefore, solubility was not significantly impacted by heating at 80°C. 
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Tsumura et al. (2005) similarly observed that SPI was highly soluble at pH 7 with 

approximately 90% solubility for a non-heated, 5% (w/v) SPI solution.  

 
Table 7. Protein solubility (%) at pH = 7 for 2.5% (w/v) soy protein solutions. 

Soy Protein Sample Un-Heated Heat-Treated* 

SPI 95.57 ± 1.97a 97.25 ± 0.80a 

SPI HT 72.81 ± 1.83b 97.45 ± 1.14a* 

PSPH 65.76 ± 1.65b 59.83 ± 1.40b 

ASPH 68.31 ± 1.34b 60.33 ± 1.20b* 

AP_SPH 66.01 ± 1.77b 59.72 ± 1.49b 
Range is standard error (n=3), SPI = soy protein isolate, SPI HT = heat-treated SPI, 
PSPH = pepsin, ASPH = alcalase, AP_SPH = alcalase and pepsin SPH.  * Heat-Treated 
condition was 80°C for 30 min. Lowercase letters indicate significant differences 
between soy protein ingredients within and the stars for significant differences across 
treatment groups according to the Tukey-Kramer HSD means comparison test (P ≤ 0.05).  
 

The SPI subjected to heat treatment (SPI HT), similar to the heating conditions 

that the SPH samples received during production, had lower solubility (~ 73%) than the 

non-heat treated SPI. The 5 min boiling step may have partially denatured SPI HT, 

revealing the interior hydrophobic core, and thus decreasing protein solubility though 

increased hydrophobic interactions. However, for SPI HT, the solubility increased after 

the 30 min heat treatment, resulting in no significant difference between SPI and SPI HT 

(P ≤ 0.05).  

The effect of heat treatment is related to how it influences soy protein 

aggregation. Kinsella (1979) noted that heat treatments between 80 – 100°C tended to 

promote the aggregation and precipitation of soy proteins at a neutral pH. In a model for 

the thermal aggregation of soy proteins proposed by Nishinari et al. (2014), β-

conglycinin, which denatures at 75⁰C (Margatan et al., 2013), formed soluble, high 

molecular weight aggregates, and glycinin aggregated into insoluble, densely packed 

structures upon denaturation (Td = 92⁰C). The denaturation of β-conglycinin allowed it to 

interact with glycinin and interfere with the formation of large glycinin aggregates. In our 
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work, the heat treatment at 80°C for 30 min reversed the loss in solubility of SPI HT by 

denaturing β-conglycinin, which then may have interacted with and resolubilized glycinin 

aggregates formed during the 5 minute boiling step. 

Limited enzymatic hydrolysis (% DH ~ 3.8 – 6.8) resulted in a 25 – 30% loss in 

solubility for the three hydrolysates produced using pepsin, alcalase, and both enzymes 

combined (Table 7). By targeting glycinin, pepsin hydrolysis denatured glycinin exposing 

its hydrophobic core, which lead to aggregate production and reduced solubility.  

Tsumura et al. (2005), similarily, found that the solubility (1% w/v protein solution) of 

glycinin targeted SPH (pepsin, DH = 15%) decreased to approximately 75%, while the 

solubility of the β-conglycinin targeted SPH (~90%) did not significantly differ from that 

of the unmodified SPI (~90%). Differences in the Tsumura et al. (2005) reported 

solubility of β-conglycinin targeted SPH compared to our ASPH (β-conglycinin 

hydrolyzed by alcalase) could be attributed the difference in protein concentration of the 

solution tested (1% vs 2.5%). Higher protein concentration in a solution has a direct 

bearing on solubility.  Tsumura et al. (2005), on the other hand, used papain to target β-

conglycinin hydrolysis (DH = 14%), highlighting the influence enzyme selection may 

have on functionality, in addition to difference in protein concentration of solution and 

the higher % DH. Higher % DH contributed to the release of a greater amount of ionized 

groups (amines and carboxyls), thus enhancing the protein/water interactions. 

Heat treatment further reduced the solubility of these hydrolysates with a 

significant reduction observed for ASPH (P ≤ 0.05). The specificity of alcalase is known 

to preferentially release hydrophobic peptides promoting aggregation (Davis, Doucet, & 

Foegeding, 2005). The significant reduction in the solubility of ASPH, after heat 

treatment, is then attributed to aggregation of the β-conglycinin peptides together and 

with intact glycinin protein during heating.  

Limited enzymatic hydrolysis has been shown, by others, to improve the 

solubility of soy protein (Jung et al., 2005; Lamsal et al., 2007; Meinlschmidt et al., 

2016). Meinlschmidt et al. (2016) used six different enzymes (including alcalase and 

pepsin) to hydrolyze SPI (% DH ranged from 3.9 – 13.4%). The solubility of 2.0% 

protein solutions of the 6 SPH samples, at pH 4 and pH 7, was tested and a significant 
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increase in solubility was observed for all SPH samples, compared to SPI. Although 

improved over their SPI, the solubility of their non-heat treated, flavourzyme hydrolyzed 

(58% protein solubility, 9.4% DH) and papain hydrolyzed (60% protein solubility, 3.4% 

DH) SPH were lower than the solubilities of our non-heat treated SPH. 

The solubility of SPH is dependent on processing conditions (i.e. heat treatment), 

enzyme choice (i.e. alcalase vs. papain), protein content, and extent of hydrolysis (%DH). 

For example, Meinlschmidt et al. (2016) reported a lower solubility for SPI at pH 7 

(~45%) than observed in our study (~96%); which is attributed to the heat treatment 

(70⁰C for 10 min followed by spray drying) used in producing their SPI. Thus, hydrolysis 

in their case resulted in an enhanced solubility compared to a very low starting solubility 

of their SPI. Jung et al. (2005) demonstrated that hydrolyzing SPI with neutrase (% DH = 

2) resulted in increased solubility (over a pH range of 3 -7) with additional improvements 

in solubility observed when the % DH was increased to 4%. Thus, these results highlight 

the important role enzymatic hydrolysis conditions has on determining the functionality 

of a hydrolysate. 

3.6.2 Emulsification properties of soy protein as affected by the different modifications 

3.6.2.1 Emulsification Capacity (EC) 

 All tested protein modifications resulted in significant (P ≤ 0.05) improvement of 

soy protein’s EC (Figure 20). Research has consistently demonstrated that SPH has 

improved emulsification capacity (Jung et al., 2005; Meinlschmidt et al., 2016; Sun, 

2011). Emulsification capacity of a protein is dependent on its ability to reduce interfacial 

tension by interacting with both water and oil at the interface, thus necessitating a 

hydrophilic/lipophilic balance (HLB). Although water solubility of our hydrolysates was 

decreased due to aggregate formation, the improvement in EC was possibly due to 

increased surface hydrophobicity leading to an overall improved HLB. To confirm, future 

research should monitor changes in surface hydrophobicity. 

Among the different hydrolyzed samples, AP_SPH showed the greatest 

enhancement (by 300 g oil/ g protein) in EC compared to SPI. The dual hydrolysis by 

pepsin and alcalase, targeted both the acidic subunit of glycinin and the α and α’ subunits 
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of β-conglycinin (Figure 11, lane 5), resulting in peptides with lower molecular weight 

and improved molecular flexibility. Thus, the peptides in AP_SPH potentially diffused 

quickly to and orientated at the interface (Kinsella, 1979). The significantly (P ≤ 0.05) 

lower increase in EC for PSPH compared to AP_SPH increase in EC was attributed to 

pepsin targeting glycinin in PSPH leaving β-conglycinin mostly intact. Whereas, the 

significantly (P ≤ 0.05) lower increase in EC for ASPH compared to AP_SPH was 

attributed to the higher % DH (6.84%) and the hydrolysis all three β-conglycinin subunits 

in ASPH, compared to only two subunits hydrolyzed in AP_SPH (Figure 11). 

Accordingly, ASPH had less ability to reduce interfacial tension by forming a cohesive 

protein network compared to AP_SPH. 

 
Figure 20. Emulsification capacity (EC) of the non-glycated ( ), glycation control ( ), 
and glycated ( ) soy protein samples.  represents the non-glycated, heat treated SPI 
(SPI HT). Error bars represent standard errors (n=3). Lowercase letters indicate 
significant differences among samples within each protein group (SPI, PSPH, APSH, and 
AP_SPH) according to the Tukey-Kramer HSD means comparison test (P ≤ 0.05). 
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partially denaturing the protein exposing its hydrophobic core (Achouri et al., 2006; 

Nishinari et al., 2014; Oliver et al., 2006).  In our work, glycation of ASPH resulted in a 

significant increase in EC (P ≤ 0.05), reaching the highest value among the different 

samples (1700 g oil / g protein). Achouri et al. (2006) found that, after 48 hours of 

incubation, glycation of glycinin fractions with glucose led to a structural rearrangement 

that increased surface hydrophobicity of the protein. Thus, the authors concluded that the 

improved EC was due to improved HLB. Glycation, however, did not have the same 

effect on all protein samples produced in this study. With the exception of ASPH, 

glycation alone did not improve EC. For example, while glycated SPI had higher EC than 

the non-modified SPI, there were no significant differences between the glycation control 

and the glycated samples. This observation implied that free dextran, and not necessarily 

the conjugated dextran, had an impact on EC. These observations could be explained by 

the fact that the extent of glycation was minimal (68 – 75% free amine remained), and 

thus the effect of the free dextran was more impactful. While glycation targeted 

modifications of the intact β-conglycinin subunits, the glycation of the different SPH 

peptides varied. Additionally, the free dextran may have interfered with peptide 

reactivity. It is, therefore, prudent to follow up with additional work to accurately 

determine the impact of glycation on EC after removing free dextran from the system.  

3.6.2.2 Emulsification Activity Index (EAI) and Emulsion Stability (ES) 
The emulsification activity index (EAI) provides an indication of the surface 

activity of a protein by estimating total interfacial area. The EAI of SPI (Figure 21A) was 

comparable to that determined by Tsumura et al. (2005).  Enzymatic hydrolysis 

significantly increased (P ≤ 0.05) the EAI value for only PSPH (~406 m2/g), the sample 

that had glycinin hydrolyzed (Figure 11, lane 4). Intact glycinin has a compact structure, 

which upon hydrolysis is opened improving the surface HLB and increasing molecular 

flexibility, thus resulting in a higher EAI. The EAI was significantly decreased (P ≤ 0.05) 

for both of the alcalase hydrolyzed samples: ASPH (~250 m2/g) and AP_SPH (~181 

m2/g). Alcalase hydrolysis targeted β-conglycinin (Figure 11, lane 3), hindering its 

known emulsification properties by releasing aggregate promoting, hydrophobic peptides, 
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which are less able to form a cohesive protein film at the interface. Tsumura et al. (2005), 

on the other hand, reported a reduction in EAI after the targeted enzymatic hydrolysis of 

both glycinin (275 m2/g) and β-conglycinin (~100 m2/g). The discrepancy between our 

results and that of Tsumura et al. (2005) could be attributed to differences in % DH. Our 

glycinin targeted hydrolysate had lower degree of hydrolysis (~3.5 vs 15% DH), thus it 

might have been sufficient to unfold the compact glycinin structure increasing its ability 

to move to the interface, while still maintaining its ability to form a protein network at the 

interface.  

Glycation of AP_SPH resulted in a significant increase in EAI (P ≤ 0.05).  

Achouri et al. (2006) demonstrated that the increase in EAI of a glycated glycinin 

fraction corresponded with an increased zeta potential. The increase observed by others 

(Babiker, 2000; Usui et al., 2004) may also be due to partial denaturation upon Maillard 

glycation. Proteins need a sufficient net charge (zeta potential) to prevent aggregation, 

while not blocking the protein-protein interactions needed to form a film around an oil 

droplet. Partial denaturation further improves the EAI by increasing protein flexibility to 

move to the interface and form a network. However, glycation reduced the EAI for SPI 

and PSPH, while had no significant effect on the EAI of ASPH (P ≤ 0.05). The 

protein:polysaccharide ratio has been suggested by Oliver et al. (2006) as influential for 

emulsifiying properties by affecting the availability of a protein to adsorb at the oil and 

water interface (Oliver et al., 2006). Thus, the use of a long-chained dextran (10 kDa) at a 

1:4 protein:dextran ratio might have decreased the ability of the soy protein/peptides to 

reach the interface. This loss in flexibility and availability would be greatest for β-

conglycinin, which was the soy protein component predominately modified by glycation 

(Figure 11, lanes 6 – 13).  
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Figure 21. Emulsification activity index (EAI) (A) and emulsion stability (ES) (B) of the 
non-glycated ( ), glycation control ( ), and glycated ( ) soy protein samples.  
represents the non-glycated, heat treated SPI (SPI HT). Error bars represent standard 
errors (n=3). Lowercase letters indicate significant differences among samples within 
each protein group (SPI, PSPH, APSH, and AP_SPH) according to the Tukey-Kramer 
HSD means comparison test (P ≤ 0.05). 
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Emulsion stability (ES) represents the time until coalescence and phase separation 

occurs. All SPH samples had significantly lower emulsion stability (Figure 21B) than 

non-modified SPI (P ≤ 0.05). Protein hydrolysis may decrease emulsion stability by 

producing shorter polypeptides that are less able to form cohesive viscoelastic films at the 

interface (Damodaran, 2008). Similar finding was observed for the soy protein 

hydrolysates produced using pepsin and papain, which targeted glycinin and β-

conglycinin, respectively (Tsumura et al., 2005). Other researchers have found that 

limited hydrolysis increases emulsion stability due to the decrease in interfacial tension 

associated with a better HLB (Jung et al., 2005; Wu et al. 1998). Depending on the 

peptide profile and degree of hydrolysis, released peptides can aggregate to form a 

densely packed film at the interface impeding oil droplet coalescence, and thus increasing 

ES. These contradictory results highlight the impact of the processing conditions, 

environmental factors, enzyme choice, and hydrolysis conditions, all of which contribute 

to the formation of unique peptides of varying molecular weight and HLB. For example, 

Wu et al. (1998) used alkali conditions to pre-denature SPI, exposing the hydrophobic 

core, and thus increasing the surface hydrophobicity of the peptides released upon limited 

enzymatic hydrolysis, resulting in improved ES. 

Glycation, on the hand, significantly improved ES for all samples, except for 

ASPH (P ≤ 0.05). Maillard-induced glycation may increase ES by improving the HLB, 

increasing the viscosity of the interface, and stabilizing the protein network through 

increased crosslinking (Nishinari et al., 2014; Oliver et al., 2006). Improved HLB reduces 

interfacial tension, while increased viscosity increases the barrier between oil droplets 

resulting in decreased oil droplet coalescence. Whereas, protein-crosslinking improves 

the cohesiveness and stabilizes the protein film around the oil droplets through covalent 

bonds. Nonetheless, in comparison to its non-glycated counterpart, a small, yet 

significant reduction (P ≤ 0.05) in the ES of ASPH occurred upon glycation. This 

reduction was potentially due to the higher % DH of ASPH samples (6.8%), leading to 

hydrolysis of all β-conglycinin subunits. This higher % DH possibly resulted in the 

release of very small peptides for which glycation did not cause an enhancement in ES. 
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These short β-conglycinin peptides may have also been too hydrophilic or hydrophobic 

losing the needed HLB. 

Research by others has also demonstrated a positive effect of glycation on the  ES 

of soy proteins (Babiker et al., 1998; Evans, Ratcliffe, & Williams, 2013; Usui et al., 

2004). Babiker et al. (1998) found that extensive glycation of chitosan with SPI produced 

an ingredient with a higher ES (15 min) than a chymotrypsin hydrolyzed SPH (2.5 min). 

Achouri et al. (2006) partially glycated glycinin (remaining free amine = 65%) and found 

that an increase in ES, over SPI and glycinin, correlated with increased surface 

hydrophobicity and decreased EAI.  

 Partial Maillard-induced glycation improved the ES, while limited enzymatic 

hydrolysis more positively influenced the EAI (Figure 21, A&B). Limited enzymatic 

hydrolysis improved soy protein’s ability to move to the interface (EAI), while decreased 

its ability to form a cohesive, stable network (reduced ES). Conversely, Maillard-induced 

glycation appeared to have increased the viscosity of the interface, thus improving 

stability, while the bulky dextran molecules possibly impeded soy protein’s ability to 

reduce oil droplet size, hence the reduced EAI. Thus, these results highlight the 

complicated and potentially contradictory effect minimal modification can have on 

functional properties. To better predict the impact of protein modification on 

functionality, research to better understand the effect minimal modification has on 

altering a protein’s structure is needed. 

3.6.3 Thermally-induced gelation of soy protein as affected by the different 
modifications 

Thermally-induced gelation is commonly assessed by determining the strength of 

the gel produced as a result of heating a protein a solution at a particular protein content 

and at a temperature above the denaturation temperature of the protein, for a specific 

period of time. Gelation is also assessed by determining the ability of gel network formed 

to hold water.  Changes in the protein structure will either enhance, maintain, or impair 

the gelation properties of the protein. 
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3.6.3.1 Gel strength 
Prior heat treatment of the SPI had no effect on gel strength (Figure 22). The 10 

min heat treatment at 95°C denatured glycinin and β-conglcyinin for SPI and completed 

the partial denaturation initiated during the prior heat treatment for SPI HT. Thus, SPI 

and SPI HT were expected to form gels with similar structures resulting in similar gel 

strengths. 

On the other hand, limited enzymatic hydrolysis significantly (P ≤ 0.05), and to a 

great extent, reduced gel strength, with losses ranging from about 60% for ASPH and 

AP_SPH to about 70% for PSPH (Figure 22). The weak gel strength of the PSPH was not 

unexpected because the pepsin hydrolysis targeted glycinin: the soy protein component 

known for its gelling properties. Tsumura et al. (2005) also found that their glycinin 

targeted hydrolysate (pepsin, DH = 15%) produced a softer gel. Scanning electron 

microscopy showed that the glycinin targeted hydrolysate formed a thinner matrix than 

both the unmodified SPI and the β-conglcyinin targeted hydrolysate produced using 

papain (DH = 14%). Other researchers have also found, in general, that untargeted, 

limited enzymatic hydrolysis reduced the gel strength of soy protein (Babiker, 2000; 

Lamsal et al., 2007). This reduction in gel strength has been attributed to the soy protein 

hydrolysates having decreased molecular size (Figure 11, lanes 2 – 5 ), and increased 

ionizable carboxyl and amino groups leading, respectively, to reduced polymer size and 

decreased protein-protein interactions due to charge repulsion (Babiker, 2000; Lamsal et 

al., 2007).   

The reductions in gel strength observed with enzymatic hydrolysis were further 

reduced by glycation (Figure 22). Glycation of SPI, specifically, and presence of free 

dextran, resulted in no gel formation in either the control or glycated SPI. The ability of 

dextran to enhance protein/peptide crosslinking the SPI and SPHs may have been 

hindered by dextran gelatinization. The 1:4 ratio of protein to dextran and the 

hygroscopic nature of the dextran allowed the dextran to absorb more water and 

gelatinize upon heat treatment. Dextran gelatinization may have interfered with the 

ability of soy protein to form a network. The longer chain dextran was selected to better 

control the Maillard reaction, but the chain length may have also prevented protein - 



 

 91 

protein interactions through steric hindrance. The decreased gel strength may not have 

been only due to the dextran (more so the free dextran), but also to partial Maillard-

glycation enhancing surface hydrophilicity and improving thermal stability, thus a high 

temperatures may have been required to promote thermally-induced gelation. To truly 

understand the effect of glycation on gel strength, the unreacted dextran needs to be 

removed through a process like hydrophobic interaction column (HIC) chromatography.  

 

 
Figure 22. Gel strength determined by rupture force for the non-glycated ( ), glycation 
control ( ), and glycated ( ) soy protein samples.  represents the non-glycated, heat 
treated SPI (SPI HT). Error bars represent standard errors (n=3). Lowercase letters 
indicate significant differences among samples within each group (SPI, PSPH, APSH, 
and AP_SPH) according to the Tukey-Kramer HSD means comparison test (P ≤ 0.05). 
   

Research published on the gel strength of glycated SPI is scarce. However partial 

Maillard-induced glycation has been shown to improve protein thermal stability (Wang & 
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out in this work may not have been extensive enough to promote cross-linking for 

increased gel strength. Research has assessed the effect of Maillard-induced glycation on 

the gel strength of other globular proteins like BSA, lysozyme, and whey proteins (Oliver 

et al., 2006). To promote cross-linking, these studies favored highly reactive reducing 

sugars and longer Maillard reaction times presumably, leading to excessive glycation 

(Oliver et al., 2006). Thus, while partial Maillard-induced glycation may be necessary for 

minimizing excessive browning and the formation of AGEs, it may not be sufficient for 

improving the gel strength of globular proteins, especially in the presence of free dextran. 

Under the conditions tested further investigations are warranted, including removal of 

free dextran and trying higher temperature to induce gelation. Nevertheless, this work 

sheds light on the subject. 

3.6.3.2 Water Holding Capacity (WHC) 
 Similar to gel strength, the WHC of SPI (Figure 23) did not significantly differ 

from that of SPI HT (P ≤ 0.05), which is again attributed to the denaturation of glycinin 

and β-conglycinin, in both samples, at the heat treatment used to form the thermally-

induced gels. Limited enzymatic hydrolysis, on the other hand, caused reductions in 

WHC ranging from approximately 10% for ASPH to about 45% for AP_SPH. This 

reduced WHC is attributed to the formation of an aggregated, disordered gel (i.e. 

coagulum type), decreasing its ability to trap water (Damodaran, 2008). The decreased 

solubility of the hydrolysates in comparison to SPI (Table 7) supports the conclusion that 

insoluble aggregates were formed promoting the formation of a coagulum type gel 

(Damodaran, 2008). Since the hydrolysis of β-conglycinin was targeted (Figure 11, lane 

3). ASPH retained the ability of intact glycinin to form a stabilized, protein network 

allowing it to better hold water (85% WHC) than the other SPH samples. However, when 

glycinin was hydrolyzed, PSPH had reduced ability for glycinin to form a protein 

network, and the interior hydrophobic and sulfhydryl groups exposed upon hydrolysis 

that promoted insoluble aggregate formation and decreased WHC (60%). Gel strength 

and WCH are related, but not directly correlated, because the gel matrix may still hold 

water even if the gel is not strong enough to resist deformation. This effect was observed 
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for glycated AP_SPH, which formed a gel with 90% WHC (Figure 23), while strength 

against a rupture force was low (Figure 22). 

 
Figure 23. Water holding capacity (WHC) for the non-glycated ( ), glycation control (
), and glycated ( ) soy protein samples.  represents the non-glycated, heat treated SPI 
(SPI HT). Error bars represent standard errors (n=3). Lowercase letters indicate 
significant differences among samples within each protein group (SPI, PSPH, APSH, and 
AP_SPH) according to the Tukey-Kramer HSD means comparison test (P ≤ 0.05). 
 

Few studies have looked at the WHC of SPH, but the ability of a gel to hold water 

is correlated with rheological properties such as viscosity (Kinsella, 1979). Limited 

enzymatic hydrolysis has consistently been found to decrease the viscosity of soy protein 

(Adler-Nissen & Olsen, 1979; Jung et al., 2005; Lamsal et al., 2007; Tsumura et al., 

2005). The low molecular size of peptides in hydrolysate solutions are more soluble and 

do not aggregate into large polymers, leading to decreased viscosity. Thus, solutions with 

low viscosity are less likely to form the homogenous, fine protein gel microstructures 

associated with increased water holding capacity (Jung et al., 2005; Puppo & Añón, 

1998). 
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Glycation of the samples under mild conditions further reduced the WHC of SPI 

(~65% WHC) and ASPH (~33% WHC). For PSPH, no significant difference between the 

WHC of the glycation control and glycated samples was observed (P ≤ 0.05). While the 

WHC of the glycated AP_SPH was 35% higher than that of the hydrolysate, it was 

approximately 10% lower than that of the AP_SPH glycation control. As discussed with 

gel strength, the effect of glycation on WHC is hard to elucidate due to the presence of 

unreacted dextran and the occurrence of gelatinization (Section 3.6.3.1). The dextran 

gelatinization may have trapped water in the matrix. Although Maillard-induced 

glycation targets mainly intact β-conglycinin, SDS-PAGE visualization of glycated PSPH 

and AP_SPH (Figure 11, lanes 8 – 9, & 12 – 13) indicated that glycation of the peptides 

generated from pepsin hydrolysis of glycinin did occur, mostly due to additional 

availability of terminal amines. Thus, the glycinin peptides may have had an increased 

hydrophilicity, which improved the solubility of glycinin aggregates, resulting in 

increased WHC. 

3.7 Conclusion  
 Minimal modification significantly affected the functionality of soy protein in 

varied and sometimes counter-acting ways. The soy protein components targeted and the 

specific conditions used for modification impacted the functional properties. Thus, each 

soy protein sample produced had a unique functional profile. To better understand and 

ultimately predict the effect of limited hydrolysis combined with partial Maillard-induced 

glycation on functionality, the impact of these modifications on the molecular 

interactions and structure of soy protein needs to be characterized through techniques 

such as size exclusion chromatography, 2D gel electrophoresis, infrared (IR) 

spectroscopy, and SEM confocal light scattering microscopy. A method for removing the 

unreacted dextran is also needed to reduce confounding effects. With greater predictive 

ability, limited enzymatic hydrolysis and Maillard-induced glycation could have the 

potential to create soy protein ingredients with specific functional advantages.  
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Chapter 4: Overall Conclusions, Implications, and 
Recommendations 
 
 Targeted and limited enzymatic hydrolysis (< 8% DH) of SPI, with pepsin, 

alcalase, and a combination of the two, was successful, producing three SPH samples 

(PSPH, ASPH, AP_SPH) with unique peptide profiles. Glycation of the SPI and SPH 

samples was carried out under mild and advanced glycation conditions. To meet 

consumer demands for expanded protein use, while addressing challenges around protein 

allergenicity, the food industry is seeking to find functional, hypoallergenic protein 

solutions. Consequently, this work assessed a coupled modification approach, combined 

limited hydrolysis and partial Maillard-induced glycation, to reduce immunoreactivity 

while maintaining and/or improving the functionality of SPI.  

 Limited, targeted enzymatic hydrolysis of soy protein significantly reduced 

immunoreactivity. With reductions in immunoreactivity ranging from 20 – 75%, limited 

enzymatic hydrolysis alone was insufficient to achieve the > 90% reductions needed to 

develop a hypoallergenic soy protein ingredient. Although our soy protein samples 

targeted both glycinin and β-conglcyinin, limited hydrolysis did not result in the cleavage 

of all allergenic epitopes. Individual variability among sera tested was observed across 

the hydrolysates produced. The effect of subsequent Maillard-induced glycation was 

highly variable, with glycation increasing immunoreactivity for some sera tested, while 

further reducing the immunoreactivity for other sera. Consequently, this work 

demonstrated the importance of individual variability in immunoreactivity, and the need 

for addressing this variability when designing approaches for developing a 

hypoallergenic soy protein ingredient.  

 Minimal modification greatly impacted the functionality of SPI. Enzyme choice, 

degree of hydrolysis (%DH), peptide profile, and extent and location of glycation all 

influenced functionality. Limited enzymatic hydrolysis and partial Maillard-induced 

glycation, at times, had a contradictory effect on functional properties. For example, 

while hydrolysis reduced the ES and increased EAI, glycation improved the ES and had 

an opposite effect on EAI. Similarly, both modifications reduced gel strength of soy 
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protein, while the WHC of PSPH and AP_SPH was improved upon glycation. The 

presence of unreacted dextran, in this study, confounded our understanding of how partial 

Maillard-induced glycation affected functionality. Nonetheless, this work demonstrated 

the potential of minimal and targeted modification for use as an approach to develop 

protein ingredients with unique functional properties. 

 Overall, this study has shown that limited enzymatic hydrolysis and partial 

Maillard-induced glycation, under specific conditions require further optimization to 

reduce immunoreactivity and improve functionality. Additional research is needed to 

achieve the goal of developing a hypoallergenic, functional soy protein ingredient. To 

further reduce immunoreactivity and to address challenges with individual variability, 

epitope mapping is recommended. Epitope mapping, following techniques such as 2D 

electrophoresis and immunoblotting couple with LC/MS identification, would allow us 

identify the epitopes that have been targeted by our limited and combined approach, and 

those need further modification through method optimization. A better understanding of 

how limited hydrolysis and partial Maillard-induced glycation affects soy protein 

functionality through monitoring structural changes is also needed. Future structural 

characterization using analytical tools such as size exclusion chromatography and IR 

spectroscopy are recommended. 

In order to move forward with partial-Maillard induced glycation as an approach 

to improve functionality, an industry feasible method for glycating proteins is needed. An 

analytical grade dextran was used in this study, and future work is needed to replace the 

dextran with a food grade maltodextrin. Additionally, the development of a process to 

remove the unreacted dextran, such as hydrophobic interaction column (HIC) 

chromatography, is recommended. In addition to impacting functionality, the unreacted 

dextran would be expected to decrease the quality (through inducing Maillard reaction) 

during storage and upon further processing. This collection of future work would help 

develop industrially feasible, optimized limited hydrolysis and partial glycation methods 

for reducing immunoreactivity, while improving the functionality of soy and other 

protein ingredients.  



 

 97 

Comprehensive Bibliography 
 
Aalberse, R. C., & Crameri, R. (2011). IgE-binding epitopes: a reappraisal. Allergy, 

66(10), 1261–1274. http://doi.org/10.1111/j.1398-9995.2011.02656.x 

AAP. (2000). Hypoallergenic infant formulas. Pediatrics, 106(2), 346–349. Retrieved 
from http://www.ncbi.nlm.nih.gov/pubmed/10920165 

Achouri, A., Boye, J. I., Yaylayan, V. A., & Yeboah, F. K. (2006). Functional Properties 
of Glycated Soy 11S Glycinin. Journal of Food Science, 70(4), C269–C274. 
http://doi.org/10.1111/j.1365-2621.2005.tb07172.x 

Adachi, M., Kanamori, J., Masuda, T., Yagasaki, K., Kitamura, K., Mikami, B., & 
Utsumi, S. (2003). Crystal structure of soybean 11S globulin: glycinin A3B4 
homohexamer. Proceedings of the National Academy of Sciences of the United 
States of America, 100(12), 7395–400. http://doi.org/10.1073/pnas.0832158100 

Adler-Nissen, J. (1984). Control of the proteolytic reaction and of the level of bitterness 
in protein hydrolysis processes. Journal of Chemical Technology and 
Biotechnology. Biotechnology, 34(3), 215–222. 
http://doi.org/10.1002/jctb.280340311 

Adler-Nissen, J., & Olsen, H. S. (1979). The influence of peptide chain length on taste 
and functional properties of enzymatically modified soy protein. American Chemical 
Society, 125 – 136. 

Ames, J. M. (1992). The Maillard Reaction. In Biochemistry of Food Proteins (pp. 99–
153). Boston, MA: Springer US. http://doi.org/10.1007/978-1-4684-9895-0_4 

Anderson, G. H., & Moore, S. E. (2004). Dietary proteins in the regulation of food intake 
and body weight in humans. The Journal of Nutrition, 134(4), 974S–9S. Retrieved 
from http://www.ncbi.nlm.nih.gov/pubmed/15051857 

Anderson, G. H., Tecimer, S. N., Shah, D., & Zafar, T. A. (2004). Protein source, 
quantity, and time of consumption determine the effect of proteins on short-term 
food intake in young men. The Journal of Nutrition, 134(11), 3011–5. Retrieved 
from http://www.ncbi.nlm.nih.gov/pubmed/15514267 

Anderson, J. W., Johnstone, B. M., & Cook-Newell, M. E. (1995). Meta-Analysis of the 
Effects of Soy Protein Intake on Serum Lipids. New England Journal of Medicine, 
333(5), 276–282. http://doi.org/10.1056/NEJM199508033330502 

AOAC 990.03. (1989). AOAC Official Method 990.03: Protein (Crude) in Animal Feed. 
Journal of the AOAC, 72, 72. 



 

 98 

Aoyama, T., Fukui, K., Nakamori, T., Hashimoto, Y., Yamamoto, T., Takamatsu, K., & 
Sugano, M. (2000). Effect of Soy and Milk Whey Protein Isolates and Their 
Hydrolysates on Weight Reduction in Genetically Obese Mice. Bioscience, 
Biotechnology, and Biochemistry, 64(12), 2594–2600. 
http://doi.org/10.1271/bbb.64.2594 

Babiker, E. E. (2000). Effect of transglutaminase treatment on the functional properties of 
native and chymotrypsin-digested soy protein. Food Chemistry, 70(2), 139–145. 
http://doi.org/10.1016/S0308-8146(99)00231-9 

Babiker, E. fadil E., Hiroyuki, A., Matsudomi, N., Iwata, H., Ogawa, T., Bando, N., & 
Kato, A. (1998). Effect of Polysaccharide Conjugation or Transglutaminase 
Treatment on the Allergenicity and Functional Properties of Soy Protein. Journal of 
Agricultural and Food Chemistry, 46(3), 866–871. http://doi.org/10.1021/jf9705072 

Badley, R. A., Atkinson, D., Hauser, H., Oldani, D., Green J.P., & Stubbs, J. M. (1974). 
The structure, physical, and chemical properties of the soy bean protein glycinin. 
Biochimica et Biophysica Acta, (412), 214–228. Retrieved from http://ac.els-
cdn.com/0005279575900367/1-s2.0-0005279575900367-main.pdf?_tid=c9de579e-
4ec6-11e6-9cf7-
00000aab0f01&acdnat=1469052818_0913dbeb58ab01c8553b37febc102456 

Bainy, E. M., Tosh, S. M., Corredig, M., Poysa, V., & Woodrow, L. (2008). Varietal 
differences of carbohydrates in defatted soybean flour and soy protein isolate by-
products. Carbohydrate Polymers, 72(4), 664–672. 
http://doi.org/10.1016/j.carbpol.2007.10.008 

Baisier, W. M., & Labuza, T. P. (1992). Maillard browning kinetics in a liquid model 
system. Journal of Agricultural and Food Chemistry, 40(5), 707–713. 
http://doi.org/10.1021/jf00017a001 

Ballmer-Weber, B. K., Holzhauser, T., Scibilia, J., Mittag, D., Zisa, G., Ortolani, C., … 
Bindslev-Jensen, C. (2007). Clinical characteristics of soybean allergy in Europe: A 
double-blind, placebo-controlled food challenge study. Journal of Allergy and 
Clinical Immunology, 119(6), 1489–1496. http://doi.org/10.1016/j.jaci.2007.01.049 

Bando, N., Tsuji, H., Yamanishi, R., Nio, N., & Ogawa, T. (1996). Identification of the 
Glycosylation Site of a Major Soybean Allergen, Gly m Bd 30K. Bioscience, 
Biotechnology, and Biochemistry, 60(2), 347–348. 
http://doi.org/10.1271/bbb.60.347 

Barnum, A. M., & Lukacs, S. L. (2008). Food allergy among us childrens: trends in 
prevalence and hospitalization. NCHS data brief, no 10. Hyattsville. Retrieved from 
http://www.cdc.gov/nchs/products/databriefs/db10.htm 

Baslé, E., Joubert, N., & Pucheault, M. (2010). Protein Chemical Modification on 



 

 99 

Endogenous Amino Acids. Chemistry & Biology, 17(3), 213–227. 
http://doi.org/10.1016/j.chembiol.2010.02.008 

Boyce, J. A., Assa’ad, A., Burks, A. W., Jones, S. M., Sampson, H. A., Wood, R. A., … 
Schwaninger, J. M. (2010). Guidelines for the Diagnosis and Management of Food 
Allergy in the United States: Summary of the NIAID-Sponsored Expert Panel 
Report. Journal of Allergy and Clinical Immunology, 126(6), 1105–1118. 
http://doi.org/10.1016/j.jaci.2010.10.008 

Burks, A. W., Williams, L. ., Helm, R. M., Thresher, W., Brooks, J. R., & Sampson, H. 
A. (1991). Identification of soy protein allergens in patients with atopic dermatitis 
and positive soy challenges: determination of change in allergenicity after heating or 
enzymatic digestion. Advances in Experimental Medical Biology, (289), 295 – 307. 

Cabodevila, O., Hill, S. E., Armstrong, H. J., Sousa, I., & Mitchell, J. R. (1994). Gelation 
Enhancement of Soy Protein Isolate using the Maillard Reaction and High 
Temperatures. Journal of Food Science, 59(4), 872–875. 
http://doi.org/10.1111/j.1365-2621.1994.tb08147.x 

Cameron, D. R., Weber, M. E., Idziak, E. S., Neufeld, R. J., & Cooper, D. G. (1991). 
Determination of interfacial areas in emulsions using turbidimetric and droplet size 
data: correction of the formula for emulsifying activity index. Journal of 
Agricultural and Food Chemistry, 39(4), 655–659. 
http://doi.org/10.1021/jf00004a005 

Chiang, W.-D., Shih, C.-J., & Chu, Y.-H. (1999). Functional properties of soy protein 
hydrolysate produced from a continuous membrane reactor system. Food Chemistry, 
65(2), 189–194. http://doi.org/10.1016/S0308-8146(98)00193-9 

Collier, P. D., Cromie, D. D. O., & Davies, A. P. (1991). Mechanism of formation of 
chloropropanols present in protein hydrolysates. Journal of the American Oil 
Chemists Society, 68(10), 785–790. http://doi.org/10.1007/BF02662173 

Consumer attitudes about nutrition, health, and soyfoods: 23rd annual survey. (2016). 
Retrieved from http://www.soyconnection.com/bite-2016 

Damodaran, S. (2008). Amino Acids, Peptides, and Proteins. In S. Damodaran, K. L. 
Parkin, & O. R. Fennema (Eds.), Fennema’s Food Chemistry (4th ed., pp. 217–323). 
Boca Raton: Taylor & Francis. 

Davis, J. P., Doucet, D., & Foegeding, E. A. (2005). Foaming and interfacial properties 
of hydrolyzed β-lactoglobulin. Journal of Colloid and Interface Science, 288(2), 
412–422. http://doi.org/10.1016/j.jcis.2005.03.002 

de Oliveira, F. C., Coimbra, J. S. D. R., de Oliveira, E. B., Zuñiga, A. D. G., & Rojas, E. 
E. G. (2016). Food Protein-polysaccharide Conjugates Obtained via the Maillard 



 

 100 

Reaction: A Review. Critical Reviews in Food Science and Nutrition, 56(7), 1108–
25. http://doi.org/10.1080/10408398.2012.755669 

Deibert, P., König, D., Schmidt-Trucksaess, A., Zaenker, K. S., Frey, I., Landmann, U., 
& Berg, A. (2004). Weight loss without losing muscle mass in pre-obese and obese 
subjects induced by a high-soy-protein diet. International Journal of Obesity, 
28(10), 1349–1352. http://doi.org/10.1038/sj.ijo.0802765 

Diftis, N., & Kiosseoglou, V. (2006). Physicochemical properties of dry-heated soy 
protein isolate–dextran mixtures. Food Chemistry, 96(2), 228–233. 
http://doi.org/10.1016/j.foodchem.2005.02.036 

Eslie, W. D., & Cheryan, M. (1981). Continuous Enzymatic Modification of Proteins in 
an Ultrafiltration Reactor. Journal of Food Science, 46(4), 1035–1042. 
http://doi.org/10.1111/j.1365-2621.1981.tb02987.x 

Evans, M., Ratcliffe, I., & Williams, P. A. (2013). Emulsion stabilisation using 
polysaccharide–protein complexes. Current Opinion in Colloid & Interface Science, 
18(4), 272–282. http://doi.org/10.1016/j.cocis.2013.04.004 

FARP. (2016). AllergenOnline. Retrieved June 29, 2016, from 
http://www.allergenonline.org/databasebrowse.shtml 

Fontes, E. P. B., Moreira, M. A., Davies, C. S., & Nielsen, N. C. (1984). Urea-Elicited 
Changes in Relative Electrophoretic Mobility of Certain Glycinin and beta-
Conglycinin Subunits. PLANT PHYSIOLOGY, 76(3), 840–842. 
http://doi.org/10.1104/pp.76.3.840 

Franck, P., Moneret Vautrin, D. A., Dousset, B., Kanny, G., Nabet, P., Guénard-Bilbaut, 
L., & Parisot, L. (2002). The Allergenicity of Soybean-Based Products Is Modified 
by Food Technologies. International Archives of Allergy and Immunology, 128(3), 
212–219. http://doi.org/10.1159/000064254 

Friedman, M., & Brandon, D. L. (2001). Nutritional and Health Benefits of Soy Proteins. 
Journal of Agricultural and Food Chemistry, 49(3), 1069–1086. 
http://doi.org/10.1021/jf0009246 

Fukushima, D. (2011). Soy Proteins. In G. O. Phillips & P. . Williams (Eds.), Handbook 
of Food Proteins (pp. 210–232). Philadelphia: Woodhead Publishiing. Retrieved 
from 
https://app.knovel.com/web/view/swf/show.v/rcid:kpHFP00021/cid:kt009YAPP3/vi
ewerType:pdf/root_slug:handbook-food-proteins?cid=kt009YAPP3&page=1&b-
toc-cid=kpHFP00021&b-toc-root-slug=handbook-food-proteins&b-toc-url-
slug=soy-proteins&b-toc-title=Handbook of 

Gillman, L. (2014). The Impact of Moisture-Induced Aggregation of Soy Protein Isolate 



 

 101 

and Hydrolysate During Storage on Product and Nutritional Quality. University of 
Minnesota. 

Goodno, C. C., Swaisgood, H. E., & Catignani, G. L. (1981). A fluorimetric assay for 
available lysine in proteins. Analytical Biochemistry, 115(1), 203–211. 
http://doi.org/10.1016/0003-2697(81)90547-9 

Gruber, P., Becker, W.-M., & Hofmann, T. (2005). Influence of the Maillard Reaction on 
the Allergenicity of rAra h 2, a Recombinant Major Allergen from Peanut ( Arachis 
hypogaea ), Its Major Epitopes, and Peanut Agglutinin. Journal of Agricultural and 
Food Chemistry, 53(6), 2289–2296. http://doi.org/10.1021/jf048398w 

Gruber, P., Vieths, S., Wangorsch, A., Nerkamp, J., & Hofmann, T. (2004). Maillard 
Reaction and Enzymatic Browning Affect the Allergenicity of Pru av 1, the Major 
Allergen from Cherry (Prunus avium). Journal of Agricultural and Food Chemistry, 
52, 4002–4007. 

Health claims: Soy protein and risk of coronary heart disease (CHD)., Pub. L. No. 21 
CFR 101.82 (1999). Retrieved from http://www.ecfr.gov/cgi-bin/text-
idx?SID=19c9ca52ed76671adcdacfbc63edfa4e&mc=true&node=se21.2.101_182&r
gn=div8 

Herian, A. M., Taylor, S. L., & Bush, R. K. (1990). Identification of Soybean Allergens 
by Immunoblotting with Sera from Soy-Allergic Adults. International Archives of 
Allergy and Immunology, 92(2), 193–198. http://doi.org/10.1159/000235213 

Herman, E. M. (1987). Immunogold-localization and synthesis of an oil-body membrane 
protein in developing soybean seeds. Planta, 172(3), 336–345. 
http://doi.org/10.1007/BF00398662 

Ho, M. H.-K., Wong, W. H.-S., & Chang, C. (2014). Clinical Spectrum of Food 
Allergies: a Comprehensive Review. Clinical Reviews in Allergy & Immunology, 
46(3), 225–240. http://doi.org/10.1007/s12016-012-8339-6 

Hodge, J. E. (1953). Dehydrated Foods, Chemistry of Browning Reactions in Model 
Systems. Journal of Agricultural and Food Chemistry, 1(15), 928–943. 
http://doi.org/10.1021/jf60015a004 

Holzhauser, T., Wackermann, O., Ballmer-Weber, B. K., Bindslev-Jensen, C., Scibilia, J., 
Perono-Garoffo, L., … Vieths, S. (2009). Soybean (Glycine max) allergy in Europe: 
Gly m 5 (β-conglycinin) and Gly m 6 (glycinin) are potential diagnostic markers for 
severe allergic reactions to soy. Journal of Allergy and Clinical Immunology, 
123(2), 452–458.e4. http://doi.org/10.1016/j.jaci.2008.09.034 

Howard, P. A., Lehnhardt, W. F., & Orthoefer, F. T. (1983). 7S and 11S vegetable 
protein fraction and isolation. United States. 



 

 102 

Ilchmann, A., Burgdorf, S., Scheurer, S., Waibler, Z., Nagai, R., Wellner, A., … Toda, 
M. (2010). Glycation of a food allergen by the Maillard reaction enhances its T-cell 
immunogenicity: Role of macrophage scavenger receptor class A type I and II. 
Journal of Allergy and Clinical Immunology, 125(1), 175–183.e11. 
http://doi.org/10.1016/j.jaci.2009.08.013 

Innova. (2016). Innova Market Insights Top 2016 Trends. In Institute of Food 
Technology’s Annual Meeting and Food Expo. Chicago. 

IRI. (2016). 2015 New Product Pacesetters. Chicago. Retrieved from 
http://www.iriworldwide.com/en-US/Insights/news/-IRI-Announces-Most-
Successful-nbsp;Consumer-Packa 

Iritani, N., Hosomi, H., Fukuda, H., Tada, K., & Ikeda, H. (1996). Soybean protein 
suppresses hepatic lipogenic enzyme gene expression in Wistar fatty rats. Journal of 
Nutrition, 126, 380–388. Retrieved from 
http://jn.nutrition.org/content/126/2/380.full.pdf 

Iritani, N., Sugimoto, T., Fukuda, H., Komiya, M., & Ikeda, H. (1997). Dietary soybean 
protein increases insulin receptor gene expression in Wistar fatty rats when dietary 
polyunsaturated fatty acid level is low. The Journal of Nutrition, 127(6), 1077–83. 
Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/9187620 

Iwabuchi, S., & Yamauchi, F. (1987). Determination of glycinin and .beta.-conglycinin in 
soybean proteins by immunological methods. Journal of Agricultural and Food 
Chemistry, 35(2), 200–205. http://doi.org/10.1021/jf00074a009 

Iwanaga, D., Gray, D. A., Fisk, I. D., Decker, E. A., Weiss, J., & McClements, D. J. 
(2007). Extraction and Characterization of Oil Bodies from Soy Beans: A Natural 
Source of Pre-Emulsified Soybean Oil. Journal of Agricultural and Food Chemistry, 
55(21), 8711–8716. http://doi.org/10.1021/jf071008w 

Jiménez-Castaño, L., Villamiel, M., & López-Fandiño, R. (2007). Glycosylation of 
individual whey proteins by Maillard reaction using dextran of different molecular 
mass. Food Hydrocolloids, 21(3), 433–443. 
http://doi.org/10.1016/j.foodhyd.2006.05.006 

Johnston, L. K., Chien, K. B., & Bryce, P. J. (2014). The Immunology of Food Allergy. 
The Journal of Immunology, 192(6), 2529–2534. 
http://doi.org/10.4049/jimmunol.1303026 

Jung, S., Murphy, P. A., & Johnson, L. A. (2005). Physicochemical and Functional 
Properties of Soy Protein Substrates Modified by Low Levels of Protease 
Hydrolysis. Journal of Food Science, 70(2), C180–C187. 
http://doi.org/10.1111/j.1365-2621.2005.tb07080.x 



 

 103 

Kato, A. (2002). Industrial Applications of Maillard-Type Protein-Polysaccharide 
Conjugates. Food Science and Technology Research, 8(3), 193–199. 
http://doi.org/10.3136/fstr.8.193 

Ketchum, H., & Bright, E. (2016). OU Human Physiology: Diseases Associated with 
Depressed or Overactive Immune Responses e. Retrieved from 
https://cnx.org/contents/MLDVcZke@1/OU-Human-Physiology-Diseases-A#fig-
ch22_06_01 

Kinsella, J. E. (1979). Functional properties of soy proteins. Journal of the American Oil 
Chemists’ Society, 56(3), 242–258. http://doi.org/10.1007/BF02671468 

Koide, T., & Ikenaka, T. (1973). Soybean trypsin inhibitors_1. Fragmentation of soybean 
trypsin inhibitor (Kunitz) by limited proteolysis and by chemical cleavage. 
European Journal of Biochemistry, 32, 401–407. 

Kong, X., Li, X., Wang, H., Hua, Y., & Huang, Y. (2008). Effect of lipoxygenase activity 
in defatted soybean flour on the gelling properties of soybean protein isolate. Food 
Chemistry, 106(3), 1093–1099. http://doi.org/10.1016/j.foodchem.2007.07.050 

Koshiyama, I. (1966). Carbohydrate Component in 7S Protein of Soybean Casein 
Fraction. Agricultural and Biological Chemistry, 30(7), 646–650. 
http://doi.org/10.1080/00021369.1966.10858660 

Koshiyama, I. (1972). A Comparison of Soybean Globulins and the Protein Bodies in the 
Protein Composition. Bioscience, Biotechnology, and Biochemistry, 36(1), 62–67. 

Koshiyama, I., Kikuchi, M., & Fukushima, D. (1981). 2S globulins of soybean seeds. 2. 
Physicochemical and biological properties of protease inhibitors in 2S globulins. 
Journal of Agricultural and Food Chemistry, 29(2), 340–343. 
http://doi.org/10.1021/jf00104a030 

Kraft, S., & Kinet, J.-P. (2007). New developments in FcεRI regulation, function and 
inhibition. Nature Reviews Immunology, 7(5), 365–378. 
http://doi.org/10.1038/nri2072 

L’Hocine, L., & Boye, J. I. (2007). Allergenicity of Soybean: New Developments in 
Identification of Allergenic Proteins, Cross-Reactivities and Hypoallergenization 
Technologies. Critical Reviews in Food Science and Nutrition, 47(2), 127–143. 
http://doi.org/10.1080/10408390600626487 

LAEMMLI, U. K. (1970). Cleavage of Structural Proteins during the Assembly of the 
Head of Bacteriophage T4. Nature, 227(5259), 680–685. 
http://doi.org/10.1038/227680a0 

Lamsal, B. P., Jung, S., & Johnson, L. A. (2007). Rheological properties of soy protein 



 

 104 

hydrolysates obtained from limited enzymatic hydrolysis. LWT - Food Science and 
Technology, 40(7), 1215–1223. http://doi.org/10.1016/j.lwt.2006.08.021 

Lang, V., Bellisle, F., Oppert, J. M., Craplet, C., Bornet, F. R., Slama, G., & Guy-Grand, 
B. (1998). Satiating effect of proteins in healthy subjects: a comparison of egg 
albumin, casein, gelatin, soy protein, pea protein, and wheat gluten. The American 
Journal of Clinical Nutrition, 67(6), 1197–204. Retrieved from 
http://www.ncbi.nlm.nih.gov/pubmed/9625093 

Larché, M., Akdis, C. A., & Valenta, R. (2006). Immunological mechanisms of allergen-
specific immunotherapy. Nature Reviews Immunology, 6(10), 761–771. 
http://doi.org/10.1038/nri1934 

Lee, H.-W., Keum, E.-H., Lee, S.-J., Sung, D.-E., Chung, D.-H., Lee, S.-I., & Oh, S. 
(2007). Allergenicity of Proteolytic Hydrolysates of the Soybean 11S Globulin. 
Journal of Food Science, 72(3), C168–C172. http://doi.org/10.1111/j.1750-
3841.2007.00307.x 

Lee, J. O., Lee, S. I., Cho, S. H., Oh, C. K., & Ryu, C. H. (2004). A new technique to 
produce hypoallergenic soybean proteins using three different fermenting 
microorganism. Journal of Allergy and Clinical Immunology, 113(2). 
http://doi.org/10.1016/j.jaci.2004.01.320 

Liu, K. (1997). Chemistry and Nutritional Value of Soybean Components. In Soybeans 
(pp. 25–113). Boston, MA: Springer US. http://doi.org/10.1007/978-1-4615-1763-
4_2 

Maillard, L. C. (1912). Action of amino acids on sugars: formation of melanoidins in a 
methodical way. Compt. Rend, 66–154. 

Mao, L.-C., Lee, K.-H., & Erbersdobler, H. F. (1993). Effects of heat treatment on lysine 
in soya protein. Journal of the Science of Food and Agriculture, 62(3), 307–309. 
http://doi.org/10.1002/jsfa.2740620316 

Mao, Y., Lai, C., Vogtentanz, G., Schmidt, B., Day, T., Miller, J., … Chen, D. (2005). 
Monoclonal Antibodies Against Soybean Bowman-Birk Inhibitor Recognize the 
Protease-Reactive Loops. The Protein Journal, 24(5), 275–282. 
http://doi.org/10.1007/s10930-005-6748-6 

Margatan, W., Ruud, K., Wang, Q., Markowski, T., & Ismail, B. (2013). Angiotensin 
converting enzyme inhibitory activity of soy protein subjected to selective 
hydrolysis and thermal processing. Journal of Agricultural and Food Chemistry, 
61(14), 3460–7. http://doi.org/10.1021/jf4001555 

MarketsandMarkets. (2016). Soy Protein Ingredients Market by Type, Application, and 
Region - Global Trends & Forecast to 2020. Magarpatta. Retrieved from 



 

 105 

http://www.marketsandmarkets.com/PressReleases/soy-protein-ingredients.asp 

Martinez-Villaluenga, C., Dia, V. P., Berhow, M., Bringe, N. A., & Gonzalez de Mejia, 
E. (2009). Protein hydrolysates from β-conglycinin enriched soybean genotypes 
inhibit lipid accumulation and inflammation in vitro. Molecular Nutrition & Food 
Research, 53(8), 1007–1018. http://doi.org/10.1002/mnfr.200800473 

Martinez-Villaluenga, C., Rupasinghe, S. G., Schuler, M. A., & Gonzalez de Mejia, E. 
(2010). Peptides from purified soybean β-conglycinin inhibit fatty acid synthase by 
interaction with the thioesterase catalytic domain. FEBS Journal, 277(6), 1481–
1493. http://doi.org/10.1111/j.1742-4658.2010.07577.x 

Martins, S. I. F. ., Jongen, W. M. ., & van Boekel, M. A. J. . (2000). A review of Maillard 
reaction in food and implications to kinetic modelling. Trends in Food Science & 
Technology, 11(9), 364–373. http://doi.org/10.1016/S0924-2244(01)00022-X 

Maruyama, N., Adachi, M., Takahashi, K., Yagasaki, K., Kohno, M., Takenaka, Y., … 
Utsumi, S. (2001). Crystal structures of recombinant and native soybean β-
conglycinin β homotrimers. European Journal of Biochemistry, 268(12), 3595–
3604. http://doi.org/10.1046/j.1432-1327.2001.02268.x 

Maruyama, N., Mohamed Salleh, M. R., Takahashi, K., Yagasaki, K., Goto, H., Hontani, 
N., … Utsumi, S. (2002). Structure−Physicochemical Function Relationships of 
Soybean β-Conglycinin Heterotrimers. Journal of Agricultural and Food Chemistry, 
50(15), 4323–4326. http://doi.org/10.1021/jf0117053 

Maruyama, N., Salleh, M. R. M., Takahashi, K., Yagasaki, K., Goto, H., Hontani, N., … 
Utsumi, S. (2002). The effect of the N-linked glycans on structural features and 
physicochemical functions of soybean β-conglycinin homotrimers. Journal of the 
American Oil Chemists’ Society, 79(2), 139–144. http://doi.org/10.1007/s11746-
002-0448-z 

Mashayekh, M., Mahmoodi, M. R., & Entezari, M. H. (2008). Effect of fortification of 
defatted soy flour on sensory and rheological properties of wheat bread. 
International Journal of Food Science & Technology, 43(9), 1693–1698. 
http://doi.org/10.1111/j.1365-2621.2008.01755.x 

Matemu, A. O., Kayahara, H., Murasawa, H., Katayama, S., & Nakamura, S. (2011). 
Improved emulsifying properties of soy proteins by acylation with saturated fatty 
acids. Food Chemistry, 124(2), 596–602. 
http://doi.org/10.1016/j.foodchem.2010.06.081 

Matoba, T., & Hata, T. (1972). Relationship between Bitterness of Peptides and their 
Chemical Structures. Agricultural and Biological Chemistry, 36(8), 1423–1431. 
http://doi.org/10.1080/00021369.1972.10860410 



 

 106 

Meinlschmidt, P., Sussmann, D., Schweiggert-Weisz, U., & Eisner, P. (2016). Enzymatic 
treatment of soy protein isolates: effects on the potential allergenicity, 
technofunctionality, and sensory properties. Food Science & Nutrition, 4(1), 11–23. 
http://doi.org/10.1002/fsn3.253 

Mikkelsen, P. B., Toubro, S., & Astrup, A. (2000). Effect of fat-reduced diets on 24-h 
energy expenditure: comparisons between animal protein, vegetable protein, and 
carbohydrate. The American Journal of Clinical Nutrition, 72(5), 1135–41. 
Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/11063440 

Miralles, B., Martínez-Rodríguez, A., Santiago, A., van de Lagemaat, J., & Heras, A. 
(2007). The occurrence of a Maillard-type protein-polysaccharide reaction between 
β-lactoglobulin and chitosan. Food Chemistry, 100(3), 1071–1075. 
http://doi.org/10.1016/j.foodchem.2005.11.009 

Mo, X., Zhong, Z., Wang, D., & Sun, X. (2006). Soybean Glycinin Subunits: 
Characterization of Physicochemical and Adhesion Properties. Journal of 
Agricultural and Food Chemistry, 54(20), 7589–7593. 
http://doi.org/10.1021/jf060780g 

Mojica, L., Dia, V. P., & de Mejia, E. G. (2015). Soy Proteins. In Z. Ustunol (Ed.), 
Applied Food Protein Chemistry (pp. 141 – 191). Holboken: Wiley. Retrieved from 
http://site.ebrary.com/lib/uminnesota/detail.action?docID=11011828 

Mori, T., Nakamura, T., & Utsumi, S. (1982). Gelation Mechanism of Soybean 11S 
Globulin: Formation of Soluble Aggregates as Transient Intermediates. Journal of 
Food Science, 47(1), 26–30. http://doi.org/10.1111/j.1365-2621.1982.tb11019.x 

Morr, C. V., German, B., Kinsella, J. E., Regenstein, J. M., Buren, J. P. VAN, KILARA, 
A., … Mangino, M. E. (1985). A Collaborative Study to Develop a Standardized 
Food Protein Solubility Procedure. Journal of Food Science, 50(6), 1715–1718. 
http://doi.org/10.1111/j.1365-2621.1985.tb10572.x 

Murphy, P. A., & Resurreccion, A. P. (1984). Varietal and environmental differences in 
soybean glycinin and .beta.-conglycinin content. Journal of Agricultural and Food 
Chemistry, 32(4), 911–915. http://doi.org/10.1021/jf00124a052 

Nakamura, A., Watanabe, K., Ojima, T., Ahn, D.-H., & Saeki, H. (2005). Effect of 
Maillard Reaction on Allergenicity of Scallop Tropomyosin. Journal of Agricultural 
and Food Chemistry, 53(19), 7559–7564. http://doi.org/10.1021/jf0502045 

Nakamura, T., Utsumi, S., & Mori, T. (1986). Mechanism of Heat-Induced Gelation and 
Gel Properties of Soybean 7S Globulin. Agricultural and Biological Chemistry, 
50(5), 1287–1293. http://doi.org/10.1080/00021369.1986.10867555 

National Kidney Foundation. (2002). K/DOQI Clinical practice guidelines for chronic 



 

 107 

kidney disease: evaluation, classification, and stratification. Retrieved from 
http://www2.kidney.org/professionals/kdoqi/guidelines_ckd/p6_comp_g9.htm 

Nesbit, J. B., Hurlburt, B. K., Schein, C. H., Cheng, H., Wei, H., & Maleki, S. J. (2012). 
Ara h 1 structure is retained after roasting and is important for enhanced binding to 
IgE. Molecular Nutrition & Food Research, 56(11), 1739–1747. 
http://doi.org/10.1002/mnfr.201100815 

Nielsen, N. C., Dickinson, C. D., Cho, T. J., Thanh, V. H., Scallon, B. J., Fischer, R. L., 
… Goldberg, R. B. (1989). Characterization of the Glycinin Gene Family in 
Soybean. THE PLANT CELL ONLINE, 1(3), 313–328. 
http://doi.org/10.1105/tpc.1.3.313 

Nielsen, P. M., Petersen, D., & Dambmann, C. (2001). Improved Method for 
Determining Food Protein Degree of Hydrolysis. Journal of Food Science, 66(5), 
642–646. http://doi.org/10.1111/j.1365-2621.2001.tb04614.x 

Nishi, T., Hara, H., & Tomita, F. (2003). Soybean beta-conglycinin peptone suppresses 
food intake and gastric emptying by increasing plasma cholecystokinin levels in rats. 
The Journal of Nutrition, 133(2), 352–7. Retrieved from 
http://www.ncbi.nlm.nih.gov/pubmed/12566466 

Nishinari, K., Fang, Y., Guo, S., & Phillips, G. O. (2014). Soy proteins: A review on 
composition, aggregation and emulsification. Food Hydrocolloids, 39, 301–318. 
http://doi.org/10.1016/j.foodhyd.2014.01.013 

Nowak-Węgrzyn, A., & Sampson, H. A. (2011). Future therapies for food allergies. 
Journal of Allergy and Clinical Immunology, 127(3), 558–573. 
http://doi.org/10.1016/j.jaci.2010.12.1098 

NPD. (2014). Protein perceptions and needs. Port Washington. Retrieved from 
https://www.npd.com/wps/portal/npd/us/news/press-releases/us-consumers-want-
more-protein-in-their-diets-and-look-to-a-range-of-sources-for-it/ 

Ogawa, T., Tsuji, H., Bando, N., Kitamura, K., Zhu, Y.-L., Hirano, H., & Nishikawa, K. 
(1993). Identification of the Soybean Allergenic Protein, Gly m Bd 30K, with the 
Soybean Seed 34-kDa Oil-body-associated Protein. Bioscience, Biotechnology, and 
Biochemistry, 57(6), 1030–1033. 

Oliver, C. M., Melton, L. D., & Stanley, R. A. (2006). Creating Proteins with Novel 
Functionality via the Maillard Reaction: A Review. Critical Reviews in Food 
Science and Nutrition, 46(4), 337–350. http://doi.org/10.1080/10408690590957250 

Paddon-Jones, D., Westman, E., Mattes, R. D., Wolfe, R. R., Astrup, A., & Westerterp-
Plantenga, M. (2008a). Protein, weight management, and satiety. Am J Clin Nutr, 
87(5), 1558S–1561. Retrieved from 



 

 108 

http://ajcn.nutrition.org/content/87/5/1558S.long 

Paddon-Jones, D., Westman, E., Mattes, R. D., Wolfe, R. R., Astrup, A., & Westerterp-
Plantenga, M. (2008b). Protein, weight management, and satiety. The American 
Journal of Clinical Nutrition, 87(5), 1558S–1561S. Retrieved from 
http://www.ncbi.nlm.nih.gov/pubmed/18469287 

Panda, R., Tetteh, A. O., Pramod, S. N., & Goodman, R. E. (2015). Enzymatic 
Hydrolysis Does Not Reduce the Biological Reactivity of Soybean Proteins for All 
Allergic Subjects. Journal of Agricultural and Food Chemistry, 63(43), 9629–9639. 
http://doi.org/10.1021/acs.jafc.5b02927 

Parkin, K. L. (2008). Enzymes. In S. Damodaran, K. L. Parkin, & O. r. Fennema (Eds.), 
Fennema’s Food Chemistry (4th ed., pp. 332–429). Boca Raton: CRC Press. 

Pearce, K. N., & Kinsella, J. E. (1978). Emulsifying properties of proteins: evaluation of 
a turbidimetric technique. Journal of Agricultural and Food Chemistry, 26(3), 716–
723. http://doi.org/10.1021/jf60217a041 

Petruccelli, S., & Anon, M. C. (1995). Soy Protein Isolate Components and Their 
Interactions. Journal of Agricultural and Food Chemistry, 43(7), 1762–1767. 
http://doi.org/10.1021/jf00055a004 

Potter, S. M., Baum, J. A., Teng, H., Stillman, R. J., Shay, N. F., & Erdman, J. W. 
(1998). Soy protein and isoflavones: their effects on blood lipids and bone density in 
postmenopausal women. The American Journal of Clinical Nutrition, 68(6 Suppl), 
1375S–1379S. Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/9848502 

Puppo, M. C., & Añón, M. C. (1998). Structural Properties of Heat-Induced Soy Protein 
Gels As Affected by Ionic Strength and pH. Journal of Agricultural and Food 
Chemistry, 46(9), 3583–3589. http://doi.org/10.1021/jf980006w 

Rackis, J. (1975). Oligosaccharides of food legumes: alpha-galactosidase activity and 
flatus problem. In J. Jeanes & J. Hodge (Eds.), Physiological effects of food 
carbohydrates (pp. 207 –222). Washington D.C.: American Ch. 

Rackis, J. J., Wolf, W. J., & Baker, E. C. (1986). Protease Inhibitors in Plant Foods: 
Content and Inactivation (pp. 299–347). Springer US. http://doi.org/10.1007/978-1-
4757-0022-0_19 

Rao, Q., Rocca-Smith, J. R., Schoenfuss, T. C., & Labuza, T. P. (2012). Accelerated 
shelf-life testing of quality loss for a commercial hydrolysed hen egg white powder. 
Food Chemistry, 135(2), 464–72. http://doi.org/10.1016/j.foodchem.2012.05.025 

Rhim, J. W., Wu, Y., Weller, C. L., & Schnepf, M. (1999). Physical Characteristics of a 
Composite Film of Soy Protein Isolate and Propyleneglycol Alginate. Journal of 



 

 109 

Food Science, 64(1), 149–152. http://doi.org/10.1111/j.1365-2621.1999.tb09880.x 

Riaz, M. N. (2004). Texturized soy protein as an ingredient. In R. Yada (Ed.), Proteins in 
food processing (pp. 517 – 549). Boca Raton: CRC Press. Retrieved from 
https://app.knovel.com/web/view/swf/show.v/rcid:kpPFP00004/cid:kt003RO3IB/vie
werType:pdf/root_slug:proteins-in-food-processing?cid=kt003RO3IB&page=1&b-
toc-cid=kpPFP00004&b-toc-root-slug=proteins-in-food-processing&b-toc-url-
slug=texturized-soy-protein&b-t 

Rickert, D. A., Johnson, L. A., & Murphy, P. A. (2006). Functional Properties of 
Improved Glycinin and β-nglycinin Fractions. Journal of Food Science, 69(4), 
FCT303–FCT311. http://doi.org/10.1111/j.1365-2621.2004.tb06332.x 

Rivas, H. J., & Sherman, P. (1984). Soy and meat proteins as emulsion stabilizers. 4. The 
stability and interfacial rheology of O/W emulsions stabilised by soy and meat 
protein fractions. Colloids and Surfaces, 11(1), 155–171. 
http://doi.org/10.1016/0166-6622(84)80244-9 

Samoto, M., Fukuda, Y., Takahashi, K., Tabuchi, K., Hiemori, M., Tsuji, H., … 
Kawamura, Y. (1997). Substantially Complete Removal of Three Major Allergenic 
Soybean Proteins ( Gly m Bd 30K, Gly m Bd 28K, and the α -Subunit of 
Conglycinin) from Soy Protein by Using a Mutant Soybean, Tohoku 124. 
Bioscience, Biotechnology, and Biochemistry, 61(12), 2148–2150. 
http://doi.org/10.1271/bbb.61.2148 

Samoto, M., Maebuchi, M., Miyazaki, C., Kugitani, H., Kohno, M., Hirotsuka, M., & 
Kito, M. (2007). Abundant proteins associated with lecithin in soy protein isolate. 
Food Chemistry, 102(1), 317–322. http://doi.org/10.1016/j.foodchem.2006.05.054 

SAMOTO, M., MIYAZAKI, C., KANAMORI, J., AKASAKA, T., & KAWAMURA, Y. 
(1998). Improvement of the Off-flavor of Soy Protein Isolate by Removing Oil-body 
Associated Proteins and Polar Lipids. Bioscience, Biotechnology, and Biochemistry, 
62(5), 935–940. http://doi.org/10.1271/bbb.62.935 

Sanmartín, E., Arboleya, J. C., Villamiel, M., & Moreno, F. J. (2009). Recent Advances 
in the Recovery and Improvement of Functional Proteins from Fish Processing By-
Products: Use of Protein Glycation as an Alternative Method. Comprehensive 
Reviews in Food Science and Food Safety, 8(4), 332–344. 
http://doi.org/10.1111/j.1541-4337.2009.00083.x 

Sathe, S., Lilley, C. G., Mason, A. C., & Weaver, C. (1987). High-resoltuion sodium 
dodecyl sulfate polyacrylamide gel electrophoresis of soybean (Glycine max L.) 
seed proteins. Cereal Chemistry, 64(6), 380–384. 

Sato, K., Yamagishi, T., Kamata, Y., & Yamauchi, F. (1987). Subunit structure and 
immunological properties of a basic 7s globulin from soybean seeds. 



 

 110 

Phytochemistry, 26(4), 903–908. http://doi.org/10.1016/S0031-9422(00)82314-6 

Sato, K., Yamagishi, T., & Yamauchi, F. (1986). Quantitative analysis of soybean 
proteins by densitometry on gel electrophoresis. Cereal Chemistry, 63(6), 493–496. 
Retrieved from http://agris.fao.org/agris-search/search.do?recordID=US882651688 

Sato, W., Kamata, Y., Fukuda, M., & Yamauchi, F. (1984). Improved isolation method 
and some properties of soybean gamma-conglycinin. Phytochemistry, 23(8), 1523–
1526. http://doi.org/10.1016/S0031-9422(00)83431-7 

Savage, J. H., Kaeding, A. J., Matsui, E. C., & Wood, R. A. (2010). The natural history 
of soy allergy. Journal of Allergy and Clinical Immunology, 125(3), 683–686. 
http://doi.org/10.1016/j.jaci.2009.12.994 

Seo, W. H., Lee, H. G., & Baek, H. H. (2007). Evaluation of Bitterness in Enzymatic 
Hydrolysates of Soy Protein Isolate by Taste Dilution Analysis. Journal of Food 
Science, 73(1), S41–S46. http://doi.org/10.1111/j.1750-3841.2007.00610.x 

Shih, F. F. (1994). Interaction of soy isolate with polysaccharide and its effect on film 
properties. Journal of the American Oil Chemists’ Society, 71(11), 1281–1285. 
http://doi.org/10.1007/BF02540552 

Sicherer, S. H. (2001). Clinical implications of cross-reactive food allergens. Journal of 
Allergy and Clinical Immunology, 108(6), 881–890. 
http://doi.org/10.1067/mai.2001.118515 

Sicherer, S. H. (2011). Epidemiology of food allergy. Journal of Allergy and Clinical 
Immunology, 127(3), 594–602. http://doi.org/10.1016/j.jaci.2010.11.044 

Sicherer, S. H., & Sampson, H. A. (2010). Food allergy. Journal of Allergy and Clinical 
Immunology, 125(2), S116–S125. http://doi.org/10.1016/j.jaci.2009.08.028 

Sikorski, Z. E., Pokorny, J., & Damodaran, S. (2008). Physical and chemical interactions 
of components in food systems. In S. Damodaran, K. L. Parkin, & O. R. Fennema 
(Eds.), Fennema’s Food Chemistry (4th ed., pp. 860–866). Boca Raton. 

Simopoulos, A. P. (1999). Essential fatty acids in health and chronic disease. The 
American Journal of Clinical Nutrition, 70, 560–569. 

Singh, P., Kumar, R., Sabapathy, S. N., & Bawa, A. S. (2008). Functional and Edible 
Uses of Soy Protein Products. Comprehensive Reviews in Food Science and Food 
Safety, 7(1), 14–28. http://doi.org/10.1111/j.1541-4337.2007.00025.x 

Staswick, P. E., Hermodson, M. A., & Nielsen, N. C. (1981). Identification of the acidic 
and basic subunit complexes of glycinin. The Journal of Biological Chemistry, 
256(16), 8752–5. Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/7263683 



 

 111 

Sternberg, M., Chiang, J. P., & Eberts, N. J. (1976). Cheese Whey Proteins Isolated with 
Polyacrylic Acid. Journal of Dairy Science, 59(6), 1042–1050. 
http://doi.org/10.3168/jds.S0022-0302(76)84321-4 

Stevenson, D. G., Doorenbos, R. K., Jane, J., & Inglett, G. E. (2006). Structures and 
Functional Properties of Starch From Seeds of Three Soybean (Glycine max (L.) 
Merr.) Varieties*. Starch - Stärke, 58(10), 509–519. 
http://doi.org/10.1002/star.200600534 

Sun, X. D. (2011). Enzymatic hydrolysis of soy proteins and the hydrolysates utilisation. 
International Journal of Food Science & Technology, 46(12), 2447–2459. 
http://doi.org/10.1111/j.1365-2621.2011.02785.x 

Sung, H.-Y., Chen, H.-J., Liu, T.-Y., & Su, J.-C. (1983). Improvement of the 
Functionalities of Soy Protein Isolate through Chemical Phosphorylation. Journal of 
Food Science, 48(3), 716–721. http://doi.org/10.1111/j.1365-2621.1983.tb14882.x 

Tham, D. M., Gardner, C. D., & Haskell, W. L. (1998). Potential Health Benefits of 
Dietary Phytoestrogens: A Review of the Clinical, Epidemiological, and 
Mechanistic Evidence 1. The Journal of Clinical Endocrinology & Metabolism, 
83(7), 2223–2235. http://doi.org/10.1210/jcem.83.7.4752 

Thanh, V. H., & Shibasaki, K. (1977). Beta-conglycinin from soybean proteins. Isolation 
and immunological and physicochemical properties of the monomeric forms. 
Biochimica et Biophysica Acta (BBA) - Protein Structure, 490(2), 370–384. 
http://doi.org/10.1016/0005-2795(77)90012-5 

Thanh, V. H., & Shibasaki, K. (1978). Major proteins of soybean seeds. Subunit structure 
of .beta.-conglycinin. Journal of Agricultural and Food Chemistry, 26(3), 692–695. 
http://doi.org/10.1021/jf60217a026 

Tsumara, K., Kugimaya, W., Bando, N., Hiemori, M., & Ogawa, T. (1999). Preparation 
of Hypoallergenic Soybean Protein with Processing Functionality by Selective 
Enzymatic Hydrolysis. Food Science and Technology Research, 5(2), 171–175. 
http://doi.org/10.3136/fstr.5.171 

Tsumura, K. (2009). Improvement of the Physicochemical Properties of Soybean 
Proteins by Enzymatic Hydrolysis. Food Science and Technology Research, 15(4), 
381–388. http://doi.org/10.3136/fstr.15.381 

Tsumura, K., Saito, T., Tsuge, K., Ashida, H., Kugimiya, W., & Inouye, K. (2005). 
Functional properties of soy protein hydrolysates obtained by selective proteolysis. 
LWT - Food Science and Technology, 38(3), 255–261. 
http://doi.org/10.1016/j.lwt.2004.06.007 

United States Public Law Code. Food Allergen Labeling and Consumer Protection Act 



 

 112 

(2004). USA. Retrieved from 
http://www.fda.gov/Food/GuidanceRegulation/GuidanceDocumentsRegulatoryInfor
mation/Allergens/ucm106187.htm 

Uribarri, J., Woodruff, S., Goodman, S., Cai, W., Chen, X., Pyzik, R., … Vlassara, H. 
(2010). Advanced glycation end products in foods and a practical guide to their 
reduction in the diet. Journal of the American Dietetic Association, 110(6), 911–
16.e12. http://doi.org/10.1016/j.jada.2010.03.018 

USDA. (2016). 16108, Soybeans, mature seeds, raw. Retrieved July 11, 2016, from 
https://ndb.nal.usda.gov/ndb/foods/show/4845?fgcd=&man=&lfacet=&count=&ma
x=35&sort=&qlookup=soybeans&offset=&format=Full&new=&measureby= 

Usui, M., Tamura, H., Nakamura, K., Ogawa, T., Muroshita, M., Azakami, H., … Kato, 
A. (2004). Enhanced bactericidal action and masking of allergen structure of soy 
protein by attachment of chitosan through Maillard-type protein-polysaccharide 
conjugation. Molecular Nutrition & Food Research, 48(1), 69–72. 
http://doi.org/10.1002/food.200300423 

Utsumi, S., Matsumura, Y., & Mori, T. (1997). Structure-Function Relationships of Soy 
Proteins. In S. Damodaran & A. Paraf (Eds.), Food Proteins and their Applications 
(pp. 257–291). New York: Marcel Dekker, Inc. 

Uzzaman, A., & Cho, S. H. (2012). Chapter 28: Classification of hypersensitivity 
reactions. Allergy and Asthma Proceedings, 33(3), 96–99. 
http://doi.org/10.2500/aap.2012.33.3561 

van de Lagemaat, J., Manuel Silván, J., Javier Moreno, F., Olano, A., & Dolores del 
Castillo, M. (2007a). In vitro glycation and antigenicity of soy proteins. Food 
Research International, 40(1), 153–160. 
http://doi.org/10.1016/j.foodres.2006.09.006 

van de Lagemaat, J., Manuel Silván, J., Javier Moreno, F., Olano, A., & Dolores del 
Castillo, M. (2007b). In vitro glycation and antigenicity of soy proteins. Food 
Research International, 40(1), 153–160. 
http://doi.org/10.1016/j.foodres.2006.09.006 

Velasquez, M. T., & Bhathena, S. J. (2007). Role of dietary soy protein in obesity. 
International Journal of Medical Sciences, 4(2), 72–82. Retrieved from 
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1838825&tool=pmcentr
ez&rendertype=abstract 

Wagner, J. R., & Guéguen, J. (1999). Surface Functional Properties of Native, Acid-
Treated, and Reduced Soy Glycinin. 2. Emulsifying Properties. Journal of 
Agricultural and Food Chemistry, 47(6), 2181–2187. 
http://doi.org/10.1021/jf9809784 



 

 113 

Walter, J. (2014). Hypoallergenization of Soy Protein Using a Combination of Limited 
Enzymatic Hydrolysis and Controlled Maillard-Induced Glycosylation. University 
of Minnesota. 

Walter, J., Greenberg, Y., Sriramarao, P., & Baraem, P. I. (2016). Limited Hydrolysis 
Combined with Controlled Maillard-Induced Glycation Does not Reduce 
Immunoreactivity of Soy Protein for all Sera Tested. Food Chemistry. 
http://doi.org/10.1016/j.foodchem.2016.07.012 

Wang, Q., He, L., Labuza, T. P., & Ismail, B. (2013). Structural characterisation of 
partially glycosylated whey protein as influenced by pH and heat using surface-
enhanced Raman spectroscopy. Food Chemistry, 139(1), 313–319. 
http://doi.org/10.1016/j.foodchem.2012.12.050 

Wang, Q., & Ismail, B. (2012). Effect of Maillard-induced glycosylation on the 
nutritional quality, solubility, thermal stability and molecular configuration of whey 
proteinv. International Dairy Journal, 25(2), 112–122. 
http://doi.org/10.1016/j.idairyj.2012.02.009 

Wang, W., Bringe, N. A., Berhow, M. A., & Gonzalez de Mejia, E. (2008). β-
Conglycinins among Sources of Bioactives in Hydrolysates of Different Soybean 
Varieties That Inhibit Leukemia Cells in Vitro. Journal of Agricultural and Food 
Chemistry, 56(11), 4012–4020. http://doi.org/10.1021/jf8002009 

Wolf, W. J. (1993). Sulfhydryl content of glycinin: effect of reducing agents. Journal of 
Agricultural and Food Chemistry, 41(2), 168–176. 
http://doi.org/10.1021/jf00026a004 

Wu, W. U., Hettiarachchy, N. S., & Qi, M. (1998). Hydrophobicity, solubility, and 
emulsifying properties of soy protein peptides prepared by papain modification and 
ultrafiltration. Journal of the American Oil Chemists’ Society, 75(7), 845–850. 
http://doi.org/10.1007/s11746-998-0235-0 

Yamanishi, R., Huang, T., Tsuji, H., Bando, N., & Ogawa, T. (1995). Reduction of the 
Soybean Allergenicity by the Fermentation with Bacillus natto. Food Science and 
Technology International, Tokyo, 1(1), 14–17. 
http://doi.org/10.3136/fsti9596t9798.1.14 

Yamauchi, F., Sato, M., Sato, W., Kamata, Y., & Shibasaki, K. (1981). Isolation and 
Identification of a New Type of β -Conglycinin in Soybean Globulins. Agricultural 
and Biological Chemistry, 45(12), 2863–2868. 
http://doi.org/10.1080/00021369.1981.10864970 

Young, V. R. (1991). Soy protein in relation to human protein and amino acid nutrition. 
Journal of the American Dietetic Association, 91(7), 828–35. Retrieved from 
http://www.ncbi.nlm.nih.gov/pubmed/2071798 



 

 114 

Zeiger, R. S. (2003). Food allergen avoidance in the prevention of food allergy in infants 
and children. Pediatrics, 111(6 Pt 3), 1662–71. http://doi.org/10.1016/s0889-
8561(05)70111-9 

Zhao, Y., Qin, G. X., Sun, Z. W., Zhang, B., & Wang, T. (2010). Stability and 
immunoreactivity of glycinin and β-conglycinin to hydrolysis in vitro. Food and 
Agricultural Immunology, 21(3), 253–263. 
http://doi.org/10.1080/09540101003758954 

Zuidmeer, L., Goldhahn, K., Rona, R. J., Gislason, D., Madsen, C., Summers, C., … 
Keil, T. (2008). The prevalence of plant food allergies: A systematic review. Journal 
of Allergy and Clinical Immunology, 121(5), 1210–1218.e4. 
http://doi.org/10.1016/j.jaci.2008.02.019 

 

  



 

 115 

 

Appendices 

Appendix A: Sample Calculation for % DH Determined by pH Stat Method ............... 116	
Appendix B: Sample Calculation for DH Determined by OPA Method ........................ 117	
Appendix C: Sample Calculation for Determining % Remaining Free Amino Groups . 119	
Appendix D: Sample Calculation for L*a*b* Color Difference (ΔE) ............................ 121	
Appendix E: Sample Calculation for % Reduction in Immunoreactivity ....................... 122	
Appendix F. Summary Tables for ELISA ANOVAs ..................................................... 123	
Appendix G. Sample Calculation for Emulsification Capacity ...................................... 131	
Appendix H. Sample Calculation of Emulsification Stability ........................................ 132	
Appendix I. Sample Calculation for Water Holding Capacity (WHC) .......................... 133	
Appendix J. Summary Tables for Functionality ANOVAs ............................................ 134	
 
 
 
  



 

 116 

Appendix A: Sample Calculation for % DH Determined by pH Stat Method 
 
 

% 𝐷𝐻 =
ℎ
ℎ!"!

𝑥 100 =
𝐵 ×𝑁!

𝑀𝑃×∝×ℎ!"!
×100 

 
Where: 

 
B is the volume of the NaOH necessary to keep the pH constant = 10.5mL 

  
Nb = Normality of the NaOH = 0.2N 
 
MP is the mass of the protein = 7.5g 

 
htot is the total number of peptide for soy protein bonds expressed in equivalents 
of free amines = 7.75 meq/g  
 
α is the degree of dissociation of the α-NH2 groups and is expressed as : 
 
    
 

α = 1/(1 + 10pK-pH) 
 

 
 
The pK value varies significantly with temperature and can be estimated as follows: 
 
 
    pK = 7.8 + (298-T)/(298 x T) x 2400 
 
 

where T is the absolute temperature (K).  
 

At 60°C, pK = 7.8 + [((298-(60 + 273)/298*(60 + 273))] = 6.95 
 

Therefore, at pH 7.5, α = 1/(1 + 106.95-7.5) = 0.78  
 
Finally: 
 

%𝐷𝐻 =
10.5𝑚𝐿 𝑥 0.2𝑚𝑜𝑙𝑒𝑠𝐿

𝑀𝑃×∝×ℎ!"!7.5𝑔 𝑥 0.78 𝑥 7.75𝑚𝑒𝑞𝑔
×100 = 4.63% 
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Appendix B: Sample Calculation for DH Determined by OPA Method 
 

Equation 1 

Serine− NH! =
0.279− 0.070
0.566− 0.070 ∗ 0.9516

meqv
L ∗ 0.01 ∗

100
0.0100 ∗ 42.56 

 

Serine− NH! = 0.94 

 

Equation 2 

h =
(0.94− 0.342)

0.97  

h = 0.62 

 

Equation 3 

DH =
0.62
7.8 ∗ 100 

DH = 7.93 

Equation 4 

Corrected DH = 7.93− 3.30 

Corrected DH = 4.63 
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Appendix C. Summary of Preliminary Glycation Trials  
 
Table 8. Experimental conditions used for preliminary Maillard-induced glycation trials* 
Glycation Trial aw

 Temperature (⁰C) Time (h) 

A 0.49 60.0 120 

B 0.49 70.0 72 

C 0.54 65.0 72 

D 0.54 65.0 120 

E 0.58 70.0 48 
* 1:4 protein to dextran ratio and a 0.001M phosphate buffer were used for all 5 trials; 
samples were incubated in the HPP constant climate chamber.  
 
 

 

Figure 24. Browning observed for SPI, PSPH, ASPH, and AP_SPH after the five 
preliminary glycation trials. 
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Appendix D: Sample Calculation for Determining % Remaining Free Amine 
Groups 
 
Protein Content of a Sample: 
 

 
 
𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 =  !"#!"#$%&!!.!""#

!.!!""
 =  !.!"!!!.!""#

!.!!""
= 605.82 𝑢𝑔/𝑚𝐿  

 
Free Amine Group Content: 
 

 
 
Lysine was used as the standard for free amine concentration 
 

𝐹𝑟𝑒𝑒 𝐴𝑚𝑖𝑛𝑒 𝐶𝑜𝑛𝑡𝑒𝑛𝑡 =  
𝐴𝑏𝑠!"#$%& − 0.0701

0.0089 =
0.389− 0.0701

0.0089 = 35.83 𝑢𝑔/𝑚𝐿  
 
 
 

y	=	0.0011x	+	0.1006	
R²	=	0.99164	0	
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% Free Amine  
 
% 𝐹𝑟𝑒𝑒 𝐴𝑚𝑖𝑛𝑒 =  !"## !"#$% !"#$%#$

!"#$%&' !"#$%#$
 𝑥 100 =  !".!" !"/!"

!"#.!" !"/!"
 x 100 = 5.92% Free Amine 

 
% Remaining Free Amine Group 
 
 

% Remaining Free Amine Groups 

= 100 −  
100 ∗ (% free amine groups!"!!!"#$%&'( −% free amine groups!"#$%&'()

% free amine groups!"!!!"#$%&'(
 

 

% 𝐑𝐞𝐦𝐚𝐢𝐧𝐢𝐧𝐠 𝐅𝐫𝐞𝐞 𝐀𝐦𝐢𝐧𝐞 𝐆𝐫𝐨𝐮𝐩𝐬 = 100 −  
100 x 6.55% − 5.92% 

6.55%
= 90.35%  

  



 

 121 

Appendix E: Sample Calculation for L*a*b* Color Difference (ΔE) 
 

Sample calculation for ΔE of SPI after glycation with mild conditions 

 

∆E =  ∆L∗! +  ∆a∗! +  ∆b∗! 

Where: 

ΔE = total color difference 

ΔL* = change in L* value between glycated and non- glycated sample 

Δa* = change in a* value between glycated and non- glycated sample 

Δb *= change in b* value between glycated and non- glycated sample 

 

∆E =  (86.88− 86.28)! +  (0.23− 0.56)! +  (17.16− 13.39)! 

 
∆𝐄 =  𝟑.𝟖𝟑 

 
  



 

 122 

Appendix F: Sample Calculation for % Reduction in Immunoreactivity 
 
      
Corrected ABSSPI  

𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝐴𝐵𝑆!"# = 𝐴𝐵𝑆!"#!"#$%$&' !"#$ −  𝐴𝐵𝑆!"#!!" !"#$%&'( = 1.532 − 0.165 = 1.367 

Corrected ABSSPH  

𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝐴𝐵𝑆!"# = 𝐴𝐵𝑆!"#!"#$%$&' !"#$ −  𝐴𝐵𝑆!"#!!" !"#$%&'( = 0.639 − 0.14 = 0.639 

%Reduction in Immunoreactivity 
 
% Reduction in Immunoreactivity

= 100×( 
Corrected ABS𝐒!" −  Corrected ABS𝑺!",   !"!!"#,   !" !"!!"𝑯

Corrected ABS𝐒!"
) 

  

% Reduction in Immunoreactivity = 100×
1.367 −  0.639

1.367
= 53.26% 
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Appendix G. Analysis of Variance (ANOVA) Summary Tables for Chapter 2 
Statistics 
 
 
Table 9. Analysis of variance of the effect of glycation conditions on the remaining (%) 
free amine among samples (SPI, PSPH, ASPH, & AP_SPH). 

Sample Analysis Source of 
Variation 

Degrees of 
Freedom 

Mean 
Square F Sig. 

SPI and SPH samples incubated 
with mild glycation conditions 

(0.49 aw,  60⁰C, 120 h) 

Sample 3 26.863 1.361 0.341 

Rep 2 1.676 0.085 0.920 

Error 6 19.740   

      
SPI and SPH samples incubated 

with advanced glycation 
conditions                               

(0.54 aw,  65⁰C, 72 h) 

Sample 3 106.855 3.654 0.083 

Rep 2 10.474 0.358 0.713 

Error 6 29.246   

 
 
 
Table 10. Welch’s t-test to determine the significance of the effect of between glycation 
level (mild and advanced glycation) on the remaining (%) free amine of SPI, PSPH, 
ASPH, and AP_SPH 

Sample Analysis t-value Degrees of 
Freedom Sig. 

SPI glycated at mild and 
advanced conditions 3.8101 2.382 0.0471 

PSPH glycated at mild and 
advanced conditions 4.6726 3.9225 0.010 

ASPH glycated at mild and 
advanced conditions 4.847 3.406 0.0124 

AP_SPH glycated at mild and 
advanced conditions 0.762 3.481 0.494 

 
  



 

 124 

Table 11. Analysis of variance of the effect of glycation conditions on the Amadori 
compound formation (304 nm) among samples (SPI, PSPH, ASPH, & AP_SPH). 

Sample Analysis Source of 
Variation 

Degrees of 
Freedom 

Mean 
Square F Sig. 

Non-glycated SPI and SPH 
samples 

Sample 3 0.000118 1.076 0.427 
Rep 2 0.000244 2.216 0.190 
Error 6 0.000110   

      
SPI and SPH samples 

incubated with mild glycation 
conditions (0.49 aw,  60⁰C, 120 

h) 

Sample 3 2.757e-04 7.501 0.018 
Rep 2 1.443e-04 3.925 0.0813 
Error 6 3.678e-05   

      
SPI and SPH samples 

incubated with advanced 
glycation conditions                               
(0.54 aw,  65⁰C, 72 h) 

Sample 3 0.00134 21.564 0.001 
Rep 2 0.00170 2.734 0.143 
Error 6 0.000621   

 
 
Table 12. Analysis of variance of the effect of glycation conditions on the Amadori 
compound formation (measured at 304 nm) of soy protein samples (SPI, PSPH, ASPH, & 
AP_SPH) between glycation levels (non-glycated, mild glycation, advanced glycation) 

Sample Analysis Source of 
Variation 

Degrees of 
Freedom 

Mean 
Square F Sig. 

Non-glycated and 
glycated SPI 

Glycation 2 0.0385 117.523 0.000 
Rep 2 0.000004 0.0132 0.987 
Error 4 0.00328   

      
Non-glycated and 

glycated PSPH 
Glycation 2 0.0364 478.988 0.000 

Rep 2 0.000048 0.634 0.578 
Error 4 0.000076   

      
Non-glycated and 
glycated ASPH 

Glycation 2 0.0449 626.516 0.000 
Rep 2 0.000072 1.009 0.442 

 Error 4 0.000072   
      

Non-glycated and 
glycated AP_SPH 

Glycation 2 0.0610 1333.299 0.000 
Rep 2 0.000018 0.396 0.697 
Error 4 0.000046   
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Table 13. Analysis of variance of the effect of hydrolysis (PSPH, ASPH, AP_SPH) on 
the % reduction in ELISA immunoreactivity using sera from 7 participants. 

Sample 
Analysis 

Source of 
Variation 

Degrees of 
Freedom 

Mean 
Square F Sig. 

Serum 1 Hydrolysis 2 939.11 316.496 0.004 

 Rep 2 97.01 28.9501 0.161 
 Error 4 32.44 2.991  
      

Serum 2 Hydrolysis 2 501.58 11.543 0.022 
 Rep 2 449.55 10.346 0.026 
 Error 4 43.45   
      

Serum 3 Hydrolysis 2 59.990 2.006 0.249 
 Rep 2 17.905 0.599 0.592 
 Error 4 119.63   
      

Serum 4 Hydrolysis 2 281.372 21.689 0.007 
 Rep 2 130.486 10.058 0.028 
 Error 4 12.973   
      

Serum 5 Hydrolysis 2 876.83 102.445 0.000 
 Rep 2 171.45 20.032 0.008 
 Error 4 8.56   
      

Serum 6 Hydrolysis 2 561.17 12.224 0.020 
 Rep 2 45.03 0.981 0.450 
 Error 4 45.91   
      

Serum 7 Hydrolysis 2 199.565 8.086 0.039 
 Rep 2 28.610 1.159 0.401 
 Error 4 24.679   
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Table 14. Analysis of variance of the effect between glycation levels (non-glycated, mild 
glycation, and advanced glycation) on the % reduction in ELISA immunoreactivity for 
PSPH, ASPH, AP_SPH using serum from participant 2. 

Sample Analysis Source of 
Variation 

Degrees of 
Freedom 

Mean 
Square F Sig. 

Non-glycated and 
glycated PSPH 

Glycation Level 2 2254.49 16.830 0.011 
Rep 2 68.25 0.510 0.635 
Error 4 133.95   

      
Non-glycated and 
glycated ASPH 

Glycation Level 2 474.64 2.448 0.202 
Rep 2 191.49 0.988 0.448 
Error 4 193.86   

      
Non-glycated and 
glycated AP_SPH 

Glycation Level 2 1992.05 21.521 0.007 
Rep 2 250.13 2.702 0.181 
Error 4 92.57   

 
 
 
Table 15. Analysis of variance of the effect between glycation levels (non-glycated, mild 
glycation, and advanced glycation) on the % reduction in ELISA immunoreactivity for 
PSPH, ASPH, AP_SPH using serum from participant 5. 

Sample Analysis Source of Variation Degrees of 
Freedom 

Mean 
Square 

F Sig. 

Non-glycated and 
glycated PSPH 

Glycation Level 2 413.59 8.419 0.0369 
Rep 2 28.60 0.582 0.600 
Error 4 49.13   

      
Non-glycated and 
glycated ASPH 

Glycation Level 2 25.233 1.681 0.295 
Rep 2 82.882 5.520 0.071 
Error 4 15.015   

      
Non-glycated and 
glycated AP_SPH 

Glycation Level 2 90.134 1.417 0.343 
Rep 2 8.031 0.126 0.885 
Error 4 63.608   
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Table 16. Welch’s t-test to determine the significance of the effect of glycation level 
(mild and advanced glycation) on the % reduction in ELISA immunoreactivity for SPI 
using serum from participants 2 and 5. 

Sample Analysis t-value Degrees of 
Freedom Sig. 

Serum 2 0.449 4 0.677 

Serum 5 3.752 3 0.034 
 
 
Table 17. Analysis of variance of the effect of mild glycation conditions (0.49 aw,  60⁰C, 
120 h, 1:4 protein to dextran) on the % reduction in ELISA immunoreactivity for SPI, 
PSPH, ASPH, AP_SPH using sera from 7 participants. 

Sample Analysis Source of 
Variation 

Degrees of 
Freedom Mean Square F Sig. 

Serum 1 Sample  3 2142.76 16.407 0.003 

 Rep 2 66.51 0.509 0.625 
 Error 6 62142.76 130.60  
      

Serum 2 Sample 3 4761.7 64.195 0.000 
 Rep 2 43.7 0.584 0.584 
 Error 6 74.2   
      

Serum 3 Sample 3 3690.6 39.376 0.000 
 Rep 2 316.0 3.372 0.104 
 Error 6 562.3   
      

Serum 4 Sample 3 1218.43 15.603 0.003 
 Rep 2 31.64 0.405 0.684 
 Error 6 78.09   
      

Serum 5 Sample 3 2375.01 68.030 0.000 
 Rep 2 9.71 0.278 0.767 
 Error 6 34.91   
      

Serum 6 Sample 3 1758.06 59.942 0.000 
 Rep 2 53.82 1.835 0.239 
 Error 6 29.33   
      

Serum 7 Sample 3 3001.87 99.696 0.000 
 Rep 2 144.33 4.794 0.057 
 Error 6 30.11   
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Table 18. Analysis of variance of the effect of advanced glycation conditions (0.54 aw,  
65⁰C, 72 h, 1:4 protein to dextran) on the % reduction in ELISA immunoreactivity for 
SPI, PSPH, ASPH, AP_SPH using sera from 7 participants. 

Sample 
Analysis 

Source of 
Variation 

Degrees of 
Freedom 

Mean 
Square 

F Sig. 

Serum 1 Sample 3 812.27 10.751 0.013 
Rep 2 25.98 0.344 0.725 
Error 5 75.55   

      
Serum 2 Sample 3 2009.19 11.888 0.000 

 Rep 2 398.60 2.358 0.175 
 Error 6 169.01   
      

Serum 3 Sample 3 817.51 6.672 0.049 
 Rep 2 63.15 0.0515 0.632 
 Error 4 122.52   
      

Serum 4 Sample 3 750.73 15.712 0.003 
 Rep 2 258.72 5.415 0.045 
 Error 6 47.78   
      

Serum 5 Sample 3 843.73 28.335 0.001 
 Rep 2 74.07 2.488 0.163 
 Error 6 29.78   
      

Serum 6 Sample 3 319.30 1.533 0.230 
 Rep 2 1408.63 6.765 0.029 
 Error 6 208.23   
      

Serum 7 Sample 3 378.98 12.634 0.005 
 Rep 2 42.93 1.432 0.310 
 Error 6 29.98   
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Appendix H. ELISA Immunoreactivity for Mild and Advanced Glycation 
Conditions 
 

 
Figure 25. % Reduction in immunoreactivity of SPH samples glycated with mild 
glycation conditions (1:4 protein to dextran ratio, 60⁰C, 0.49 aw, 120 h) following ELISA 
using sera from seven participants. Soy protein samples tested were PSPH ( ), ASPH (
) and AP_SPH ( ). Error bars represent standard errors (n=3). Lowercase letters indicate 
significant differences among soy protein samples for within a specific serum according 
to the Tukey-Kramer HSD means comparison test (P ≤ 0.05). 
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Figure 26. % Reduction in immunoreactivity of SPH samples glycated with advanced 
glycation conditions (1:4 protein to dextran ratio, 65⁰C, 0.54 aw, 72 h) following ELISA 
using sera from seven participants. Soy protein samples tested were PSPH ( ), ASPH      
( ) and AP_SPH ( ). Error bars represent standard errors (n=3). Lowercase letters 
indicate significant differences among soy protein samples for within a specific serum 
according to the Tukey-Kramer HSD means comparison test (P ≤ 0.05). 
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Appendix I. Sample Calculation for Emulsification Capacity (EC) 
 

𝐸𝑚𝑢𝑙𝑠𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 =  
 𝑉𝑜𝑙𝑢𝑚𝑒!"# !"!#$!%&  𝑥 𝐷𝑒𝑛𝑠𝑖𝑡𝑦!"#

𝐺𝑟𝑎𝑚𝑠 𝑜𝑓 𝑃𝑟𝑜𝑡𝑒𝑖𝑛  

 

𝐄𝐦𝐮𝐥𝐬𝐢𝐟𝐢𝐜𝐚𝐭𝐢𝐨𝐧 𝐂𝐚𝐩𝐚𝐜𝐢𝐭𝐲 (𝐄𝐂) =  
61 𝑚𝐿 𝑥 0.868 𝑔/𝑚𝐿

0.05 𝑔 = 1059 𝑔 𝑜𝑖𝑙/𝑔 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 

 
Where: 
 
Density of corn oil is 0.868 g/mL, 
 

 

In 5 mL of a 1% protein solution, there are 0.05 grams protein. 
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Appendix J. Sample Calculations for Emulsion Stability (ES) and Emulsification 
Activity Index (EAI) 
 
Emulsion Stability: 

𝐸𝑆 =  
𝐴𝑏𝑠!

𝐴𝑏𝑠! −  𝐴𝑏𝑠!"
 𝑥 10 𝑚𝑖𝑛 

 

𝐸𝑆 =  
0.586

0.586−  0.398  𝑥 10 𝑚𝑖𝑛 = 𝟑𝟏.𝟏𝟕 𝒎𝒊𝒏 

         

Where:   
 
A0 is the absorbance at t = 0 min 
 
A10 the absorbance at t = 10 min.  
 
Emulsification Activity Index: 
 

𝐸𝐴𝐼 
𝑚!

g =  
2𝑇

1− 𝜙 𝐶 =
2 2.303 𝐴!
𝑙 1− 𝜙 𝐶 =  

2 2.303 × 𝐴!
𝑙 1− 𝜙 𝐶 =  

 

=  
2(2.303 × 0.537) 
(0.01)(1− 0.25)(1) = 𝟑𝟑𝟎 𝒎𝟐/𝒈 

 

𝑇𝑢𝑟𝑏𝑖𝑑𝑖𝑡𝑦 𝑜𝑓 𝑂𝑖𝑙 𝑇 =  
2.303𝐴!

𝑙   
 
Where: 

C  = weight of protein per volume of aqueous phase  

= 0.1% protein solution = 0.1g/100mL  = 1g/m3 

Φ = volume fraction of oil = 2mL of oil in 6 mL of 0.1% protein solution 

 = (2mL)/(2mL + 6mL)  = 0.25 

T = turbidity of the oil at 500nm  

l = path length of the cuvette = 10mm = 0.01m 
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Appendix K. Sample Calculation for Water Holding Capacity (WHC) 
 

𝑊𝑎𝑡𝑒𝑟 𝐻𝑜𝑙𝑑𝑖𝑛𝑔 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 = 100 𝑥 
𝑇! −  𝑇!
𝑇! −  𝑇!

  

 

𝑊𝑎𝑡𝑒𝑟 𝐻𝑜𝑙𝑑𝑖𝑛𝑔 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 = 100 𝑥 
1.8320−  1.0621
1.8334−  1.0621 = 99.82% 

Where: 

T1 = Mass of protein solution before heating  

T2 = Mass of protein solution + microcentrifuge tube after cooling 

T3 = Mass of protein solution + microcentrifuge tube after draining excess water 
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Appendix L. Summary Tables for Functionality ANOVAs 
 
Table 19. Analysis of variance of the effect of hydrolysis on soy protein solubility at pH 
7 for unheated and heated (80⁰C, 30 min) soy protein solutions 2.5% (w/v). 

Sample Analysis Source of 
Variation 

Degrees of 
Freedom 

Mean 
Square F Sig. 

Un-Heated SPI, SPI HT, 
and SPH samples 

Sample 4 472.75 28.428 0.000 

Rep 
 

2 0.66 0.040 0.961 
Error 8 16.63   

      
Heat Treated SPI, SPI 
HT, and SPH samples 

Sample 4 1258.16 293.565 0.000 

Rep 
 

2 16.73 3.905 0.0656 
Error 8 4.29   

 
 
Table 20. Analysis of variance of the effect between glycation levels (non-glycated, 
glycation control, and glycated sample) on the emulsification capacity (EC) for PSPH, 
ASPH, AP_SPH. 

Sample Analysis Source of 
Variation 

Degrees 
of 

Freedom 

Mean 
Square F Sig. 

Non-glycated and 
glycated SPI 

Glycation Level 3 82774 321.640 0.000 
Rep 2 3422 13.297 0.010 
Error 5 257   

      
Non-glycated and 

glycated PSPH 
Glycation Level 2 27456.9 28.437 0.011 

Rep 2 2596.3 2.689 0.214 
Error 3 965.5   

      
Non-glycated and 
glycated ASPH 

Glycation Level 2 76984 38.641 0.002 
Rep 2 109 0.055 0.948 
Error 4 1992   

      
Non-glycated and 
glycated AP_SPH 

Glycation Level 2 29447.9 7.904 0.041 
Rep 4 8.4 0.002 0.998 
Error 4 3725.9   
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Table 21. Analysis of variance of the effect between glycation levels (non-glycated, 
glycation control, and glycated sample) on the emulsification activity index (EAI) for 
PSPH, ASPH, AP_SPH. 

Sample Analysis Source of 
Variation 

Degrees of 
Freedom Mean Square F Sig. 

Non-glycated and 
glycated SPI 

Glycation Level 3 5413.4 23.720 0.002 
Rep 2 16.1 0.071 0.933 
Error 5 228.2   

      
Non-glycated and 

glycated PSPH 
Glycation Level 2 19321 36.837 0.03 

Rep 2 307 0.585 0.598 
Error 4 524.5   

      
Non-glycated and 
glycated ASPH 

Glycation Level 2 1220.11 1.296 0.368 
Rep 2 80.11 0.0851 0.920 
Error 4 941.78   

      
Non-glycated and 
glycated AP_SPH 

Glycation Level 2 32436 54.668 0.001 
Rep 2 163 0.275 0.773 
Error 4 593   

 
 
Table 22. Analysis of variance of the effect between glycation levels (non-glycated, 
glycation control, and glycated sample) on the emulsification stability (ES) for PSPH, 
ASPH, AP_SPH. 

Sample Analysis Source of 
Variation 

Degrees of 
Freedom 

Mean 
Square 

F Sig. 

Non-glycated and 
glycated SPI 

Glycation Level 3 2120.45 223.655 0.000 
Rep 

 
3 4.29 0.453 0.660 

Error 5 9.48   
      Non-glycated and 

glycated PSPH 
Glycation Level 2 380.99 2270.788 0.000 

Rep 
 

2 0.01 0.046 0.955 
Error 4    

      Non-glycated and 
glycated ASPH 

Glycation Level 2 3.803 15.113 0.014 
Rep 

 
2 0.043 0.172 0.848 

Error 4 0.252   
      Non-glycated and 

glycated AP_SPH 
Glycation Level 2 109.441 24.332 0.006 

Rep 
 

2 2.614 0.581 0.600 
Error 4 4.498   
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Table 23. Analysis of variance of the effect between glycation levels (non-glycated, 
glycation control, and glycated sample) on the gel strength for PSPH, ASPH, AP_SPH. 

Sample Analysis Source of 
Variation 

Degrees of 
Freedom Mean Square F Sig. 

SPI Glycation 3 6942.4 206.689 0.000 
Rep 2 56.0 1.668 0.237 
Error 10 33.6   

      
PSPH Glycation 2 6.158 35.739 0.000 

Rep 2 0.0018 0.010 0.990 
Error 8 0.172   

      
ASPH Glycation 2 263.277 34.100 0.000 

Rep 2 1.435 0.186 0.833 
Error 9    

      
AP_SPH Glycation 2 357.88 306.363 0.000 

Rep 2 16.87 14.443 0.002 
Error 9 1.17   

 
 
Table 24. Analysis of variance of the effect between glycation levels (non-glycated, 
glycation control, and glycated sample) on the water holding capacity (WHC) for PSPH, 
ASPH, AP_SPH. 

Sample Analysis Source of 
Variation 

Degrees of 
Freedom Mean Square F Sig. 

SPI Glycation 3 929.34 3640.776 0.000 
Rep 2 0.11 0.424 0.665 
Error 10 0.26   

      
PSPH Glycation 2 2397.80 1269.142 0.000 

Rep 2 12.52 6.629 0.017 
Error 4 1.89   

      
ASPH Glycation 2 4079.4 1172.915 0.000 

Rep 2 52.5 15.055 0.000 
Error 10 3.5   

      
AP_SPH Glycation 2 3163.1 3349.336 0.000 

Rep 2 58.4 61.884 0.000 
Error 10 0.9   

 


