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Abstract 

Background 

As the demand for “clean label emulsions” and natural emulsifiers is increasing, whey proteins have a 

big potency to be used as an emulsifier in food emulsions. However, in order to enable their application, 

whey proteins should withstand high temperature processing. Hence, the limited heat stability of whey 

proteins is a major drawback:  they are highly heat labile and thus prone to heat induced protein 

denaturation and aggregation. As this phenomenon highly impacts their functionality, it is of utmost 

importance to increase the heat stability of whey proteins to broaden their application in the food 

industry, which requires a thorough knowledge of the heat stability properties of whey proteins. 

Scope and Approach  

To better understand the heat stabilizing activity of whey protein-polysaccharides conjugates, studies on 

the heat stability of whey proteins and whey protein stabilized emulsions, as well as approaches to 

improve their heat stability, especially using the dry heat treatment method are reviewed.  

Key Findings and Conclusions 

Chemical modification by combining whey proteins and polysaccharides has been reported to 

successfully improve the heat stability of the obtained conjugates. Hence, this new whey protein-

polysaccharide material is promising to be used as a natural emulsifier.  
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1. Introduction 8 

Dairy proteins are one of the main sources of proteins. Caseins and whey proteins are two major 9 

groups of milk proteins which have been studied intensively. Caseins are obtained after precipitation 10 

at pH 4.6 and exist as colloidal protein aggregates, indicated as casein micelles, with high nutrient 11 

value and functionality (Zayas, 1997). In this review, the focus is given to the whey protein fraction, 12 

the second most known group of milk proteins which is famous due to its diverse functional and 13 

nutrient properties.  14 

Due to their diverse functionality, whey proteins have been widely used as ingredients in different 15 

types of traditional and novel foods. The functional properties of whey proteins include gelling 16 

(Kharlamova, Nicolai, & Chassenieux, 2018), emulsification (Damodaran, 2005; Ozturk & Mc 17 

Clements, 2016), and foaming (Damodaran, 2005; Murray, Durga, Yusoff, & Stoyanov, 2011). Among 18 

the functional properties of whey proteins, its role as a natural emulsifier has been widely 19 

recognized. Due to their amphiphilic nature, whey proteins are often used to stabilize emulsions, 20 

especially oil in water (O/W) emulsions. Whey proteins are highly soluble in the aqueous phase and 21 

able to diffuse rapidly to the oil-water interface, where they become adsorbed. This is then followed 22 

by unfolding and formation of an interfacial film around the oil droplets, which stabilizes them. 23 

Hence, whey proteins rearrange their structure upon emulsification, so that the hydrophobic part is 24 

anchored in the oil phase, while the hydrophilic groups are located in the aqueous phase, leading to 25 



  

the combined electrostatic and steric stabilization of the oil droplets (de Oliveira, Coimbra, de 26 

Oliveira, Zuñiga, & Rojas, 2016; Oliver, Melton, & Stanley, 2006).  27 

The functionalities of whey proteins are highly influenced by several factors, such as the intrinsic 28 

physiological properties of the native proteins (i.e. their amino acid composition and their sequence), 29 

the ratio of hydrophobicity to hydrophilicity, charge distribution, and flexibility (Zayas, 1997). Native 30 

whey proteins have a high solubility as a result of the large number of surface hydrophilic residues. In 31 

addition, external factors such as processing conditions applied to obtain whey proteins, isolation 32 

methods, protein content, pH, temperature and ionic strength, as well as the interaction with other 33 

food ingredients also influence the functional properties of whey proteins by changing their 34 

conformation (Zayas, 1997).  35 

Whey proteins have been used in many food applications including sport beverages, liquid meat 36 

replacements, ice cream, salad dressing, bakery products, infant foods and  various other dairy 37 

products (Wagoner & Foegeding, 2017). However, the drawback of using whey proteins on industrial 38 

scale is their thermal instability (Ryan, et al., 2012). Heat treatment such as pasteurization and 39 

sterilization are normally used to prolong the shelf life of food products. Despite having an excellent 40 

functionality, whey proteins are very susceptible to heat induced denaturation and polymerization 41 

which lead to the reduction of their solubility and functionality (Kessler & Beyer, 1991). A biopolymer 42 

should be highly soluble in the aqueous medium in order to provide an ideal steric stabilization. 43 

Therefore, since the functionality of proteins is highly influenced by their solubility (Zayas, 1997), it is 44 

important that whey proteins can maintain their solubility even after heat treatment. Furthermore, 45 

heat induced denaturation and aggregation alter the quality of the products containing whey 46 

proteins, which is highly undesirable. Due to its heat lability, protein aggregation takes place during 47 

heating, increasing the droplet size and viscosity of whey protein stabilized emulsions (Drapala, Auty, 48 

Mulvihill, & O'Mahony, 2016). This phenomenon is the biggest challenge for whey protein 49 



  

applications in food industry since heat treatment is almost inevitable. Hence, in order to broaden 50 

the application of whey proteins, it is of utmost importance to improve their heat stability. 51 

2. Heat stability of whey proteins  52 

Whey proteins consist of α-lactalbumin, β-lactoglobulin, immunoglobulins, and bovine serum 53 

albumin (BSA), which constitute 22%, 60%, 9% and 5.5% of the total whey proteins, respectively 54 

(Bryant & Mc Clements, 1998). Furthermore, other minor compounds are also present, for instance 55 

proteose peptone, lactoferrin, lactoperoxidase and lysozyme (Walstra, Wouters, & Geurts, 2006). 56 

The individual proteins present in whey proteins possess a different sensibility towards heat. In this 57 

part, their heat stability properties are briefly discussed.  58 

β-lactoglobulin is the dominant protein found in whey proteins; it has a molecular weight of 59 

approximately 18.3 kDa. The secondary and tertiary structure of β-lactoglobulin consist of 43-50% of 60 

β-sheet, 10-15% of α helix, and 15-20% of β-turn (Cayot & Lorient, 1997). The β-lactoglobulin 61 

conformation is pH-dependent; it exists as a monomer at acidic pH (<3) and as a dimer at pH 62 

between 5 and 8 (deWit & Klarenbeek, 1984; Vardhanabhuti & Foegeding, 2008). It associates to 63 

octamers at pH below 2 or above 8. By increasing the temperature, the equilibrium will shift to 64 

monomers, which is a prerequisite for heat induced aggregation (Hoffmann & van Mil, 1999). The 65 

presence of a free thiol group in β-lactoglobulin plays an essential role in the thermal destabilization 66 

of whey proteins (Hoffmann & van Mil, 1999). Furthermore, β-lactoglobulin can also interact with 67 

caseins through intermolecular disulphide bonds during milk heat treatment (Anema & Li, 2003), 68 

which leads to protein aggregation. At pH values above 9, reversible denaturation of β-lactoglobulin 69 

takes place (Cayot and Lorient, 1997). In milk, it was found that β-lactoglobulin denatured much 70 

faster than α-lactalbumin (Vasbinder, van Mil, Bot, & de Kruif, 2001). Heating of β-lactoglobulin at 71 

80oC and neutral pH (6-7) for 20 minutes caused 80% of the protein to denature (Law & Leaver, 72 

2000). β-lactoglobulin is pH-sensitive and has an Isoelectric Point (IEP) at approximately 4.0 to 5.2 73 

(Bryant & Mc Clements, 1998; Kováčová, Synytsya, & Štětina, 2009). At pH-conditions around its IEP, 74 



  

β-lactoglobulin produces aggregates with a size of 2000–2500 nm and has a very low solubility 75 

(Kováčová et al., 2009). 76 

α-lactalbumin has a molecular weight of 14.2 kDa (Jambrak, Mason, Lelas, Paniwnyk, & Herceg, 77 

2014). The IEP of a-lactalbumin is located at pH 4.8-5.1 (Bryant & McClements, 1998). α-lactalbumin 78 

is highly water soluble even at its IEP due to the presence of a high amount of hydrophilic groups and 79 

calcium (Ca2+), which leads to its incapability to precipitate from milk at its IEP (Lucena, Alvarez, 80 

Menéndez, Riera, & Alvarez, 2007). Furthermore, its structure exhibits a great flexibility and recovery 81 

of the native conformation due to its Ca2+ binding properties and the low degree of ordered 82 

secondary structure (Cayot & Lorient, 1997). Upon heating of pure α-lactalbumin, cleavage of the 83 

disulphide bond in the α-lactalbumin structure occurs, resulting in the formation of dimers 84 

(Wijayanti, Bansal, Sharma, & Deeth, 2014). Despite having a lower denaturation temperature (62oC) 85 

compared to β-lactoglobulin, α-lactalbumin is less heat labile (Bryant & Mc Clements, 1998; Law & 86 

Leaver, 2000). The heat stability of α-lactalbumin is due to the absence of a free thiol group (deWit & 87 

Klarenbeek, 1984). α-lactalbumin does not undergo protein aggregation when it is heated alone. 88 

However, aggregates are formed when it is heated in the presence of β-lactoglobulin. Since α-89 

lactalbumin does not have any free thiol groups, it requires a free thiol group to aggregate, which in 90 

this case is provided by β-lactoglobulin (McGuffey, Otter, van Zanten, & Foegeding, 2007). Since thiol 91 

groups are also found in BSA, the presence of BSA has the same effect on the heat stability of α-92 

lactalbumin (McGuffey, Otter, van Zanten, & Foegeding, 2007). Furthermore, the presence of Ca2+ 93 

ions also contributes to the heat stability of α-lactalbumin since the energy required to break the 94 

bonding is high. In fact, in the absence of Ca2+ ions, the heat stability of α-lactalbumin is comparable 95 

to that of β-lactoglobulin (Haque, Aldred, Chen, Barrow, & Adhikari, 2013).  96 

Bovine serum albumin (BSA) of milk is physically and immunologically similar to blood serum 97 

albumin. Bovine Serum Albumin has 17 intramolecular disulfide bonds and one free sulfhydryl group 98 

(Xia et al., 2015). BSA has 582 amino acid residues with a molecular weight of about 66 kDa. The IEP 99 



  

of BSA is reported to be at pH 4.8-5.1 (Bryant & Mc Clements, 1998). BSA has a relatively low 100 

denaturation temperature of 64oC (Bryant & Mc Clements, 1998). Fatty acids were reported to 101 

provide stabilization of BSA against heat denaturation (deWit & Klarenbeek, 1984). BSA is a well-102 

known whey protein for its gelling properties. During gelation of BSA, the amount of β-sheet, which is 103 

very low in the native form, increases while the amount of the α-helix decreases. This transition is 104 

particularly critical in the gelation of BSA (Wijayanti, Bansal, & Deeth, 2014).  105 

The other minor proteins present in whey proteins are immunoglobulins (Ig), which are glycoproteins 106 

with antibody properties (Cayot & Lorient, 1997). IgG, IgA and IgM are the main immunoglobulins in 107 

bovine milk and whey (deWit & Klarenbeek, 1984). The most heat sensitive immunoglobulin is IgM, 108 

whereas the most heat resistant type is IgG (Paul, McSweeney, & Patrick, 2013). Despite having a 109 

higher denaturation temperature compared to  β-lactoglobulin and α-lactalbumin, the presence of 110 

BSA reduces the heat stability of immunoglobulins due to interaction of the free thiol group of BSA 111 

with immunoglobulins (Cayot & Lorient, 1997).  112 

For equivalent heating times, the heat instability of whey proteins is in the order of immunoglobulins 113 

> serum albumin/lactoferrin > β-lactoglobulin > α-lactalbumin (Law & Leaver, 2000). Since β-114 

lactoglobulin is the major component of whey proteins, its properties tend to dominate the 115 

properties of whey proteins including the heat stability properties (Dissanayake & Vasiljevic, 2009). 116 

Therefore, it is reasonable to compare the behavior of whey protein isolate (WPI) during heating to 117 

that of β-lactoglobulin. The denaturation temperature of β-lactoglubulin is also often used to 118 

represent the denaturation temperature of whey proteins (Law & Leaver, 2000). Interestingly, β-119 

lactoglobulin alone is more stable to heat than in WPI (Ryan et al., 2012). Studies on the heat stability 120 

properties of whey proteins are summarized in Table 1. 121 

 122 

 123 



  

 124 

Table 1. Overview of studies on the heat stability of whey proteins 125 

Whey Protein Variables Investigators 

β-lactoglobulin Heat stability as a function of pH Hoffmann and van Mil (1999); Law and Leaver 
(2000) 

Interaction of β-lactoglobulin with caseins Anema and Li (2003); Kehoe and Foegeding 
(2014) 

Kinetics of β-lactoglubulin heat 
denaturation 

Verheul, Roefs, and de Kruif (1998); Zúñiga, 
Tolkach, Kulozik, and Aguilera (2010) 

Study of β-lactoglobulin aggregation using 
dynamic light scattering    

;  

Simulation of β-lactoglobulin heat 
denaturation in plate heat exchanger 

Bouvier et al. (2014) 

Heat denaturation at 75
o
C  

Effect of dextran sulfate, NaCl, and initial 
concentration 

Vardhanabhuti and Foegeding (2008) 

Influence of minerals Martins et al. (2016) 

α-lactalbumin α-lactalbumin heat induced denaturation 

and aggregation in the presence of β-
lactoglobulin, at neutral pH 

McGuffey et al. (2007); Wijayanti, Bansal, 
Sharma, et al. (2014) 

Effect of dextran sulfate, NaCl, and initial 
concentration 

Vardhanabhuti and Foegeding (2008) 

Heat denaturation in the presence of BSA  

Heat denaturation and aggregation at 
neutral pH 

McGuffey et al. (2007) 

Infant milk Crowley, Dowling, Caldeo, Kelly, and O’Mahony 
(2016); Buggy, McManus, Brodkorb, Mc Carthy, 
and Fenelon (2017) 

BSA Heat stability and gelling properties Yohannes et al. (2010); Lu et al. (2015); Nikolaidis 
and Moschakis (2017) 

 126 

3. Heat induced denaturation and aggregation of whey proteins 127 

Heat treatment causes changes in the conformation of whey proteins. When whey proteins are 128 

exposed to heat, changes in the size of the whey proteins are observed. This might occur due to the 129 

loss of cavity volumes which reduces the stability of the hydrophobic core of the globular structure 130 

(Dissanayake & Vasiljevic, 2009). In addition, changes in hydrophobic, electrical, and structural 131 

properties which reduce the solubility and functionality of proteins are also observed (Wijayanti, 132 

Brodkorb, Hogan, & Murphy, 2019).  133 



  

Heat treatment of whey proteins at temperatures below 60 oC induces reversible denaturation of the 134 

protein structure which involves a partial loss of the tertiary structure (deWit & Klarenbeek, 1984). 135 

When heated at temperatures above their denaturation temperature (>70oC), whey proteins start to 136 

denature easily (Vasbinder et al., 2001). This process is even more rapid in the presence of water 137 

(Haque et al., 2013). On the other hand, in an environment with low water content, protein unfolding 138 

is probably reduced due to the low protein mobility (Gulzar, Bouhallab, Jeantet, Schuck, & 139 

Croguennec, 2011). Therefore, the denaturation temperature of WPI in a powder form is higher than 140 

in a solution (Gulzar et al., 2011). 141 

Protein aggregation is mainly due to a combination of non-covalent interactions such as Van der 142 

Waals attraction forces, hydrophobic interaction, and electrostatic interaction (Pelegrine & 143 

Gasparetto, 2005). Initially, before heating, proteins exist as dimers and monomers in which upon 144 

heating the equilibrium is shifted to the monomers (Nicolai, Britten, & Schmitt, 2011). When heating 145 

is performed at temperatures above the denaturation temperature of the whey proteins, it results in 146 

the disruption of their native structure (Kessler & Beyer, 1991). At this stage, the secondary and 147 

tertiary structure of whey proteins become unfolded, exposing reactive amino side groups and 148 

hydrophobic groups (-SH groups) which are normally buried (Anema & Li, 2003; Pelegrine & 149 

Gasparetto, 2005). This is also accompanied by the increased reactivity of the free thiol groups of 150 

whey proteins (Anema & Li, 2003). The exposed thiol groups in the newly formed monomers are able 151 

to form disulfide linkages by thiol/disulfide exchange reactions with other molecules (Hoffmann & 152 

van Mil, 1999). Due to this covalent interaction, a small amount of oligomers (mainly dimers and 153 

trimers) is formed. Above a certain critical association concentration of oligomers, they associate and 154 

form protein aggregates (primary aggregates) (Nicolai et al., 2011). This critical association 155 

concentration is highly influenced by the pH and ionic strength. The aggregates formed during 156 

heating are stable at lower protein concentrations, but associate into larger clusters or even a gel at 157 

higher concentrations (Brodkorb, Croguennec, Bouhallab, & Kehoe, 2016; Nicolai et al., 2011). Nicolai 158 

et al. (2011) stated that the size of the aggregates got bigger at lower pH and higher ionic strength. A 159 



  

schematic image of β-lactoglobulin aggregation can be found in Figure 1. The role of non-covalent 160 

interactions in aggregation of β-lactoglobulin is more significant at higher temperatures 161 

(Vardhanabhuti & Foegeding, 2008). Their contribution in aggregation and gelation processes is 162 

determined by environmental conditions, such as pH, temperature and salt concentration (Brodkorb 163 

et al., 2016; Vardhanabhuti & Foegeding, 2008).  164 

To summarize, the processes involved in aggregate formation are (1) chemical aggregation through 165 

exchange reactions between thiol groups and disulfide bonds, (2) physical aggregation of unfolded 166 

protein molecules or chemically formed aggregates, or (3) a complex combination of chemical and 167 

physical aggregation (Verheul et al., 1998). However, the nature of cross-linking between proteins in 168 

the aggregates is not known at a molecular level (Nicolai et al., 2011). These authors suggested that it 169 

might involve hydrophobic and hydrophilic interactions, hydrogen bonding, and disulfide bonds. The 170 

latter is applicable at pH-conditions above the IEP of β-lactoglobulin (Nicolai et al., 2011).  171 

At neutral pH and intermediate temperature (65°C), Roef and de Kruif (1994) proposed that heat 172 

induced denaturation of proteins occurs in three stage namely: initiation, propagation, and 173 

termination. Initiation takes place when free thiol groups are available in the system. Propagation 174 

follows when these free thiol groups react with disulfide bonds resulting in a new free thiol group. 175 

This sequence of reactions ends when there is a lack of thiol groups due to the association of 176 

aggregates into bigger structure (polymerization) (Ryan, Zhong, & Foegeding, 2013). 177 

In milk, the behavior of β-lactoglobulin during heating is also affected by the presence of caseins. It 178 

was found that the reaction order of β-lactoglobulin denaturation in skim milk was different from 179 

that in whey protein solution: whereas in skim milk solutions the order of reaction of β-lactoglobulin 180 

denaturation was 1.5, in whey the reaction order of β-lactoglobulin denaturation was reported to be 181 

2.0  (Kessler & Beyer, 1991). The possible explanation was that there was an influence of the caseins 182 

present in skim milk. The heated β-lactoglobulin is able to interact with κ-casein at the periphery of 183 

the casein micelles through disulfide bonds leading to the disruption of the casein micelles properties 184 



  

(Vasbinder et al., 2001). In the presence of caseins, β-lactoglobulin denatures to a greater extent 185 

(Kessler & Beyer, 1991).  186 

For the sake of completeness, it has to be mentioned that heat treatment does not always have a 187 

negative impact as long as it is well controlled. For some cases, the changes that take place in whey 188 

proteins after heat treatment, such as partial denaturation, formation of soluble aggregates, or 189 

gelling of the proteins after heating, are in fact desirable. Soluble aggregates of whey proteins 190 

formed by controlled heating (90oC for 10 minutes) have been found to have a better heat stability 191 

than native whey proteins which is attributed to the higher overall negative charge density, the 192 

smaller size, and the more compact structure (Ryan et al., 2012). By controlling the denaturation 193 

rate, pH, and ionic strength, a gel can also be obtained which is beneficial to provide a desirable 194 

texture. A strong and elastic gel has been obtained by heating whey protein solutions at 85oC and pH 195 

of 7.5 (Shimada &Cheftel, 1989). Adding of salt, such as CaCl2, enables the formation of a gel at a 196 

lower temperature (Kharlamova et al., 2018). Disulfide bonds due to sulfhydryl groups and disulfide 197 

bridge interchange reactions were mentioned to be responsible for the formation of the gel network 198 

obtained from the heated whey proteins (Brodkorb, Croguennec, Bouhallab, & Kehoe, 2016). It is the 199 

same mechanism which is also responsible for the aggregation of whey proteins during heating. 200 

4. Influence of heat treatment on whey proteins stabilized emulsions 201 

The heat stability of whey protein stabilized emulsions is obviously influenced by the heat stability of 202 

the whey proteins. In whey protein stabilized emulsions, the droplet size of the emulsion increases as 203 

heat induced denaturation and aggregation take place and reaches a maximum diameter. The higher 204 

the temperature, the sooner the maximum diameter is reached (Sliwinski, Roubos, Zoet, van Boekel, 205 

& Wouters, 2003). During heating of emulsions, three possible associations can occur, namely 206 

droplet-droplet interaction, protein-protein interaction, and protein-droplet interaction (Euston, 207 

Finnigan, & Hirst, 2000). These authors stated that, upon heating, protein-droplet interaction was 208 



  

more favourable than droplet-droplet interaction since the denatured non-adsorbed whey proteins 209 

have a higher hydrophobicity than the droplets surface (Euston et al., 2000). 210 

The rate of droplet flocculation in emulsions was reported to reach a maximum at temperatures 211 

around 65-80oC and decrease upon further heating (Demetriades, Coupland, & McClements, 1997). A 212 

possible explanation is that at lower temperature the partially unfolded proteins cannot effectively 213 

arrange their hydrophobic groups on the oil phase which increases the hydrophobicity of the surface 214 

of the oil droplets leading to flocculation. In contrast, at higher temperature the fully unfolded 215 

protein is able to arrange the hydrophobic groups to be fully attached on the oil droplet. Therefore, 216 

the surface of the oil droplets is less hydrophobic and the tendency of the oil droplets to aggregate is 217 

lower (Demetriades et al., 1997). Rearrangement of the aggregates takes place upon further heating 218 

which converts loose aggregates to smaller and more compact aggregates. This rearrangement can 219 

be explained by the increase of the number of contacts between proteins in the aggregates while at 220 

the same time the amount of available protein which has contact with the protein decreases 221 

(Sliwinski et al., 2003). In emulsions, the amount of unadsorbed protein is important. Heating of oil in 222 

water emulsions results in the unfolding of non-adsorbed whey proteins exposing their hydrophobic 223 

groups which then induce association of the unadsorbed proteins with the adsorbed whey proteins 224 

on the surface of the oil droplets. These unfolded proteins act as a glue in between the oil droplets 225 

by associating with more than one droplet creating droplet flocculation and aggregation (Fig. 2) 226 

(Euston et al., 2000). Preventing droplet aggregation in heated emulsions is important. Droplet 227 

aggregation in heated emulsions increases the viscosity of these emulsion (Drapala et al., 2016), 228 

which alters the rheological properties of the products. In severe cases, a gel is formed upon heating 229 

of whey protein stabilized emulsions. For beverage production and in the milk industry, this 230 

phenomenon is highly undesirable. Hereby, the concentration of whey proteins in the emulsion and 231 

the heating conditions are very important in determining the rheology and stability of the heated 232 

emulsion (Sliwinski et al., 2003). Whey protein stabilized emulsions are considered to be heat stable 233 

if the emulsions can maintain their original consistency after heat treatment. 234 



  

5. Improving the functionality and heat stability of whey proteins 235 

In order to obtain heat stable whey proteins with improved functional properties, modification of the 236 

molecular structure of the whey proteins can be performed. Steric, electrostatic, and hydrophobic 237 

properties are important to maintain the solubility of heated proteins. These factors can be taken 238 

into account for selecting a method to be used for modifying the structure of the whey proteins.  239 

Several methods have been proposed to modify the structure of proteins in order to improve their 240 

heat stability, including physical modification, enzymatic modification, and chemical modification 241 

(Wijayanti et al., 2019).  Physical modification of proteins can be performed by partial denaturation 242 

of the proteins or protein unfolding to increase the hydrophobicity of the proteins (Lam & Nickerson, 243 

2015). This can be performed by exposing the proteins either to heat or to a high hydrostatic 244 

pressure under controlled heating and shear conditions. However, this method does not completely 245 

solve the problems since the partially denatured proteins are still sensitive to heating and pH. 246 

Furthermore, the process of the partial denaturation itself is difficult to be controlled (Damodaran, 247 

2005). In addition to thermal treatment, high pressure treatment and high-shear technology are 248 

currently gaining more attention to improve the heat stability of whey proteins (Wijayanti et al., 249 

2019). Another alternative method is enzymatic modification of proteins via hydrolysis and 250 

polymerization. Protein hydrolysis can be performed using pepsin and trypsin, while polymerization 251 

of proteins is possible with transglutaminase (Damodaran, 2005). The latter has been applied for 252 

improving the thermal stability of whey proteins through formation of covalent cross-links between 253 

reactive proteins (Stender et al., 2018; Zhong, Wang, Hu, & Ikeda, 2013). Chemical modification of 254 

proteins is performed by changing either the structure of the proteins at the secondary, tertiary and 255 

quaternary levels, or the hydrophobic to hydrophilic ratio (Damodaran, 2005). Acylation, 256 

phosphorylation, alkylation, sulfitolysis and the amino-carbonyl reaction are some available methods 257 

to chemically modify proteins. Nevertheless, based on nutritional and safety considerations, among 258 



  

these methods, phosphorylation and amino-carbonyl (Maillard reaction) methods are more advisable 259 

for application in food products (Damodaran, 2005).  260 

Besides structural modification, the heat stability of proteins can also be improved by adding 261 

compounds which can prevent protein aggregation such as dihydrolipoic acid (DHLA) or N-262 

ethylmaleimide (NEM). These compounds improve the thermal stability of β-lactoglobulin by 263 

blocking the reactive thiol groups preventing protein aggregation upon heating (Wijayanti, Bansal et 264 

al. 2014). However, most of these thiol blocking compounds are not food grade.  265 

Among the available methods mentioned above, combining whey proteins with other biopolymers 266 

such as polysaccharides seems to be a promising method to improve the heat stability of whey 267 

proteins. Biopolymers such as pectin, gum Arabic, carrageenan, and other polysaccharides are all 268 

food grade and have been widely used in food applications (Wang et al., 2018). As polysaccharides 269 

are mostly hydrophilic, the presence of the hydrophilic groups from the polysaccharides might 270 

enhance the hydrophilicity of the proteins. Furthermore, due to the growing interest in natural 271 

emulsifiers, the application of this method would enable the production of “clean-label emulsions” 272 

(Ozturk & McClements, 2016).  273 

Combining whey proteins and polysaccharides can be performed through electrostatic interactions 274 

or Maillard type reactions. The methods used for electrostatic complexation are relatively simple (Qi, 275 

Chau, Fishman, Wickham, & Hotchkiss Jr, 2017; Qi, Wickham, & Garcia, 2014). Improvement of the 276 

functionality and thermal stability of whey proteins through electrostatic interaction with pectin has 277 

been previously reported (Qi et al., 2014; Wagoner & Foegeding, 2017). However, the electrostatic 278 

complexation is highly affected by environmental conditions such as pH, ionic strength, and 279 

temperature (Gentes, St-Gelais, & Turgeon, 2010; Setiowati, Saeedi, Wijaya, & Van der Meeren, 280 

2017; Wagoner & Foegeding, 2017). The presence of salt and a change of the pH might break or 281 

weaken the complexation between the biopolymers. Therefore, electrostatic complexes have a very 282 

narrow range of optimum pH and are highly sensitive to the pH, which limits their application. 283 



  

Heating is sometimes required to stabilize the electrostatic complexes at neutral pH (Gentes et al., 284 

2010). 285 

In addition, despite of having a higher degree of interaction (yield), emulsions stabilized by WPI-Low 286 

Methoxyl Pectin (LMP) electrostatic complexes (formed at a pH around the IEP of WPI) were found to 287 

be less stable against creaming and heat than those stabilized by WPI-LMP conjugates produced with 288 

a Maillard type reaction (Setiowati, Rwigamba, & Van der Meeren, 2019; Setiowati et al., 2017). 289 

Furthermore, the former had a lower emulsifying activity than the latter. Therefore, it seems that the 290 

nature of the interaction between WPI and polysaccharides is an important factor which determines 291 

the functionality of the WPI-polysaccharide conjugates.  292 

On the other hand, the Maillard type reaction is a spontaneous and naturally occurring reaction. This 293 

process only requires the addition of polysaccharides and no additional chemicals are needed. 294 

Hence, these products can be safely incorporated into food systems without using undesirable 295 

chemical catalysts (Oliver et al., 2006). Through this method, new compounds with di-block or graft 296 

structure containing both hydrophobic and hydrophilic groups are obtained (Schong & Famelart, 297 

2017).  298 

6. Dry Heating of whey proteins and polysaccharides 299 

Whey proteins can be combined with other components, such as emulsifiers or thickeners to 300 

improve their functionality. Food products are composed of a wide range of ingredients such as 301 

proteins and carbohydrate-based polysaccharides (Ye, 2008). Some polysaccharides are known to 302 

have a good emulsion stabilizing activity . Whereas proteins adsorb at the oil-water interface during 303 

emulsification to form a viscoelastic layer, polysaccharides generally offer colloid stability through 304 

their thickening and gelation behavior in the aqueous phase. Combining the hydrophobic properties 305 

of proteins and the hydrophilic properties of polysaccharides has been reported to improve the 306 

functionality and heat stability of whey proteins. However, mixtures of biopolymers are often 307 



  

unstable, which leads to separation of the mixture into two phases (Ye, 2008). Thus, certain 308 

techniques to combine proteins and polysaccharides are needed in order to achieve the desirable 309 

properties and stable biopolymer complexes. This can be performed via either electrostatic 310 

interaction or conjugation by covalently linking polysaccharides to whey proteins. This review is 311 

focused on the interaction of whey proteins with polysaccharides via covalent interaction through 312 

the dry heat treatment method. Doost, Nasrabadi, Wu, A’yun, and Van der Meeren (2019) recently 313 

compared this conventional approach to novel methods, such as pulsed electric fields, sonication, 314 

extrusion, high pressure treatment, and electrospinning, to initiate covalent interaction between 315 

proteins and polysaccharides.  316 

Whey proteins and pectin can be conjugated by applying heat to a dry mixture. In this method, the 317 

protein and the polysaccharide are heated at slightly elevated temperatures for a certain period of 318 

time to induce Maillard type reactions. This results in a glycoprotein, a compound in which the 319 

polysaccharide is covalently linked to the protein (Schong & Famelart, 2017). Dry heat treatment of 320 

WPI and pectin induces the formation of complexes, as can be observed from the reduced amount of 321 

free amino groups, the emergence of high molecular weight components in SDS-PAGE and the 322 

decreased mobility of the whey proteins as measured by diffusion-NMR (Jiménez-Castaño, López-323 

Fandiño, Olano, & Villamiel, 2005; Setiowati et al., 2018; Setiowati, Vermeir, Martins, De Meulenaer, 324 

& Van der Meeren, 2016; Wefers, Bindereif, Karbstein, & van der Schaaf, 2018). These conjugates are 325 

formed by covalent attachment of the polysaccharides to WPI through Maillard type reactions during 326 

the dry heat treatment (Wefers et al., 2018). As conjugation largely affected the diffusion behavior of 327 

the proteins, but hardly changed the diffusivity of the pectin, it follows that complexes typically 328 

involve only 1 pectin molecule, chemically bound to either 1 or more protein molecules (Setiowati et 329 

al., 2018). No additional chemicals are needed, making this method safe for food applications 330 

(Damodaran, 2005; Kato, 2002).  331 



  

Conjugation of proteins and polysaccharides can be performed either in the wet state or dry state. In 332 

the wet state, the protein and polysaccharide mixture are heated in solution. This method has been 333 

successfully used to improve the functionality and heat stability of proteins such as vegetable protein 334 

isolate, sodium caseinate, and whey proteins (Consoli et al., 2018; Meng, Kang, Wang, Zhao, & Lu, 335 

2018; Mulcahy, Mulvihill, & O'Mahony, 2016; Pirestani, Nasirpour, Keramat, Desobry, & Jasniewski, 336 

2017). The drawback of this method is that there is a risk of contamination due to microbial growth 337 

(Liu & Zhong, 2013). Furthermore, handling and storage of the liquid product are more challenging 338 

than that of dry products (Liu & Zhong, 2013). It was also suggested that the products obtained from 339 

dry heating had a better long term stability than those obtained from wet heating (Liu & Zhong, 340 

2013). Regarding the impact of conjugation onto the structure of the protein, conjugation via wet 341 

state heat treatment has been found to cause important structural changes resulting in a specific 342 

denatured β-lactoglobulin monomer, which is covalently associated via the free thiol group (Morgan, 343 

Léonil, Mollé, & Bouhallab, 1999). On the other hand, this phenomenon is restricted in dry state heat 344 

treatment (Schong & Famelart, 2017). Xia et al. (2015) found that upon dry heating of BSA and 345 

dextran, the attachment of dextran to BSA was able to minimize the loss of its secondary and tertiary 346 

structure during dry heat treatment and to protect BSA from aggregation. Dry heat treatment of WPI 347 

with sugar beet pectin has been shown to preserve the antiparallel β-sheet element of the WPI 348 

structure (Liu & Zhong, 2015). Hence, conjugation of proteins and polysaccharides in dry state is 349 

more preferable due to the advantages that the method offers. 350 

Dry heat treatment is performed by heating a dry mixture of proteins and polysaccharides. Upon dry 351 

heat treatment, Maillard reactions takes place resulting in a covalently linked protein and 352 

polysaccharide conjugate (Fig. 3). To be specific, the conjugation of whey proteins and 353 

polysaccharides via dry heat treatment is basically based on the Amadori arrangement which takes 354 

place in the early stages of the Maillard reaction (Oliver et al., 2006). Hereby, the amino groups of a 355 

protein interact with the free carbonyl groups of polysaccharides (Wefers et al., 2018). The amino 356 

groups that actively participate in the Maillard reaction are mostly the ԑ-amino groups of lysine. 357 



  

However, other groups such as imidazole groups of histidine, indole groups of tryptophan, and 358 

guanidine groups of arginine are able to participate in the Maillard reaction to a lesser extent (Ames, 359 

1998).  360 

In general, the Maillard reaction is composed of three different stages, namely the early, 361 

intermediate/advanced, and final stage (Oliver et al., 2006). At the early stages of the Maillard 362 

reaction, carbonyl groups condense with free amino groups to form a Schiff base accompanied by 363 

water release. The Schiff base then cyclizes to the corresponding N-glycosylamine followed by 364 

irreversible Amadori rearrangement resulting in 1-amino-1-deoxy-2-ketose (Amadori product). 365 

However, if the Maillard reaction is performed using ketose containing sugar, the reaction will follow 366 

the Heyn’s rearrangement, resulting in 2-amino-2-deoxyaldose (Heyn’s product) (Oliver et al., 2006). 367 

These intermediate products obtained might undergo further polymerization into brown color at the 368 

advanced and final stages of the Maillard reaction (Liu, Kong, Han, Sun, & Li, 2014). The same authors 369 

reported that formation of these intermediate products was higher when the initial pH of the 370 

samples before heat treatment was more alkaline. 371 

Following the early stage, the intermediate stage of Maillard takes place. At this stage, the Amadori 372 

or Heyn’s products are transformed via different pathways depending on the pH of the environment 373 

(Oliver et al., 2006). The products formed in the degradation of Amadori or Heyn’s products are 374 

highly reactive and able to involve in various transformation reactions such as oxidation, cyclization, 375 

hydrolysis, fragmentation, and free radical reaction. Color development has also been detected at 376 

the intermediate stage. Nevertheless, a more intensive color development takes place at the final 377 

stage of the Maillard reaction with melanoidins as the final products (Nooshkam & Varidi, 2019). 378 

More detailed information of the chemical reactions occurring during preparation can be found in 379 

some recent reviews (Schong and Famelart, 2017; Doost et al., 2019; Nooshkam and Varidi, 2020). 380 

In the case of protein and polysaccharide conjugation, the Maillard reaction should be well controlled 381 

to avoid the advanced stage of the Maillard reaction. The latter has been found to produce protein-382 



  

polysaccharide conjugates with low solubility due to cross linking and polymerization, and thus 383 

exhibits poor functionality (Kato, 2002; Oliver et al., 2006). Excessive heating of WPI in the presence 384 

of a reducing sugar, such as glucose, results in advanced stage Maillard reactions which reduce the 385 

solubility of WPI (Jiménez-Castaño, López-Fandiño, et al., 2005; Setiowati et al., 2019). For food 386 

applications, conjugates with low solubility and intense brown color are undesirable (Oliver et al., 387 

2006). The product of dry heat treatment via Maillard reaction is a hybrid compound with high 388 

molecular weight (Schong & Famelart, 2017; Setiowati et al., 2016). This new compound (conjugate) 389 

seems to be responsible for the improved functionality and thermal stability of the conjugate.  390 

In principle, the Maillard reaction might lead to unsafe and toxic products. Some products of the 391 

Maillard reaction have been reported to be mutagenic or carcinogenic (de Oliveira et al., 2016). 392 

However, most of these compounds are produced at the advanced stage of the Maillard reaction, 393 

while during formation of the conjugates the advanced stage of the Maillard reaction is avoided. 394 

Hence, it is expected that these toxic compounds are not formed during protein polysaccharide 395 

conjugation. Jing and Nakamura (2005) conducted a research to test the toxicity and mutagenicity of 396 

glycosylated products (protein-polysaccharide conjugates) in rats. They found that the conjugates 397 

were safe and no toxic compounds were found in the conjugates. Hence, glycosylation products 398 

prepared in well-controlled conditions are suitable for food application (de Oliveira et al., 2016; Jing 399 

& Nakamura, 2005). Furthermore, it is worth to mention that protein-polysaccharide glycosylation 400 

has been used to reduce the allergenicity of some proteins and has shown positive results (Nakamura 401 

et al., 2008; Usui et al., 2004).  402 

7. Influencing factors of conjugation of proteins and polysaccharides 403 

In order to achieve protein-polysaccharide conjugates with optimum functionality, it is important to 404 

control the heat treatment. A good understanding of the key reaction parameters influencing the 405 

glycation and side reactions as well as their influence on the protein functionality is of utmost 406 

importance. Conjugation of proteins and polysaccharides is influenced by several factors, such as 407 



  

temperature, time, pH, relative humidity, as well as type and concentration of protein and 408 

polysaccharide (Ames, 1998).  409 

7.1 Combination of time, temperature, and relative humidity (RH) or water activity (aw) 410 

The dry heating method involves lyophilisation of a solution of a protein and a reducing sugar or 411 

oligo/polysaccharide, which is followed by equilibration and incubation at the desired aw or RH under 412 

controlled temperature for a certain period of time (Kato, 2002). It was reported that conjugation of 413 

β-lactoglobulin and dextran at higher temperature, lower aw and lower ratio of β-lactoglobulin to 414 

dextran resulted in a higher formation rate of Amadori compounds which correlated with a higher 415 

degree of conjugation (Jiménez-Castaño, Villamiel, Martín-Álvarez, Olano, & López-Fandiño, 2005). 416 

Martinez-Alvarenga et al. (2014) reported that increasing the incubation temperature from 50 to 417 

60oC was able to increase the degree of conjugation from 26 to 40%. Besides an increase of the 418 

reactivity of the carbonyl group and amino group by incubation at higher temperature, the authors 419 

also suggested that this could be due to the greater unfolding that occurred to the protein structure 420 

which consequently exposed a higher amount of reactive functional groups, such as lysine. 421 

Regarding the heating time or incubation time, the duration of the incubation should be well 422 

controlled and as short as possible to prevent the reaction reaching the advanced stage and to limit 423 

the polymerization and browning (Liu & Zhong, 2013). Furthermore, Xia et al. (2015) have reported 424 

that upon conjugation, a longer incubation time decreased the rate of dextran attachment to WPI, 425 

which might be due to the steric hindrance of the dextran which was already attached to the WPI. 426 

The optimum time for conjugate formation might differ between each process depending on the 427 

temperature and type of polysaccharide; it can range from hours to weeks. Normally, long chain 428 

polysaccharides require a longer dry heat treatment time than short chain polysaccharides and 429 

simple sugars. Conjugation of WPI and lactose has been reported to take place at 130oC for 2 hours 430 

(Liu & Zhong, 2015). On the other hand, conjugation of WPI with a higher molecular weight sugar at 431 

lower temperature required a longer heating time than at higher temperature (Liu & Zhong, 2015). 432 



  

Previously, the formation of WPI-LMP conjugates was found to be rapid during the first two days of 433 

dry heat treatment and continuously increased at a slower rate upon extending the dry heat 434 

treatment to 16 days at 60 oC (Setiowati et al., 2018; Setiowati et al., 2016). In a recent study, 3 days 435 

of dry heat treatment was found to be the optimum duration for conjugation of α-lactalbumin and β-436 

lactoglobulin with polysaccharides (Mulcahy et al., 2016). Nevertheless, it should be noted that a 437 

longer dry heat treatment time does not always produce conjugates with the best functionality (Chen 438 

et al., 2019). In fact, a decrease of the functionality of protein-polysaccharide conjugates upon 439 

extended dry heat treatment has been reported. Thus, longer dry heat treatment of pea protein in 440 

the presence of gum arabic decreased the solubility and emulsifying properties of the protein (Zha, 441 

Dong, Rao, & Chen, 2019). The authors suggested that this phenomenon was caused by excessive 442 

reaction between the protein and polysaccharides. A similar phenomenon was observed by Chen et 443 

al. (2019). 444 

It has been reported that dry heat treatment of proteins and polysaccharides was optimum at 445 

intermediate RH or aw values (Ge Pan & Melton, 2007): at this intermediate range of RH values (30-446 

79%), the degree of conjugation seemed to be increasing with RH (Ge Pan & Melton, 2007; Martinez-447 

Alvarenga et al., 2014), whereas the degree of conjugation decreased with RH outside this range of 448 

RH values (e.g. ≥ 80%) (Ge Pan & Melton, 2007).  Conjugation of proteins and polysaccharides was 449 

also reported to be optimum when it was performed at a RH of 65% and 79% (Kato, 2002). As a 450 

further consequence, these RH values are most commonly used for conjugate preparation (de 451 

Oliveira et al., 2016). According to other authors, the optimum aw for the Maillard reaction is located 452 

between 0.5 and 0.8 (Oliver et al., 2006). However, a wider range of optimum aw values for Maillard 453 

reaction was reported by Martinez-Alvarenga et al. (2014): in their study, the optimum aw was 454 

observed to be in between 0.3 and 0.8. These phenomena can be explained by the impact of the 455 

water activity on the concentration and mobility of the reactants (Cheison & Kulozik, 2017). At higher 456 

aw, the reactants are too diluted, and thus the conjugation rate is lower (Cheison & Kulozik, 2017). On 457 



  

the other hand, at a very low aw, the mobility of the reactant is too restricted (Martinez-Alvarenga et 458 

al., 2014) and as a consequence the conjugation is limited.  459 

7.27.27.27.2 Type of polysaccharideType of polysaccharideType of polysaccharideType of polysaccharide    460 

The type of polysaccharide highly influences the functionality and heat stability of the conjugates 461 

since steric stabilization was reported to play an important role in the functionality and heat stability 462 

of the conjugates. The functionality of proteins decreases when a high amount of carbonyl groups is 463 

attached to the amine groups of the proteins (Kato, 2002). Furthermore, the advanced stage of the 464 

Maillard reaction has been found to highly reduce the solubility of the conjugate (Kato, 2002; 465 

Setiowati et al., 2019). This is undesirable since the functionality of proteins is largely affected by 466 

their solubility. This phenomenon has a higher possibility to take place when the conjugation is 467 

performed with monosaccharides as well as oligosaccharides (Kato, 2002). In addition, when short 468 

chain polysaccharides or polysaccharides rich in reducing sugars are used, the reaction should also be 469 

strictly controlled to prevent the advanced stage of the Maillard reaction in which polymerization 470 

and browning dominate (Aoki et al., 1999). Polysaccharides are less reactive than monosaccharides, 471 

and thus the advanced and final stage of the Maillard reaction can be more easily prevented. It was 472 

found that the brown color development and protein polymerization during Maillard reaction were 473 

suppressed when conjugation was performed with long chain polysaccharides (Aoki et al., 1999). 474 

Furthermore, the longer the chain of the polysaccharides, the better the emulsifying activity of the 475 

conjugates will be (Shu, Sahara, Nakamura, & Kato, 1996). Hence, conjugation of proteins with 476 

polysaccharides is found to be more interesting for industrial application (Kato, 2002). As far as the 477 

molecular weight is concerned, it was reported that whey proteins conjugated with lower molecular 478 

weight dextrans underwent more structural changes than those with higher molecular weight 479 

dextran (Spotti et al., 2014). Kato (2002) found that saccharides with a molecular weight of at least 480 

10 kDa are suitable to be conjugated with proteins as they are able to increase the functionality of 481 

the proteins as emulsifier. In general, polysaccharides and sugar with a larger molecular size are 482 

more preferable for conjugation via dry heat treatment as they provide more steric hindrance (Chen, 483 



  

Chen, Guo, & Zhou, 2015).  This is beneficial for the stability of the protein, as well as of the emulsion 484 

stabilized by the conjugates. Furthermore, polysaccharides with negative charges are also preferable 485 

as they have the ability to increase the surface charge density and prevent the formation of 486 

aggregates during heating due to electrostatic repulsion (Chen et al., 2015).  However, it should be 487 

kept in mind that dry heat treatment of proteins with high molecular weight polysaccharides lowers 488 

the conjugation rate due to steric hindrance (ter Haar, Schols, & Gruppen, 2011; Xia et al., 2015). 489 

Charged polysaccharides may exhibit the same behavior due to electrostatic repulsion instead of 490 

steric hindrance (ter Haar et al., 2011).  491 

Long chain and high molecular weight polysaccharides that can be utilized include pectins, gums, 492 

dextrans, and galactomannans. Whey proteins have been reported to be thermodynamically 493 

compatible with pectin, which is important to obtain optimal conjugation (Einhorn-Stoll, Ulbrich, 494 

Sever, & Kunzek, 2005). Due to their compatibility, the whey proteins and pectin will be in close 495 

contact upon mixing and will form a homogeneous mixture of the biopolymers, thus promoting 496 

better conjugation (Einhorn-Stoll et al., 2005). With regard to pectin, previous research showed that 497 

conjugation with  pectin with a high degree of methylation (DM) slightly improved the emulsifying 498 

activity of whey proteins (Einhorn-Stoll et al., 2005). In contrast, Schmidt et al. (2016) and Setiowati 499 

et al. (2019) reported that the DM did not influence the performance of the resulting conjugates. 500 

However, the former suggested that the use of pectin with low DM is more advisable since a higher 501 

yield was obtained from the dry heat treatment. Furthermore, polysaccharides with higher Dextrose 502 

Equivalent (DE) values resulted in more extensive conjugation than those with lower DE values 503 

(Mulcahy et al., 2016).   504 

The presence of sugar, in particular dextrose, was reported to interfere with the formation of 505 

conjugates during dry heat treatment. It was observed that advanced Maillard reaction between 506 

dextrose present in a commercial HMP sample with WPI took place at longer dry heat treatment 507 

times which led to browning and polymerization of the protein. As a consequence, a reduction of the 508 



  

functionality of the WPI was observed (Setiowati et al., 2019).  Hence, dry heat treatment in the 509 

presence of reducing sugars should be well controlled. 510 

8. Improved functional activity of conjugated whey proteins  511 

Glycation of proteins, as well as conjugation of proteins and polysaccharides via the Maillard reaction 512 

influences the functional properties of proteins by changing their charge, solvation, and 513 

conformation (Oliver et al., 2006). The functional properties of the protein-polysaccharide conjugates 514 

are remarkably different from the original biopolymers. 515 

8.1 Emulsifying activity of Whey Protein-Polysaccharides conjugates 516 

In addition to heat stability, conjugation of whey proteins also improves their emulsifying properties. 517 

The excellent emulsion stability offered by protein-polysaccharide conjugates is due to the fact that 518 

the biopolymers work synergistically to stabilize the emulsion. Upon emulsification, the protein 519 

moieties of the conjugates are adsorbed onto the oil-water interface (Kato, 2002) and thus 520 

polysaccharides are carried by the protein and become available on the surface of the oil droplets. 521 

The latter is not possible, or only to a very limited extent, when the polysaccharides are not 522 

conjugated to the protein. Upon adsorption, the hydrophobic groups of the protein are anchored 523 

onto the oil droplets while the hydrophilic groups of the polysaccharides orient themselves in the 524 

aqueous phase (de Oliveira et al., 2016). Protein-polysaccharide conjugates stabilize the emulsion 525 

through a steric hindrance effect which inhibits recoalescence of oil droplets during emulsification 526 

(de Oliveira et al., 2016) resulting in a smaller droplet size. Polysaccharides provide a protective 527 

viscoelastic layer which enhances the stability of the emulsion over time (Kato, 2002). Furthermore, 528 

the presence of additional hydrophilic groups from the polysaccharides increases the hydrophilicity 529 

of the oil droplets in the emulsion, which also enhances the stability of the emulsions (Akhtar & 530 

Dickinson, 2007). In addition to the steric stabilization, the charge of the conjugates also plays an 531 

important role in stabilizing the conjugates. It was reported that dry heat treatment of WPI and LMP 532 

was very effective to improve the heat stability of WPI and the emulsifying activity of WPI stabilized 533 



  

emulsions around its IEP, which is attributed to the downward shift of the IEP of the protein upon 534 

binding with the anionic pectin molecules (Setiowati et al., 2017). Thus, the stabilizing activity of 535 

protein-polysaccharide conjugates is due to a combination of steric and electrostatic stabilization. 536 

The emulsifying activity of the WPI-polysaccharide conjugates is significantly improved compared to 537 

that of native WPI, especially around the protein’s IEP. Setiowati et al. (2017) observed that the 538 

droplet size of the emulsions decreased considerably when the WPI-LMP mixture was dry heat 539 

treated for 1 day and continuously decreased slightly as the dry heat treatment time was prolonged. 540 

The same trend was also observed when the concentration of LMP in the conjugates was increased. 541 

This indicated that the emulsifying activity of the WPI-LMP conjugates might be related to the yield 542 

of the conjugation reaction, as longer dry heat treatment and higher pectin concentration led to a 543 

higher conjugation yield (Setiowati et al., 2018; Wefers et al., 2018). Conjugates with a higher yield of 544 

conjugation (higher degree of interaction) resulted in a higher emulsifying activity. On the other 545 

hand, dry heating of WPI in the absence of polysaccharides did not significantly influence the 546 

functional properties of WPI. This showed that the improvement of the heat stability and emulsifying 547 

activity of the WPI was solely due to the presence of WPI-LMP conjugates.  548 

In contrast to WPI-pectin conjugates, simple mixing of WPI with LMP (leading to electrostatic 549 

complexes) only improved the emulsifying activity and heat stability of WPI, provided that the 550 

environmental conditions favoured electrostatic interaction, i.e. at a pH that limits electrostatic 551 

repulsion (close to IEP), as well as low salt concentration (Setiowati et al., 2017). In addition, the 552 

performance of these complexes was highly influenced by the concentration of pectin, pH, and 553 

presence of salt (Chen et al., 2018; Setiowati et al., 2017).  554 

8.2 Heat stability of Whey Protein-Polysaccharides conjugates 555 

To improve the heat stability of whey proteins, it is necessary to prevent their unfolding and/or the 556 

association of the unfolded whey proteins. In O/W emulsion systems, whey protein-pectin 557 

conjugates successfully improved not only the emulsifying activity, but most importantly, also the 558 



  

heat stability of the WPI (Setiowati et al., 2016), as well as of the WPI stabilized emulsion  (Setiowati 559 

et al., 2017): aqueous solutions of WPI-LMP conjugates were stable against heat and no visible 560 

aggregates were observed in the solutions upon heating. The effectiveness of dry heat treatment in 561 

improving the heat stability of proteins has been reported in several other studies (Chen et al., 2019; 562 

Chen et al., 2015; Jiménez-Castaño, López-Fandiño, et al., 2005; Mulcahy et al., 2016; Wang & Ismail, 563 

2012; Zha et al., 2019). 564 

Compared to protein-polysaccharide complexes obtained from electrostatic interaction, protein-565 

polysaccharide conjugates obtained from dry heat treatment are superior. The protein-566 

polysaccharide complexes formed via Maillard type reactions are more stable at a wider range of pH 567 

values and various ionic strengths without precipitation as compared to those obtained from 568 

electrostatic interaction (Jiménez-Castaño, López-Fandiño, et al., 2005; Mulcahy et al., 2016). 569 

Furthermore, conjugation of proteins and polysaccharides reduces the sensitivity of the protein to pH 570 

due to the alteration of the net charge on the protein molecules which causes changes in the nature 571 

and magnitude of the intermolecular forces between protein molecules (Chen et al., 2015). It has 572 

been reported that whey proteins become heat stable at a pH around their IEP in the presence of 30 573 

mM salt upon complexation with pectin (Jiménez-Castaño, López-Fandiño, et al., 2005; Setiowati et 574 

al., 2016). Moreover, upon conjugation with anionic polysaccharides, the overall net charge of the 575 

conjugates is shifted to more negative values since there is a reduction of the number of lysine 576 

residues which is the contributor of positive charges (Liu & Zhong, 2013).  577 

Similarly, emulsions stabilized by WPI-pectin conjugates were reported to be able to withstand 578 

heating at 80 and 120oC in the presence and absence of 30-50 mM NaCl (Mulcahy et al., 2016; 579 

Setiowati et al., 2017). Furthermore, despite of the fact that WPI-pectin conjugates which were dry 580 

heat treated for only 1 day had a lower yield than those dry heat treated for 16 days, the heat 581 

stability of these two conjugates was comparable (Setiowati et al., 2017; Setiowati et al., 2018). Thus, 582 

the heat stabilizing activity of the conjugates is not influenced by the yield or degree of interaction to 583 



  

a large extent. According to Mulcahy et al. (2016) and Zha et al. (2019), heat induced droplet 584 

flocculation in emulsions stabilized by protein-polysaccharide conjugates was prevented due to the 585 

improved hydrophilicity and steric interaction on the surface of oil droplets provided by the attached 586 

polysaccharides.   587 

In addition, the heat stability of emulsions stabilized by WPI-pectin conjugates was better than that 588 

of emulsions stabilized by WPI only, WPI-pectin mixtures, and by WPI-pectin complexes obtained via 589 

electrostatic interaction at pH 5  (Qi, Xiao, & Wickham, 2017; Setiowati et al., 2017). Emulsions 590 

stabilized by WPI-pectin conjugates were able to retain their initial consistency and droplet size after 591 

heating (Fig. 4). On the other hand, emulsions stabilized by native WPI or by a mixture of WPI-LMP 592 

(without dry heat treatment) formed droplet aggregates (Fig. 4).  593 

The heat stability of emulsions stabilized by whey protein-polysaccharide conjugates can also be 594 

attributed to the prevention of unadsorbed protein aggregation during heating. Qi, Xiao, et al. (2017) 595 

reported that heat denaturation of whey proteins at temperatures above 70 oC could be prevented 596 

upon dry heat treatment with sugar beet pectin. Heat stable whey proteins solutions were also 597 

reported at 85 oC upon addition of 50 mM salt (Mulcahy et al., 2016). The heat stability of the 598 

unadsorbed WPI has been reported to play an important role in the heat stability of WPI stabilized 599 

emulsions. As heat induced protein aggregation may cause the aggregation of unadsorbed WPI in the 600 

aqueous phase with the adsorbed proteins from two or more oil droplets, it follows that oil droplets 601 

may start aggregating, whereby the unadsorbed proteins may act as a glue in between the oil 602 

droplets (Fig. 5.a). This phenomenon was attributed solely to the presence of covalently bound 603 

polysaccharides, since dry heat treatment of whey proteins in the absence of polysaccharides did not 604 

exhibit the same result (Qi, Xiao, et al., 2017; Setiowati et al., 2016). Due to the strong electrosteric 605 

repulsion by binding with pectin, this phenomenon was largely prevented in the presence of WPI-606 

LMP conjugates (Fig. 5.b). Moreover, it is believed that the conjugated proteins are more heat stable 607 



  

than the native ones, owing to their more rigid structure (Schong & Famelart, 2017; Wang, He, 608 

Labuza, & Ismail, 2013).  609 

An increase in the denaturation temperature of whey proteins upon dry heat treatment with 610 

polysaccharides has been reported (Chen et al., 2015; Liu et al., 2014; Schong & Famelart, 2017). 611 

Nevertheless, the authors reported that the denaturation temperature only increased by a couple of 612 

degrees, and hence can not explain the observed heat stability as such. On the other hand, 613 

conjugation of proteins with polysaccharides is known to reduce  intermolecular interactions 614 

between proteins which play an important role in heat-induced protein aggregation (Schong & 615 

Famelart, 2017). Therefore, the improved heat stability of whey proteins is most likely due to 616 

avoiding or slowing down the aggregation step, rather than by avoiding or slowing down the 617 

denaturation step.  618 

It is worth to mention that whey protein-polysaccharide conjugates have been reported to be very 619 

suitable for encapsulation of active compounds (Devi, Sarmah, Khatun, & Maji, 2017; Fan, Yi, Zhang, 620 

Wen, & Zhao, 2017; Nooshkam & Varidi, 2019). Besides improving the solubility and bioavailability of 621 

the encapsulated active compounds, whey protein-polysaccharide conjugates also protect them from 622 

unfavorable conditions, such as the presence of light or oxygen, or extreme pH conditions. 623 

Furthermore, since whey protein-polysaccharide conjugates possess an excellent heat stability, they 624 

also improve the heat stability of encapsulated active compounds, such as anthocyanins (Nooshkam 625 

& Varidi, 2019; Qin et al., 2018).  626 

9. Conclusions and future works  627 

Native whey proteins are very heat labile. Heat denaturation and aggregation take place rapidly once 628 

they are heated above their denaturation temperature. In order to broaden their application, the 629 

heat stability of whey proteins needs to be improved. Dry heat treatment of whey proteins in the 630 

presence of polysaccharides has been proven to improve the heat stability of whey protein solutions, 631 

as well as of whey protein stabilized emulsions. Conjugated whey proteins are able to maintain their 632 



  

solubility after heating, which is crucial for their functionality. In addition, the resulting product has a 633 

better heat stability and emulsifying activity than native whey proteins or dry heat treated whey 634 

proteins (in the absence of polysaccharides). This phenomenon is attributed to electrosteric 635 

stabilization by the conjugates, provided by the attached polysaccharides.  636 

For future work, it will be interesting to determine the amount of conjugated whey proteins 637 

adsorbed onto the surface of oil droplets. In addition, it might also be interesting to study the 638 

performance of the conjugates in a system which contains casein, such as in skim milk. It is expected 639 

that the presence of conjugates will prevent the denaturation and aggregation of the whey proteins 640 

as well as their interaction with κ-casein during heat treatment and thus may prevent fouling of heat 641 

exchangers. Lastly, it is also important to optimize the production of whey protein conjugates for 642 

industrial application as the available methods mostly require a long (i.e. at least some hours to days) 643 

dry heat treatment period. 644 

 645 
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Figure 1. Schematic image of β-lactoglobulin aggregation (reprinted from Nicolai, Britten, and Schmitt 

(2011) with permission from Elsevier): 1. Whey proteins exist as monomers and dimers, whereby 

heating shifts the equilibrium towards monomers. 2. Formation of oligomers. 3. Formation of primary 

aggregates. 4. Formation of larger aggregates that can form a gel at certain concentrations. 

 

 

 

 

 

Figure 2. Schematic image of oil droplet aggregation due to the presence of denatured unadsorbed 

whey proteins which interact with adsorbed whey proteins. The unadsorbed whey proteins act as glue 

which binds the droplets together.  

 



 

Figure 3. Schematic image of protein and polysaccharide conjugation via a Maillard type 

reaction (reprinted from de Oliveira, Coimbra, de Oliveira, Zuñiga, and Rojas (2016) with 

permission from Elsevier) 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

Figure 4. Consistency coefficient and volume-weighted average diameter of emulsions stabilized by WPI-

low methoxy pectin (LMP) conjugates, WPI-LMP mixture, and native WPI at pH 5.0 and 6.5 in the 

absence and presence of 30 mM salt, measured after heating at 80 
o
C for 20 min (reprinted from 

Setiowati et al., (2017) with permission from Elsevier). 
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Figure 5. Schematic illustration of the heat stabilizing activity of WPI-polysaccharide mixtures (a) and 

conjugates (b) in solution and in O/W emulsions. 
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Highlight 

• Whey proteins and whey protein stabilized emulsions are heat labile 

• Heat stability is crucial for the broader industrial application of whey proteins 

• Whey protein-polysaccharide conjugation largely increases the heat stability of whey proteins 
• This is attributed to electrosteric stabilization provided by the attached polysaccharides. 


