
HAL Id: tel-02009721
https://theses.hal.science/tel-02009721v2

Submitted on 7 Mar 2019

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documentsmay come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaireHAL, est des-
tinée au dépôt et à la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
français ou étrangers, des laboratoires publics ou
privés.

HAL Authorization

Assemblages microniques de protéines sériques produits par
étuvage à pH 9,5 : mécanisme de formation et propriétés

physico-chimiques et fonctionnelles
Elise Schong

To cite this version:
Elise Schong. Assemblages microniques de protéines sériques produits par étuvage à pH 9,5 : mécanisme de
formation et propriétés physico-chimiques et fonctionnelles. Ingénierie des aliments. Agrocampus Ouest,
2017. Français. ⟨NNT : 2017NSARB302⟩. ⟨tel-02009721v2⟩

https://theses.hal.science/tel-02009721v2
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr


élevées ce qui leur confère des propriétés viscosifi antes. L’addition 

modifi cation of the powder composition. Dry heating at pH 9.5 was 

of the dry heated powder particles. In the fi rst step, the glycation 
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A B S T R A C T  
 
Whey protein products are of widespread use as food ingredients because of their high nutritional, biological and functional 
properties. Whey proteins are important structural components in many foods as used in their native form, for example for their 
heat-induced gelation abilities. Furthermore, they also offer reliable functionalities when modified by heating processes as 

denatured or aggregated proteins. Heat treatment of whey proteins in a liquid state has received much attention in recent years. 
While dry heating of whey proteins, say heating whey proteins in the dry state, is frequently cited in the literature as a potential 

and efficient means to improve the functional properties of proteins, it has received very little attention. We report first on the 

dry heating of whey products as applied to promote glycation of whey proteins with a low denaturation, and second, to promote 
their denaturation and aggregation and on their consequences on the functional properties of whey proteins.  

 
 
 
1. Introduction 

 
Dry heating of whey proteins or heating a whey protein powder has received 
very little attention, while dry heating of hen egg white is very commonplace 
in the egg industry. It was first applied on egg white at 55–65 °C for 3–5 days 
for its pasteurisation, because it allows reaching higher temperatures for egg 
white than in a liquid state without destabilization. But, since Kato, Ibrahim, 
Watanabe, Honma, and Kobayashi (1989) demonstrate that it improves the 
functional properties of egg white, the food-processing industry widely uses 
the dry heating of hen egg white at 65–85 °C for 7–14 d (Nau, Guérin-Dubiard, 
Baron, & Thapon, 2010). It is mostly applied in rooms at a regulated 
temperature and relative humidity (RH) to avoid an excessive decrease in the 
powder moisture. 
The temperature and time of the dry heating are essential parameters, as the 

content in saccharides, the pH and the water activity (aw) of the powder. While 
heating in solution is applied at relative high temperature for short time (60–95 
°C less than one h), dry heating uses generally lower temperatures (50–80 °C) 
for longer time (h to days). However, some dry heating studies use higher 
temperatures (100–130 °C) for shorter time (O'Mahony, Drapala, Mulcahy, & 
Mulvihill, 2017). In research studies, pH and composition of the reactants are 
adjusted in the liquid state, the mixture is generally freeze-dried and the powder 

is usually adjusted at a known initial RH or aw, by storage in selected saturated 
salts, for example. The power is then dry heated in an oven, in tightly sealed 

glass tubes. In that process, only the initial aw is controlled and can evolve, due 
to the potential accumulation of water by the Maillard reaction. In some studies,    

 
 

 
the whole equipment controlling the aw is introduced in the oven and the aw is 
controlled all along the process. We will report once on dry heating applied on 
mixtures of whey protein isolate and saccharide powders (Hiller & Lorenzen, 
2010). Moreover, it has been said that dry heating produces a limited protein 
denaturation (Augustin & Udabage, 2007; Morgan et al., 1999) at a temperature 
lower than the glass transition temperature (Tg) range (~75 to 120 °C for whey 

protein isolate (WPI) or βlactoglobulin (βlg) at aw from 0.64 to 0.23, respec-
tively (Zhou & Labuza, 2007)) and this is why an increasing number of studies 
are devoted to the dry heating as a mean to increase the functional properties 
of milk proteins. According to Zhou and Labuza (2007), denaturation 
temperature (Td) at low water contents of WPI or βlg are from 96 to 180 °C at 

aw 0.85 to 0.11, respectively, a much higher value than in the liquid state. 
As the dry heating of whey proteins is an efficient way to produce glycated 
proteins, and as Maillard type-glycated proteins could carry biological and 
techno-functional benefits, we report on that technology as studied on whey 
proteins in scientific papers. To our knowledge, there are no recent reviews that 
deal with the dry heating of whey proteins and their consequences on functional 
properties of proteins.  
We report first on studies on dry heating applied for glycation reaction. 
Moreover, we report on studies of dry heating as a process that induces 
aggregation of whey proteins, either as detrimental or desired. Although the 
processes of glycation and aggregation are intimately related, because glycation 
is generally the first step of both, the former studies are conducted with added 
reducing sugar with the aim to limit the structural modifications of whey 
protein  
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proteins, such as their aggregation and the production of brown colour, while 
the latter are conducted in conditions promoting denaturation and aggregation 
of proteins, generally without adding sugar and at higher temperature and time 
of dry heating. We have divided these parts in a section presenting the con-
ditions applied during the dry heating and a section on consequences of dry 
heating on the functional properties of proteins. To help the reader, the section 
on the conditions applied during glycation is also divided in treatments at 

temperatures lower and higher than 50 °C. Regardless of the aw or RH value of 

the experiment, temperatures lower than 50 °C are lower than the Tg of the WPI 
powders, and protein mobility and reactions rates are significantly reduced and 
vice versa (Zhou & Labuza, 2007). 
 
 
2. Dry heating in conditions promoting the glycation of whey 

proteins 

 
2.1. Generalities 

 
Heating proteins in the presence or with traces of a reducing sugar often leads 
to Maillard reactions (Augustin & Udabage, 2007). These reactions constitute 
a very complex network of reactions with diverse pathways. At the beginning, 
a reducing sugar such as lactose condenses with a compound possessing a free 
amino group, like the ε-group of lysine or the α-amino group of terminal amino 
acids, to form N-substitute glycosylamine. Then, glycosylamine undergoes the 
Amadori re-arrangement to form ketosamines known as early glycation 
products. Many further ways are then possible, leading either to reductones and 
dehydroreductones, which are powerful antioxidants or to the Strecker 
degradation or to the Schiff's base/furfural pathway with formation of water 
and brown nitrogenous polymers and copolymers called mela-noidins that 
constituted advanced glycation end-product or AGE (Martins, Jongen, & van 
Boekel, 2000). As one of the products of the reaction is water, a high content 
of water inhibits the reaction, and the reaction occurs most rapidly at 

intermediate value of aw, 0.5 < aw < 0.8, say for dried and intermediate-

moisture products (Ames, 1990). 
An increasing number of studies reports on increased functional properties of 
glycated proteins. Some recent reviews (Liu, Ru, & Ding, 2012; O'Mahony et 
al., 2017) report on glycation of dairy proteins, by solid state or liquid heating 
processes, but none on dry heating whey proteins for other aims than protein 
glycation. 

 
2.2. Conditions of dry heating and changes induced in the physicochemical 

properties of proteins 

 
2.2.1. Glycation at low or medium temperatures (T ≤ 50 °C)  
According to Martins et al. (2000), an increasing reactivity between sugar and 
the nucleophilic amino groups is obtained at high temperature and in an alkaline 
environment, as the amino groups are deprotonated and so, more nucleophilic. 
Maillard reactions take place in solution or in solid state, provided a little 
moisture is present, typically 60–80% RH (Kato, 2002). The number of 
condensed sugars, the size of the polymers, the nature of the intermolecular 
protein bonds and the properties of the protein polymer-sugar conjugates 
depend on the nature of the sugar (Chobert, Gaudin, Dalgalarrondo, & Haertle, 
2006). Many temperatures, adjusted pH, sugars, protein mixture and time of 
dry heating have been tested, as shown in Table 1 and we will describe in more 
details some of the physicochemical changes induced by these dry heating 
experiments in the following. 
Heat treatment of βlg B in the dry state at 50 °C in the presence of 100 mol 
lactose/mol βlg leads to a family of conjugates with different numbers of bound 
lactose. The mean number of bound lactose is dramatically higher in the dry 
treatment than in the liquid treatment, even with higher lactose to βlg ratios or 
longer heating times (French et al., 2002; Morgan et al., 1998; Morgan et al., 
1999; Morgan et al., 1999; Morgan et al., 1999). Indeed, the mean numbers of 
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bound lactose are 7.7 mol/mol in 48 h and 2.2 mol/mol in 130 h, respectively 
(Morgan et al., 1999; Morgan et al., 1999). One group (French et al., 2002) has 
also tested an interesting way of glycation, first a dry heating step at 50 °C for 
96 h, followed by a liquid state at 50 °C for up to 96 h that leads to very few 
changes of protein glycoforms during the second heat treatment. 
While the liquid treatment leads to the formation of high molecular weight 
(Mw) species, the dry heating do not modify the polymerisation state of βlg. 
Only a slight increase in the sulfhydryl content and a modification of the 
conformation of the AB loop region of the protein are reported after dry heating 
(Morgan et al., 1998; Morgan et al., 1999; Morgan et al., 1999). 
While by RP-HPLC/ESI-MS/MS 15 amino residues of βlg are found as 

glycated (the Nterm and all the 15 lysine residues, apart the Lys101 that is hard 

to analyse) (Morgan et al., 1999), by MALDI-TOFF, Leu1 (NH2 terminal) and 

the Arg124 are also found modified, and even the Arg40, Arg154 and Arg148 

and Lys47, Lys75 that can be di-alkylated with galactose (Fenaille, Morgan, 
Parisod, Tabet, & Guy, 2004). Binding a sugar to lysine leads to a decrease in 
the pKa of βlg, but again very few structural modifications are observed as 
compared to the treatment in a liquid state (Fenaille, Morgan, Parisod, Tabet, 
& Guy, 2003).  
Medrano et al. (2009) tested the glycation of βlg with lactose or glucose by dry 
heating at 50 °C. The degree of glycation increases with reaction time and sugar 
molar ratio, with glucose only. These 2 factors have no effect with lactose as 
sugar. Maximum surface hydrophobicity (SH) is lower for the glucose-βlg, 
while lactose-βlg and free βlg have close SH. The number of lactose bound on 
βlg is 7 and 8, for 51 and 96 h of dry heating, respectively, in accordance with 
the studies of Morgan et al. (1999) and Morgan et al. (1999), while they are 15 
and 19 with glucose. Dry heating in the presence of lactose and glucose forms 
oligomers. βlg can also be conjugates with lactulose, but at a lower rate than 
with lactose (Matsuda et al., 1991) and with xylobiose (Yajima et al., 2007). 
βlg was conjugated with aldose or ketose, i.e. galactose or tagatose, to study 
the role of the position of the CO group on the sugar on the conjugation, the 
property and the functionality of conjugates (Corzo-Martinez et al., 2008). The 
reactivity of galactose in the early stages of the reaction is higher than that of 
tagatose, as a larger number of galactose than tagatose bound to βlg, because 
probably the aldehyde group of galactose is more electrophilic than the keto 
group of tagatose. The conjugates are heterogeneous and have higher 
hydrophilic characteristics due to the sugar bonding. They also have a higher 
negative charge than native βlg, due to the blocking of the basic group. They 
also show a lower SH, but that can be due to the blocking of lysine and/or 
arginine residues by the saccharides and as ANS, the hydrophobic probe used 
to measure SH, has a slight affinity for these amino acids by electrostatic 
interactions. Some additional aggregates also form during the conjugation, that 
are more numerous and in higher amount with tagatose than galactose when the 
conjugation is conducted at 40 °C. At 50 °C, a similar number of different 
aggregates form with galactose than tagatose. A slight change in the 
conformation is seen between native and conjugated forms of βlg at 50 °C, 
while no changes are noticed at 40 °C, as observed by the intrinsic fluorescence 
spectra of βlg. 
βlg was glycated with prebiotic galactooligosaccharide (GOS) (Luz Sanz et al., 
2007). The level of free amino groups decreases to 20% in 12 d, while the 
furosine - i.e. a compound formed by the hydrolysis of Amadori compound 
(AC) used as an indicator of heat damage of dairy products - content increases 
to 2.5 mg/100 mg of βlg in 16 d and then remains constant and the browning 
begins to be significant after the 16th day. One trisaccharide, 2 tetrasaccharides 
and a pentasaccharide are suspected to bind to βlg. The mean Mw of βlg 
increases by 21% by glycation, and more dimers, and a trimeric form appear, 
due to either an incomplete reduction of proteins with dithiothreitol during the 
SDS-PAGE analysis or to polymerisation by bonds other than disulfide bridges. 
The isoelectric pH value (pI) of conjugates decreases from 5.2–5.3 to almost 
gg        
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pH 4.5 after 23 d of dry heating, with a larger charge heterogeneity than before 
the dry heating and the hydrophilicity increases. Indeed, the pI ranges from pH 
5.3 to 4.5.  
When αlactalbumin (αlac) is dry heated at 50 °C in the presence of 
maltopentaose (MP), 4 additional αlac conjugates appear, with different 
numbers of conjugated MP (Enomoto et al., 2009). The secondary structure of 
αlac is not modified by glycation, and only a slight increase in the Td was 
reported. Glycation of αlac with D-allose, a rare sugar, is faster than with D-
fructose or D-glucose (Sun et al., 2006). The main conjugates contain 2, 6 and 
8 sugars for fructose, glucose and allose, respectively. 
The patent from Boland et al. (1999) show results on the use of lactose as the 
reducing sugar in the glycation of whey proteins. The glycation of protein is 
not limited to whey protein concentrates or isolates as they also report on the 

production of furosine from the storage at aw = 0.33 to 0.79 at 30–40 °C for 6 
to 36 days of a milk protein concentrate, or of whole or skim milk powder.  
In conclusion, we would say that dry heating at temperature < 50 °C induces 
the formation of a family of heterogeneous glycated conjugates of protein, and 
to very few structural changes, as compared to the treatment in a liquid state 
and that the level of glycation depends on the saccharide and the conditions 
used during the treatment. Main consequences of this glycation are the re-
duction in the pI of the proteins and their increased hydrophilicity. 

 
2.2.2. Glycation at high temperatures (T ≥ 50 °C)  
Conditions of dry heating are summed up in Table 2. Many poly-saccharides 
have been tested: mono, di, oligo, polysaccharides such as dextrans or 
maltodextrin (MD) and even more complex gums, like acacia or corn syrup 
gums. 
The efficiency of sugars in βlg glycation is as follows: aldopentose > 
aldohexose > disaccharide, with galactose > glucose, and lactose being the less 
efficient sugar (Fenaille et al., 2003; Fenaille et al., 2003). While a significant 
difference of efficiency is observed between glucose and galactose in the dry 
state (Fenaille et al., 2003), it is not so different when the glycation is performed 
in solution. Moreover, this difference between glucose and galactose observed 
during solid-state glycation is rather hard to explain as the only difference 
between these 2 hexoses is the position of the hydroxyl on the C4 carbon. 
According to Fenaille et al. (2003) the reactivity of reducing sugars increases 
with the level of mutarotation and the decrease in the carbohydrate size. 

Increasing the aw during the dry heating of whey protein concentrate (WPC) 
leads to an increase number of glycated lysine residues (Morgan et al., 2005). 
Many studies aim at producing only partial glycation of proteins, or optimizing 
the content in AC with the minimum powder browning and protein 
polymerisation. Wang et al. (2013) characterize the modifications of protein 
structures in WPI as induced by a partial glycation say with 1.4% loss in free 
amine groups with 10 kDa dextran. Protein structures are characterized by high-
sensitivity surface enhanced Raman spectroscopy (SERS) and principal 
component analyses. Spectra are significantly modified by this very low 

glycation: a new sharp band is found for the conjugate at 983 cm−1 assumed by 

the authors to be a marker of the early stages of the Maillard reaction, but 
further investigations are needed to attribute this band to any vibration. More-
over, glycation leads to many changes in the protein conformation, first 
disulfide band disappearance, second an increased exposure of tryptophan and 
tyrosine to the polar environment, a reduced ionisation of tyrosine and less 
hydrogen bonding between tyrosine and aspartic or glutamic acids, changes in 
the polar environment of hydrocarbon chains, and finally an increase in β-sheet-
like structures. The disappearance of the protonated form of the carboxylic 
group in the conjugate suggests a higher net negative charge, a greater 
interaction with the aqueous environment and a higher structural stability. 
Another study aims at optimizing the maximum formation of furosine with the 
lowest browning by the dry heating βlg in the presence of high Mw 
zzzzzzzzzzzz   ddd
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dextran (Jiménez-Castaño et al., 2005). The optimum is reached under high 

temperature, low aw and low proportion of dextran (60 °C, aw = 0.44 and R = 
2:1) and corresponds to ~50% of βlg being bound to one dextran molecule. Dry 
heating for 4 d in this condition promotes a quick conjugation of dextran on βlg 

that then slowed down. A lower temperature, higher aw and higher proportion 
of dextran promotes more βlg aggregation and a brown colour development, 
but polymerisation that is partly due to disulfide bonds is present in the 2 stu-
died conditions (Jiménez-Castaño et al., 2005). A similar conformation of the 
protein around the tryptophan residues is observed for the conjugates and the 
native βlg, but the fluorescence intensity decreases for the conjugates. This 
decrease is explained by a shielding effect of the polysaccharide chain on the 
protein. 
In conditions of high glycation and low browning, the glycation of whey 
proteins is higher with 10 kDa than with 20 kDa dextran and the highest level 
of glycation is reached faster for αlac than for the 2 other proteins Jiménez-
Castaño et al., 2007 compared.  
Wang and Ismail (2012) also conducted a study to optimize the maximal 
amount of AC with minimal browning from WPI and dextran. After heating at 
60 °C for 96 h, a high amount of AC is seen, with only a slight browning. The 
authors identified one site of glycation for an oligosaccharide containing 5 
glucose units at lysine 87 located in the EF loop of the β-barrel on βlg and one 
site for an oligosaccharide of 25 glucose units located at the very first loop of 
the first α-helix structure of αlac. 
For authors not taking care of advanced Maillard products and brown colour, 
significant changes in protein structure and protein polymerisation are reported. 
Liu and Zhong (2013) prepared WPI conjugates with mono, di- and 
oligosaccharides (glucose, lactose and MD). In the SDS-PAGE, the band of 
αlac disappears, while βlg and BSA shift to a higher Mw after dry heating, due 
to the conjugation with the carbohydrate molecule and a new component at 40–
50 kDa forms by covalent cross-linking of proteins as reported for the Maillard 
reaction. When the glycation is performed with MD, the shift for the protein 
Mw is larger and the Mw distribution is less uniform than for the other sugars. 
The smaller the sugar, the higher its reactivity, probably due to a higher access 
of the aldehyde group to the amino acids and the higher the number of bound 
sugars, the lower the number of residual lysine residues in the WPI and the 
lighter the yellowness of the suspension. Dry heating causes cross-linking of 
proteins. Secondary structure of proteins in the WPI is modified by the 
glycation, with a reduction in ordered structure contents and a concomitant 
increase in aperiodic structure contents. 
According to Liu, Kong, Han, Sun, and Li (2014), dry heating of WPI in the 
presence of glucose leads to the formation of brown nitrogenous polymers and 
copolymers observed by the increase in the redness and yellowness of the 
powder. While dry heating without glucose leads to no change in the size of the 
WPI, dry heating with glucose leads to the formation of large polymers of Mw 
> 200 kDa and to the concomitant disappearance of the monomers of αlac, βlg 
and BSA. These proteins participate in the Maillard reaction and the formation 
of cross-linked polymers during the advanced stages of the Maillard reaction. 
Complicated cross-linking or aggregation of whey proteins occurs between 
proteins and glucose, leading to significant changes in the amide I, II and III 
bands. The absorption spectra of WPI during dry heating in the presence of 
glucose showed increasing absorption at 220 and 280 nm, explained by the 
formation of the Schiff base and a red shift of the peak at 280 nm concomitant 
to the appearance of the yellow colour in the powder. The intrinsic fluorescence 
emission increases with the glycation, due to exposure of tryptophan residues. 
The maximum fluorescence is obtained after 4 d of dry heating, because 
florescence is associated to early Maillard products and not to final brown 
pigments, as shown by Benjakul, Lertittikul, and Bauer (2005). 
Glycation of WPC was conducted with the residual lactose content of the WPC 
at 60 °C for 24 and 48 h or at 130 °C for 20 and 30 min (Liu & Zhong, 2014). 
Brown colour development increases with the time of dry heating and was 
significantly lower at 130 °C than at 60 °C, while the time of dry heating 
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and was significantly lower at 130 °C than at 60 °C, while the same amount of 
free amino groups was measured at the 2 temperatures of dry heating and the 
number of attached lactose was a little bit higher at 130 °C than at 60 °C. In 
another study on the glycation of WPI with 1.7 kDa MD, available amino 
groups are positively correlated with the colour development in powders 
(Martinez-Alvarenga et al., 2014). The maximum rate of glycation of WPI with 
1.7 kDa MD is ~ 8 at the highest temperature, RH, time and amino to carbonyl 
ratio, R (60 °C, 80% RH, R = 1:2) and ~2.5 for their lowest levels (50 °C, 50% 
RH, and R = 1:1) (Martinez-Alvarenga et al., 2014). The studied factors are all 
significant and in decreasing order: temperature > RH > time > R. 
Wooster and Augustin (2007) conjugated WPI with 6–42 kDa dextran. The 
number of attached dextrans are from 0 for the control to 5.7 mol/mol of WPI 
at the highest dextran to protein ratio after 10 d dry heating. The denaturation 
of WPI is larger when 5.7 mol dextran/mol protein attach than when heating 
the WPI alone in the same condition and proteins adopt mainly a random coil 
structure. As compared to heating without dextran, the presence of dextran 
vastly increases the protein unfolding, either by attachment or by changing the 
solvation environment. 
Lillard et al. (2009) studied glycation of a modified WPC. Colour changes and 
loss in amino groups are found in decreasing order: lactose > dextran 100–200 
kDa > dextran 35–45 kDa. As the reaction was more pronounced with the 
largest dextran than with the smallest, that is also present at a smaller molar 
concentration, the authors suspect that the highest concentration in polymer 
could cause diffusion limitation and prevent the Maillard reaction. 
Some authors report on protein glycation in the presence of even more complex 
polysaccharides, acacia gum (AG) (Schmitt et al., 2005), pectin (Mishra et al., 
2001) or corn fiber gum (CFG), mainly containing arabinoxylan (Yadav et al., 
2012).  
While some studies report large structural modifications of whey proteins by 
dry heating at temperatures > 50 °C, Broersen et al. (2004) dry heated βlg with 
glucose and fructose at 45 or 60 °C and report only some structural 
modifications such as an increase in Mw and SH content of βlg, without any 
other structural changes or advanced Maillard products. Even, glycated βlg 
retains its dimeric structure. The degree of glycation increases as pH, 
temperature and incubation time increase and with glucose as compared to 
fructose. The highest degree of glycation of 14 glucose moieties versus 6 
moieties for fructose attached to βlg is reached after the dry heating treatment 
at ~60 °C for 5 h and pH 8. 
In conclusion, some studies are conducted at temperatures > 50 °C, but as the 
temperature and the time of dry treatment increase and without cautiously 
limiting the formation of AGE, progressive changes in whey protein 
conformation and their cross-linking can occur, together with the colour 
development in the powder. 
 

 
2.3. Consequences on the functional properties of proteins 

 
Boland et al., 1999 claimed for an industrial process for producing a whey 
protein powder and even a dairy powder with a controlled level of glycation for 
its use as an ingredient of high functionality and nutritional content, and of 
particular interest for acid beverages. Many improvements of the functional 
properties of dry heated glycated proteins are reported. 

 
2.3.1. Solubility  
Glycation of whey proteins increases the protein solubility far from their pI, 
and even more worthwhile near their pI: for WPC conjugated with pectin 
(Mishra et al., 2001), for WPI conjugated with glucose, lactose and MD (Liu 
& Zhong, 2013), or with MD of 2–280 kDa (Akhtar & Dickinson, 2007) or 1.7 
kDa (Martinez-Alvarenga et al., 2014) or with dextran (Wang & Ismail, 2012) 
or for βlg conjugated with dextran 10 and 20 kDa (Jiménez-Castaño et al., 
2007). Glycation improves the solubility of αlac on the whole pH range (3–7), 
d
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or shifted the minimum solubility of βlg and BSA toward a more acidic pH 
value (Jiménez-Castaño et al., 2007). βlg and BSA are more soluble at pH 5 
and less soluble at pH 4 after their glycation than before, as WPI glycated with 
1.7 kDa MD (Martinez-Alvarenga et al., 2014). The solubility at pH 7 of βlg, 
αlac or WPI dry heated at 50 °C in the presence or ab-sence of MP is close to 
99% (Enomoto et al., 2007, 2009; Li et al., 2005). The complexation of WPC 
with pectin allows to maintain a high solubility of WPC at acidic pH values as 
compared to native WPC and WPC dry heated without dextran (Mishra et al., 
2001). Solubility of conjugates of βlg and AG shows a shift of pH for the 
minimum of the solubility toward 4 at the βlg/AG ratio 2:1 and even toward 
lower values in the presence of more AG. After 2 d of dry heating, the loss in 
solubility is lower in the presence of AG as compared to dry heating of βlg in 
the absence of AG (Schmitt et al., 2005). These results are explained by a shift 
of the pI of protein conjugates toward more acidic values as compared to the 
native form (Jiménez-Castaño et al., 2007; Liu & Zhong, 2013). This shift in 
pI of glycated proteins is due to the reduced content in lysine having a high pK 
value. The pI of WPI decreases with glycation with MD and glucose from 4.8 
to 4.2 (Liu & Zhong, 2013), while that of WPI conjugated with dextran de-
creased from 4.86 to 4.28 (Wang & Ismail, 2012). 
 

 
 

2.3.2. Heat stability  
A very interesting fact is that glycation of whey proteins increases their stability 
toward heat-induced denaturation and aggregation (Boland et al., 1999; 
Bouhallab et al., 1999; Broersen et al., 2004; Enomoto et al., 2007; Jiménez-
Castaño et al., 2007; Li et al., 2005; Liu et al., 2014; Liu & Zhong, 2013, 2014; 
Medrano et al., 2009; Mishra et al., 2001; Wang et al., 2013; Wang & Ismail, 
2012; Wang & Zhong, 2014). Heat stability is usually studied by comparing 
the solubility of protein conjugates to native proteins after a preheating process, 
or comparing calorimetric data. 
An increase in the Td of whey proteins has been first reported after glycation. 
The Td rises from 77.5 to 80.9 °C after glycation with lactose (Boland et al., 
1999), from 73 to 78–80 °C by the binding of 15–19 glucose residues per βlg 
monomer and even to 80–85 °C by binding 7–8 lactose residues (Medrano et 
al., 2009), from 81 to 89 °C for WPI-MD conjugates (Wang & Zhong, 2014) 
and from 84.4 to 90.2, 90.7 and 90.6 °C after the glycation by dry heating of 
WPI in the presence of glucose at 60 °C for 1, 4 and 7 d, respectively (Liu et 
al., 2014). βlg and αlac have Td increased by 15.5 and 18.7 °C by dextran 
conjugation, respectively (Wang & Ismail, 2012). αlac dry heated with MP 
shows a slight increase in its Td (Enomoto et al., 2009). Glycation with glucose 
is more efficient to increase the Td of βlg than fructose (Broersen et al., 2004). 
In the same time, authors report a decrease in denaturation enthalpy, H. H 

decreased from 1.64 to 1.48, 1.38 and 1.33 J·g−1 after 1, 4 and 7 d of dry heating 
WPI in the presence of glucose, respectively (Liu et al., 2014), from 0.66 to 

0.60 J·g−1 for WPI dry heated for 10 d with lactose (Boland et al., 1999) and 

from 21 to 15 kcal·g−1 for WPI-MD conjugates (Wang & Zhong, 2014). 
Due to the increase in Td, the stability of conjugates was remarkably improved. 
The heat stability of βlg or WPI dry heated with MP is significantly increased 
(Enomoto et al., 2007; Li et al., 2005). A heat treatment at 100 °C for 10 min 
at pH 7 reduced the solubility of native WPI to 42%, while the solubility was 
67% after dry heating with MP at 50 °C for 3 d. Results for βlg are even more 
promising, as native βlg is totally insoluble at pH 7 after a 95 °C-10 min 
treatment, while conjugation with MP increased the heat solubility to 43% 
(Enomoto et al., 2007). 
Even more promising is the thermal stability of protein-saccharide conjugates 
at pH values close to the pI of whey proteins. For example, the solubility of βlg 
slightly increases after its conjugation with dextran 10 and 20 kDa after a 15 
min heat treatment at T > 80 °C and pH 5, as compared to the native form and 
even increases more after a treatment at 60–95 °C-15 min, as compared to the 
e 
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protein dry heated without dextran (Jiménez-Castaño et al., 2007). No such 
effect of an increased solubility after conjugation are reported for αlac by these 
authors, while conjugates of BSA and dextran are slightly more soluble after a 
heat treatment at 70–95 °C for 15 min at pH 7, and dramatically more soluble 
at pH 7 for a heat treatment at 60–95 °C. The solubility of WPI conjugated with 

dextran after a treatment at 70–75 °C for 30 min at 40–100 g·L−1 protein 
concentration at pH 4.5 and 5.5 is maintained at its level before heating, say > 
90%, while that of the native WPI decreases dramatically (Wang & Ismail, 

2012). Even at 80 °C, a solution at 50 g·L−1 of WPI-dextran conjugates keeps 
soluble after a heat treatment at 80 °C for 30 min, while native WPI solubility 
is only 4%. Glycation of WPI with glucose, lactose and MD increases the 
solubility of proteins after a heat treatment near their pI (Liu & Zhong, 2013). 
While the glycation binds more glucose molecules on proteins than lactose or 
MD, the WPI glycated with lactose is less stable after heat treatment at pH 5 
and 6. These authors suspected a stabilization of glycated proteins at their pI 
more by steric repulsions due to both the number and the length of the sucrose 
chain, than by their electrostatic repulsions. By dry heating WPC at 60 °C or 
130 °C, protein conjugates with lactose are obtained that have close conjugation 
levels (Liu & Zhong, 2014). They are more stable than un-glycated WPC after 
a heat treatment at 88 °C for 2 min or 138 °C for 1 min, at pH 3–7 and with 
added NaCl from 0 to 150 mM, but the improvement was the same at the 2 
temperatures of dry heating. 
Wang et al. (2013) study the changes due to a heat treatment at  75 °C  for   
30 min in the conformation of WPI before and after a partial conjugation with 
10 kDa dextran at pH 3.4–7.0 by SERS. They reported significant changes in 
the spectra of WPI at all pH values, while no difference are seen for the 
conjugate regardless of pH. The conjugated protein shows no unfolding, no 
exposure of buried groups and no change in the β-sheets or in disulfide groups. 
They explain these results by the alteration of the protein structure upon 
glycation, leading to an increased rigidity of the protein chain. Besides, the 
increase in heat stability of protein conjugates is explained by the cross-linking 
of proteins induced by the Maillard reaction, that increases the thermal sta-
bility of conjugates (Liu et al., 2014). Another explanation for improved heat 
stability of conjugates with high Mw polysaccharides arises from the repulsive 
steric repulsion provided by the grafted polysaccharide (Liu & Zhong, 2013). 
Liu and Zhong (2013) showed that conjugates of WPI with MD still have a pH 
dependant zeta-potential and are stable after heat treatment at pH 3–7 and with 
addition of NaCl, and thus suspected that the heat-stabilization of glycated 
proteins at their pI is more provided by steric repulsions, than by electrostatic 
repulsions. According to Wang and Ismail (2012), the remarkable increased 
stability of partially glycosylated conjugates toward heat treatment at pH values 
close to the pI of proteins arises from an increased net charge and overall 
hydrophilicity of proteins and from a reduced SH content and exposure of 
sulfhydryl groups that delay the denaturation and aggregation processes. When 
WPI is heat-treated at acidic pH values, turbidity and reduction of solubility 
occur, due to hydrophobic, electrostatic and hydrogen bonding (Wang & 
Ismail, 2012). As partially glycosylated WPI remain soluble, these authors 
concluded that partial glycosylation reduces the non-covalent intermolecular 
interactions of whey protein during their heat-treatment, thus maintaining them 
in a soluble state. 
Regarding the reduction of enthalpy of conjugates, it means that less energy is 
needed for the denaturation of conjugate than for native proteins. Saccharides 
could reduce the steric distance between proteins and would promote their 
aggregation (Liu et al., 2014). These authors also suggest that disruption of 
intramolecular force of proteins due to dry heating could explain this reduction 
in H. Boland et al., 1999 suggest that lower H values could relate to the folding 
and aggregation state of βlg conjugates. It has also been suggested that 
aggregation and disruption of hydrophobic interactions that take place during 
dry heating are exothermic reactions that can reduce the observed endothermic 
peak (Liu et al., 2014). 
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Interesting results on the heat-induced denaturation of lactose-βlg conjugates 
were also reported (Bouhallab et al., 1999). Lactose-βlg conjugates with 
increasing amount of bound lactose were analysed for their thermal stability 
toward heat treatment at pH 7.4 at 65–90 °C for 10 min and compared to a 
control (βlg dry heated without lactose). While the control is insoluble after 
heat treatment, the conjugates with 9 bound lactose molecules keeps soluble. 
While after the heat treatment at 65 °C only a dimer of the conjugated βlg 
forms, at temperatures > 65 °C the dimer is progressively replaced by 2 new 
soluble species having apparent Mw > than the dimer. All these species are 
soluble at pH 4.6 and the higher the number of bound lactose, the higher their 
solubility in acidic conditions. The higher solubility of βlg conjugates at pH 4.6 
is explained by the high amount of lactose that could stabilize an intermediate 
state of the denaturation process either by increasing the hydrophilic properties 
of these species or by steric hindrance. These species could be unfolded stable 
dimers of βlg. 
 
2.3.3. Interfacial properties  
Regarding the surface properties at the air-water interface, dry heated whey 
proteins show no impressive improvements as compared to native whey 
proteins. This could be the result of the size increase of proteins due to polymer 
conjugation that could hinder, first, their diffusion to the air-water interface 
and, second, their adsorption, due to steric hindrance or could be due to protein 
structure changes induced by the heat treatment that could alter their ability to 
undergo conformational changes and develop interactions to stabilize the 
interface. For instance, glycation of βlg with lactose or glucose does not really 
change the surface tension of the air-water interface, but samples glycated with 
both sugars for 96 h at a βlg/sugar molar ratio = 1:10 and for 51 and 96 h at the 
ratio 1:100 have lower rate constants of adsorption (Medrano et al., 2009). As 
these samples are shown to bind the highest number of bound sugars of the 
study, this decrease may be due to a lower diffusion rate for the largest 
conjugates. Increasing the size of the polysaccharides for the glycation of whey 
proteins leads to the same conclusion that protein-saccharide conjugates do not 
have improved surface-active properties at the air-water interface. Using 
surface shear and dilatational rheology, WPI conjugates with 6–42 kDa dextran 
were studied at the air/water interface (Wooster & Augustin, 2007). Attach-
ment of 29 and 42 kDa dextran reduces the elastic modulus of films as 
compared to native proteins and the higher the level of attachment, the lower 
the modulus. Moreover, with a high number of grafted dextrans, the film turns 
to be “viscous-like”, while it is “solid-like” for native WPI or with moderate 
grafting. Films with 6 kDa conjugates only show a moderate loss of film 
strength at medium level of conjugation. As results are similar for 29 or 42 kDa 
dextran, the authors concluded that film properties are more dependent on the 
number of attached dextran than on their Mw. The film dilatational modulus 
also decreases with the increase in size of the attached dextran and even more 
considerably with the number of attached dextran molecules. Reduction of film 
rigidity with dextran conjugates is assumed to be due to unfolding and to the 
loss of structural rigidity of protein chains. 
It has been reported that, in some conditions, conjugates of βlg and AG could 
slightly decrease the surface tension (Schmitt et al., 2005). Conjugates formed 
at a βlg to AG weight ratio, R, of 1:2 and 2:1 were studied at air/water interfaces 
by using a dynamic pendant-drop Tracker tensiometer. The conjugates formed 
at R = 2:1 give a lower surface tension than βlg incubated alone. This difference 
could be interpreted by the fact that R = 2:1 favours the conjugation of AG and 
βlg, while incubation of βlg alone leads to βlg polymerisation. Polymerisation 
of βlg leads to fewer surface-active molecules. Increased interfacial properties 
could also be explained by charge neutralisation of βlg by glycation, and thus 
by lower repulsions between adsorbed conjugates and probably more 
favourable spreading conditions at the interface. Conjugation at R = 2:1          
only slightly increases the solid-like properties of the films, while at R = 1:2, it 
even renders the film significantly more “liquid-like”. Nevertheless, the          
fact that bulk mixtures still contain βlg monomers, oligomers and 
aaaaaaaaaaaaaa 
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conjugates must be pointed out, so that the species adsorbed at the interfaces 
are unknown.  
Regarding interfacial properties, Medrano et al., 2012 measured the interfacial 
protein concentration in emulsions prepared with native βlg, βlg dry heated 
without saccharide and βlg glycated with either glucose or lactose. 
Concentrations in glycated βlg are significantly higher for all glycated samples, 
apart for the sample glycated at the higher ratio of glucose to βlg (100 mol 
glucose per mol βlg) and at the longest duration of glycation (96 h). Moreover, 
the concentration of βlg-lactose conjugates are higher than that of βlg-glucose 
conjugates, and interfaces formed with lactose conjugate could be made of 
protein multilayers. Changes in the structure of βlg induced by dry heating, 
such as unfolding and packing properties, are suspected to lead to increased 
interactions between proteins and to this larger accumulation of material at the 
surface of oil droplets. These authors also reported higher interfacial tension 
and lower elastic modulus of the film for a given value of interfacial pressure 
for interfaces made with glycated βlg than for those with un-glycated βlg. 
Dunlap & Côté, 2005 also measure the interfacial protein concentrations in 
emulsions prepared with native βlg and βlg dry heated with 20–2000 kDa 
dextrans. The concentrations are constant for conjugates with dextrans from 20 
to 87 kDa and equal to the value for an emulsion prepared with native βlg and 
then decreased for higher Mw. For an emulsion prepared with βlg-2000 kDa 
dextran conjugates, the concentration in protein is 6 fold lower than for native 
βlg, probably because of the significant size increase of conjugates. 
βlg-dextran conjugates were adsorbed onto monodisperse polystyrene latex 
beads (Wooster & Augustin, 2006). The thickness of the adsorbed conjugate 
layer increases with the Mw of the attached dextran, from 18.5 to 440 kDa, 
probably due to the hydrodynamic diameter increase of the conjugate and the 
protein surface coverage also decreases, by a steric crowding of dextran 
molecules. Furthermore, one can also assume a mechanism of rearrangement 
of conjugates, through either reorientation of conjugates or protein unfolding 
inside the layer. 

 
2.3.4. Foaming properties  
Although the surface properties of whey proteins at the air-water interface are 
hardly improved by dry heating, foaming properties, capacity and stability are 
significantly improved after dry heating of whey proteins in the presence of 
saccharides. In foams made with βlg glycated with lactose and glucose, the 
maximal retained liquid volume and the initial rate of liquid to foam transfer 
were higher than in foams with untreated βlg, and mostly for the shorter time 
of treatment and with lactose (Medrano et al., 2009). βlg glycated by lactose 
and glucose form foams with increased stability against drainage, and mostly 
after lactose conjugation. The same is reported by Mishra et al., 2001 for WPC 
glycated with pectin. Foam overrun increases in the foam made with WPC at 
pH 4.6 and pH 7.0 at 10 and 30 °C, slightly with the mixture of WPC and pectin 
without dry heating and much more after 15 d of dry heating the mixture, as 
compared to WPC alone, either dry heated or not. Foam stability also increases 
after complexation, and even at 1 M ionic strength, due to a higher viscosity of 
the liquid phase. Improvement of foaming capability and stability are also 
reported for WPI glycated with 1.7 kDa MD (Martinez-Alvarenga et al., 2014). 
Moreover, the best foaming properties are obtained with the highest level of 
glycosylation, corresponding to ~8 bound MD per WPI molecule. While the 
dry heating of βlg alone at 60 °C decreases by 30% its foam capacity, the 
presence of AG during the dry heating allows maintaining the foaming capacity 
to its values before incubation (Schmitt et al., 2005). The presence of AG 
during the dry heating can reduce the drainage as compared to dry heated βlg 
without AG, but dry heating does not increase the foam stability as compared 
to native βlg. If the foam stabilization is needed, dry heating at βlg to AC at a 
weight ratio of 2:1 and pH 5.3 gives the more efficient complexes that also have 
the highest capacity to retain the liquid in the foam. 
Authors relate these improved foaming properties to an increased adsorption of 
conjugate at the air-water interface, due to structural modifications 
modifications
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of βlg such as increased SH, molecular unfolding and the presence of more 
monomers or polymers of protein (Medrano et al., 2009) and to increased 
solubility and molecular flexibility of proteins, that can help form thicker and 
more viscous films (Mishra et al., 2001). 

 
 
2.3.5. Emulsification properties  
As proteins unfold by dry heating treatments in the presence of carbohydrates, 
it is very likely that such changes will affect the properties of emulsions formed 
from glycated proteins (Wooster & Augustin, 2007). Moreover, protein-
carbohydrate conjugates can be considered as 2 blocks, a carbohydrate moiety 
being responsible of the solubility in the hydrophilic solvent, and a protein 
moiety, being the surface active part that adsorbs at the interface (O'Mahony et 
al., 2017). The carbohydrate moiety of the conjugate can stabilize O/W 
interface by protruding into the continuous phase, but conjugation of very large 
carbohydrate could impair the diffusion and adsorption of proteins, due to steric 
effects (Akhtar & Dickinson, 2003). 
In fact, it has been widely reported that conjugation of proteins with 
carbohydrates increases the stability of emulsion prepared with whey proteins 
(Akhtar & Dickinson, 2003, 2007; Boland et al., 1999; Dunlap & Côté, 2005; 
Kika et al., 2007; Lillard et al., 2009; Medrano et al., 2012; Mishra et al., 2001; 
Yadav, Parris, Johnston, Onwulata, & Hicks, 2010). 
Finer emulsions are reported after lactosylation of WPI as compared to non 
lactosylated WPI in emulsions made at pH 4 (Boland et al., 1999), after 
glycation of βlg by lactose or glucose (Medrano et al., 2012), for conjugates of 
WPI with dextran (Akhtar & Dickinson, 2003), for conjugates of WPI prepared 
by dry heating in the presence of MD (Akhtar & Dickinson, 2007) and for βlg 
and WPI conjugates with CFG. In the case of lactosylated WPI, a drastic 
reduction of fat droplet size is shown at pH 4 as compared to non lactosylated 
WPI, while only a small reduction is reported at pH 3.6 and no reduction at all 
at pH 6.8 (Boland et al., 1999). 
However, in a study on dry heated βlg with dextran of size 20–2000 kDa, size 
reduction of fat droplets is not seen for emulsions prepared with conjugates as 
compared to emulsion prepared with native βlg (Dunlap & Côté, 2005). Even 
an increase is shown with increasing sizes of dextrans, due to the increase in 
the size of conjugates and in the thickness of interfacial layers.  
Conjugates of whey protein and saccharides present increased emulsion 
stability: a) as shown by a reduction in the creaming process after glycation of 
βlg by lactose or glucose as compared to either untreated or heat treated βlg 
without sugar (Medrano et al., 2012); b) as shown by WPI conjugates prepared 
at a protein to dextran as compared to native WPI or to the gum Arabic, used 
as a reference for acidic emulsions (Akhtar & Dickinson, 2003); c) as shown in 
emulsions prepared at neutral pH values with WPI conjugated with 8.7 kDa 
MD as compared to emulsions prepared with either native WPI or gum arabic 
(Akhtar & Dickinson, 2007); d) as shown for emulsion prepared with  
βlg-dextran and WPC-carboxymethylcellulose conjugates (Dunlap & Côté, 
2005); e) as shown for βlg and WPI conjugates with CFG as compared to 
emulsions made with the polymers separately (Yadav et al., 2010). Emulsions 
prepared with conjugates of WPI with dextran are stable for up to 2 months of 
storage, even at acidic pH values and high salt contents (Akhtar & Dickinson, 
2003). βlg-dextran conjugates with dextrans of molecular sizes 20–2000 kDa 
were tested for stabilization of neutral emulsions (Dunlap & Côté, 2005). 
Stability of emulsions prepared with the 20 kDa-dextran conjugate are poor and 
close to that of emulsion prepared with native βlg, while it increases for 
emulsions prepared with the dextran 87 to 150 kDa and stay at very high levels 
for larger dextrans (Dunlap & Côté, 2005). Emulsions prepared with βlg dry 
heated in the presence of 150–2000 kDa dextrans did not show any droplet size 
increase during their storage for 90 d at 22 °C, while emulsions prepared with 
native βlg begin to cream shortly after emulsification. Stability of emulsion 
increased after the dry heating of WPC at 100 °C for 2 h in the following 
sequence: glycated with 35–45 kDa dextran > glycated with 100–200 kDa >  
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glycated with the lactose present in the WPC powder > unheated WPC (Lillard 
et al., 2009). This sequence is inversely correlated to the glycation intensity and 
Maillard reaction as evaluated by the loss in amino groups and powder 
browning observed during dry heating. 
The stability of emulsions made with conjugates of βlg and WPI with CFG dry 
heated for 1 or 2 days are higher after 14 d of storage than those made with the 
polymers separately. For 4 and 7 d of dry heating, although the stability of the 
emulsion made with the conjugates appears higher than the control after 1 d of 
storage, this stability is not maintained after 14 d of storage (Yadav et al., 
2010).  
Some authors also report increased stability of emulsion prepared with glycated 
whey proteins at either acidic condition, or after salt increase or even following 
a heat treatment of emulsion. While emulsions made with βlg are not stable 
after addition of 10 mM calcium, emulsions prepared with βlg-dextran 
conjugates are considerably more stable against flocculation by calcium 
addition (Wooster & Augustin, 2006). 

 
Akhtar and Dickinson (2007) compared the emulsification properties of 
conjugates of WPI with 2–280 kDa MD obtained at different dry heating 
time/temperature (80–100 °C/1–2 h) and different WPI to MD weight ratios, R 
(1.1 to 1.4). Conjugation at 80 °C for 2 h or 90 °C for 1.5 h of the intermediate 
MD (8.7 kDa) at R = 1:1 or 1:2 gives emulsion with the smallest size of oil 
droplets. Emulsions prepared with conjugates of WPI with 8.7 kDa MD at 
acidic pH values are much more stable for 40 d than emulsions prepared with 
either native WPI or gum arabic. Glycation of whey proteins with MD at RH 
of 79% at 80 °C for up to 2 h with weight ratio 1:2 to 1:3 leads to stable 
emulsions at low pH and at high salt concentration using low emulsifier/oil 
ratio.  
Regarding explanations for the increased emulsion stability with glycated 
proteins, authors mentioned the model of a bi-block polymer, each block 
having affinity for oil and water phase (O'Mahony et al., 2017). Medrano et al. 
(2012) assumed that the increased stability is mainly due to a reduction in the 
creaming process, as flocculation and coalescence are not influenced by the 
glycation of βlg. This increased stability has been related to the decrease in the 
droplet size and to the increased concentration of proteins at the fat droplet 
interface. The steric repulsive effect of large grafted polysaccharides has also 
been reported to stabilize emulsion, as the bulky hydrophilic polysaccharide 
moiety can prevent interactions between neighbouring fat droplets (Akhtar & 
Dickinson, 2007; Kika et al., 2007; Wooster & Augustin, 2006). Moreover, 
glycated proteins show a larger flexibility with consequences on the film 
reorganization, elasticity and on emulsion stability, but flocculation and 
coalescence of the emulsions are not influenced by the glycation. 

 
2.3.6. Flow behaviour  
Solutions of 50 g·L−1 of WPI glycated with 1.7 kDa MD at 20 °C behave as 
Bingham fluids (Martinez-Alvarenga et al., 2014). Thickening is observed for 
the highest glycation levels, with increased consistency coefficients and lower 
yield stress values. According to the authors, this could be due to a higher 
hydrodynamic volume of glycated proteins and to fewer interactions between 
proteins that makes the solution easier to shear. Lillard et al. (2009) performed 
a glycation of WPC at 100 °C for 2 h with either the lactose naturally present 

in the powder or added dextran of 35–45 kDa or 100–200 kDa. ηapp increases 
only for the lactose conjugates. Regarding the behaviour in a low amplitude 

oscillation, the solutions at 70 g·L−1 of WPC glycated by lactose or dextran 
show a viscous semi-solid behaviour. Viscoelastic moduli increase for both 
conjugates, but the increase is much larger for the lactose one. The authors 
related the changes in rheological properties to the colour changes and the loss 
in amino groups that are also more pronounced during lactose conjugation than 
with dextrans. Curiously, the water holding capacity of powders decrease with 
dry heating following this sequence: nonheated WPC > glycated with 100–200 
dextran > glycated with 30–35 dextran > glycated with lactose. 
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2.3.7. Heat-induced gelation  
Contradictory results are reported on the ability to form heat-induced gels.  
Some studies have reported improved heat-induced gelation of dry heated whey 
proteins. For instance, complexes between WPC and pectin have increased 
heat-induced gelation ability (Mishra et al., 2001). While the solution made of 
controls (WPC without pectin before and after dry heating) form gels only at 

200 g·kg−1 protein at pH 6.5, solution of complexes are able to gel at 120 

g·kg−1. Moreover, at pH 8.5, solutions of control WPC gel at 200 g·kg−1 and 

at 80 g·kg−1 after complexation. Besides, gels formed from solution of 

complexes at 80 g·kg−1 protein remain stable after a subsequent heat treatment 
at 90 °C/10 min. Also, WPI glycated with MP has higher gelling properties 
such as higher hardness, recovery and water-holding capacity than the control 
WPI (Li et al., 2005). 
However, according to other authors, protein-carbohydrates conjugates are less 
prone to heat-induced gelation. First, the attachment of carbohydrate generally 
increases the Td of proteins as compared to untreated proteins and denaturation 
is observed at a higher temperature. Second, conjugation can modify the 
secondary structure of proteins, and that could hinder the formation of new 
interactions. Finally, grafting a hydrophilic and bulky moiety on protein can 
weaken hydrophobic interactions between protein chains that play a major role 
during the heat-induced gelation and bring some steric hindrance. For example, 
Spotti et al. (2013b) dry heated WPI with 15–25 kDa dextran at 60 °C. Intense 
Maillard reaction was observed at a higher dextran concentration and a long 
time of heating. The authors reported that heat induced gels obtained with 
conjugates (80 °C-30 min-pH 7) show a deep weakening and no more fracture 
during compression as compared to controls made of the same untreated 
mixtures. When the Mw of dextran varied from 6 to 70 kDa, the lowest the Mw, 
the highest the Maillard reaction and the lowest the gel firmness (Spotti et al., 
2013a). Even with the dextran of 6 kDa, the gels were no more self-supporting 

after 5 d of dry heating in the presence of dextran above ≥72 g·kg−1. The gels 

form later and at a higher temperature and were less “rigid-like” when made 
from conjugates than for the control gels (Spotti et al., 2014b, Spotti et al., 
2014a). The hypothesis was that conjugation modifies sulfhydryl group 
availability and SH of proteins that are both responsible for the aggregation and 
gelation of proteins. Similarly, WPI-dextran (mean Mw = 50 kDa) conjugates 
lead to final heat-induced gels with storage modulus being a tenth of the value 
for untreated WPI (Sun et al., 2011). 
 
 
2.3.8. Protein digestibility  
Dry heating of whey proteins and their glycation could alter their digestibility. 
No change in the in vitro gastric digestion is reported after the dry heating of 
βlg with prebiotic galactooligosaccharide (GOS), but the glycated βlg is 
slightly slower hydrolysed in the intestinal step than the native form (Luz Sanz 
et al., 2007). The βlg-GOS conjugates could form stable glycated peptides 
surviving the in vitro gastrointestinal digestion. Liu & Zhong, 2013 prepared 
WPI conjugates with glucose, lactose and MD. After glycation, WPI shows a 
reduced in vitro digestibility as studied during the gastric phase and an 
increased digestibility during the intestinal phase. 
The enzymatic digestion of whey protein partially glycosylated with dextran 
has also been reported to be slightly greater than that of WPI, possibly due to 
the protein unfolding during the Maillard reaction, and to an increased number 
of available sites of enzyme binding (Wang & Ismail, 2012). 

 
 
2.3.9. Biological activities  
It has been suggested that Maillard reaction products exhibit a significant 
antioxidant activity (Boland et al., 1999; Manzocco, Calligaris, Mastrocola, 
Nicoli, & Lerici, 2000; Sun et al., 2006). Brown melanoidins are supposed to 
be the major contributors of this antioxidant activity, but heated mixtures of 
casein with lactose or glucose show no correlation between antioxidant 
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properties and browning, suggesting that some colorless intermediates of the 
Maillard reaction could also contribute (McGookin & Augustin, 1991). An 
increased antioxidant activity has been reported for βlg glycated with xylobiose 
using a scavenging activity test based on a lower optical density of a DPPH 
after its scavenging with the antioxidant (DPPH for 2-diphenyl-1-
picrylhydrazyl) (Yajima et al., 2007) and for WPI glycated with glucose as 
measured by the reducing power using potassium ferricyanide and ABTS 
radical scavenging (ABTS for 2,20-azino-bis(3-ethylbenzothiazo-line-6-
sulfonic acid)) (Liu et al., 2014). Conjugation of βlg with xylobiose gives 
higher antioxidant activity than with lactose. However, surprisingly, these 
authors (Liu et al., 2014; Yajima et al., 2007) report no effect of glycation when 
using another method of characterization of their antioxidant properties, that 
needs further investigations. 
αlac glycated with D-allose shows the highest antioxidant activity when 
compared with fructose and glucose, as tested by the reducing power and the 
ABTS scavenging method (Sun et al., 2006). As the nature of the sugar 
determines the amounts and types of Maillard reaction products, the antioxidant 
activity produced by conjugation depends on the used sugar. These authors did 
not find a correlation between the content in reactional amino groups and the 
scavenging activity, while a high positive correlation was found with the 
fluorescence intensity. These results evidence that the antioxidant activity is 
more related to the formation of high Mw fluorescent products formed at the 
late stages of the Maillard reaction than to the early stages of the reaction. 
An increase in the anti-inflammatory activity, a reduction in the antigenicity 
and in the apoptotic activity were also noted after the glycation of αlac with MP 
as compared to the native αlac (Enomoto et al., 2009). 
 
2.3.10. Conclusions  
Maillard reactions have been considered as detrimental for the quality of food, 
say for their nutritional and functional properties, but if the reaction is well 
controlled and limited to the first steps of glycation, they can constitute a natural 
alternative to modification of proteins for the production of targeted 
ingredients, as compared to chemical modifications (Augustin & Udabage, 
2007). The fact that protein unfold could favour rearrangements of proteins 
adsorbed at interfaces and stabilize them more efficiently then native proteins. 
Moreover, conjugating large polysaccharides on proteins can lead to a bi-block 
structure, with the protein and the carbohydrate having affinity for the 
hydrophobic and hydrophilic phase, respectively, like surface-active 
molecules. 

 
3. Dry heating in conditions promoting the aggregation of whey 

proteins 

 
3.1. Generalities 

 
When the temperature of dry heating, or the water content of the powder 
increase, an increasing polymerisation of whey proteins appears. When the 
content in moisture increases at low moisture contents, like in powdered 
proteins, water molecules act as a plasticizers, the Tg decreased, and the 
amorphous glassy structure tends to the rubbery state, so that diffusion and 
reactions can proceed at a lower tempera-ture than with a high water content 
(Sherwin & Labuza, 2003; Zhou & Labuza, 2007). Moreover, some small 
molecules like sugars can also decrease substantially the Tg so that the product 
can easily become unstable at low temperatures, with consequences on the 
powder quality. The Td of proteins decreases with the increase in water content 
for high concentrated products such as powders or protein dough (Zhou & 
Labuza, 2007). Studies performed on such conditions are summed up in Table 
3. 
Most of these studies are conducted without added carbohydrate, mainly       
with WPI, but WPI usually contain residual lactose, but less than 
eeeeeeeeeeeeee 
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~ 10%. 

 
3.2. Storage of high concentrated whey protein mixtures at low or medium 
temperatures 

 
Moisture-induced aggregation during storage at 37 °C of freeze dried powders 
of proteins was studied as a function of storage temperature and moisture 
content (Liu et al., 1991). Increasing the storage temperature from 4 to 37 °C 
and the time of storage from 2 to 24 h increases the content in aggregates during 
incubation of BSA and the lower the pH, the lower the content in aggregates. 
The dependence of the extent of aggregation on the moisture content is close 
to that observed for the Maillard reaction: a first increase with the moisture 
increase due to a mobility increase and then a decrease due to dilution. In the 
case of βlg and ovalbumin, non-covalent and disulfide bonds due to 
disulfide/sulfhydryl interchanges are responsible for aggregation, while only 
the later are involved for BSA. This is probably due to the presence of a higher 
content in thiolates. Adding salts like NaCl or sodium phosphate reduces the 
aggregating tendency. 
Zhou & Labuza, 2007 compared the aggregation in WPI, whey protein 
hydrolysate (WPH) and βlg powders and correlated the aggregation of proteins 
with the Tg of powders. For WPI and βlg, contradictory to the study of Liu et 
al., 1991, no aggregation is observed in all storage conditions, while for WPH 
half of the proteins becomes insoluble at 23 °C and 85% RH or at 45 °C and 
RH > 73% in 2 weeks. The Td measured in WPI and βlg decreased with the 
increase in water contents, according to a linear Td versus log(water content) 
equation. Again, disulfide bonds are the major interactions in aggregates. 
Increased water contents in WPH powders leads to decreased Tg values, to in-
creased mobility of proteins and to their aggregation. 
Zhou et al. (2008a) tested the effect of moisture contents on protein aggregation 
in high concentrated whey protein matrix. At 45 °C for 3 months, 70% of 
insoluble particles of diameter 100–200 nm form. Proteins partially lose their 
tertiary structure. By FTIR, two main peaks increase: one attributed to the alpha 

helix at 1650 cm−1 and one for intermolecular aggregation at 1681 cm−1. In 
2008, the same authors (Zhou et al., 2008b) studied the effect of 3 factors, the 
water content, the pH and the NaCl contents on the storage of the same mixtures 
at 35 °C. The water content appears to be an important factor for the aggregate 

formation as no aggregate are formed below 30% of water (aw < 0.84) and the 
maximum aggregation appears at 70–80% water. Aggregation increases 
slightly when pH values increase above 7, probably because of the increase in 
thiolate contents. At pH values > 7, non-covalent interactions increase, but 
disulfide bonds are the main interactions found in aggregates. Addition of NaCl 
decreases the amount of aggregates. 
Norwood et al. (2016) studied lactosylation and denaturation/aggregation of 
proteins, free thiol contents, browning of powders and foaming properties of 

stored WPI powder at different aw and temperatures. While, no structural or 
functional modifications are detected at 4 °C, lactosylation, 
denaturation/aggregation and powder browning increase in powders with the 

temperature and the aw during storage. At 60 °C, changes are very rapid and 

lead to a significant aggregation of proteins. With powders stored at aw = 0.23, 
very few changes are seen at 20 °C apart a regular increase in lactosylation of 
monomeric βlg from 10 to 27% (Norwood et al., 2016). At 40 °C, βlg 
lactosylation increases up to 30% in 15 d, remains at this level till 6 mo and 
then decreases, while denaturation/aggregation becomes detectable after 3 mo 
and increases to 32% at 9 mo. The intensity of powder browning and of protein 
modifications such as lactosylation, denaturation and aggregation increases 
during the storage with increased lactose contents (Norwood et al., 2017). 
As just shown, glycation can progress significantly during the storage of 
powders, depending on the temperature-RH history and these changes have to 
be evaluated more carefully, because they could have outstanding issues on the 
functional behaviour of whey proteins. Contents in aggregates increase with    
ss 
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pH and RH of powders, and decrease in the presence of sodium salt. 

 
3.3. Dry heating at high temperatures: Conditions and physicochemical 

consequences 

 
Very few studies are concerned by heating whey proteins in a screw extruder, 
say at high temperatures and low moisture contents, although it is a very 
widespread technology for dairy ingredients. Extrusion of WPI at 50% 
moisture content and temperatures between 50 and 100 °C shows that until 35 
°C, no loss in protein solubility is seen, but that solubility decreases at 
temperatures > 50 °C (Qi & Onwulata, 2011). At 75 °C, heating during 

extrusion decreases more the protein solubility than heating in a 200 g·kg−1 
WPI solution at the same temperature. βlg is more affected by this decrease in 
solubility than αlac. Extrusion leads to a loss in primary and secondary amines, 
while heating in a solution does not. Above 75 °C, extrusion leads to a higher 

loss in free sulfhydryl residues than heating the 200 g·kg−1 WPI solution and 
to large modifications in secondary and tertiary structure. 
Ibrahim, Kobayashi, & Kato, 1993 dry heated βlg and αlac at 65–90 °C and 
reported best functional properties after dry heating at 80 °C. The solubility of 
both proteins is maintained after a heat treatment at 80 °C for 5 d, and only 
decreases to about 85% in 10 d. The SH content increases and decreases for 
αlac and βlg, respectively. Fluorescence of tryptophan residues shows an 
intensity increase and a red shift of the spectra. RP-HPLC shows a large amount 
of soluble aggregates during dry heating for 7 d of βlg, while αlac stays in the 
monomeric form. Dry heating induced a protein denaturation, may be the 
formation of an unfolded and more flexible “molten globule” structure, as 
compared to the native structure. Gulzar et al., 2011 studied the dry heating of 
WPI at pH 2.5–6.5. The turbidity of suspensions of dry-heated powders 
increases with the time of dry heating, the content in native proteins decreases, 
soluble and insoluble aggregates of protein form, the reactions being faster and 
larger at pH 6.5 than at pH 2.5. Aggregates are made of covalent bonds, 
identified as disulfide bonds at pH 2.5, while disulfide bonds and other types 
of bonds form at pH 4.5 and 6.5. The intermolecular disulfide bonds are formed 
both from oxidation of sulfhydryl groups and sulfhydryl/disulfide inter-
changes. 
After 24 h of dry heating at 100 °C of pure βlg at pH 2.5 and 6.5, Gulzar et al., 
2011 find: a- ~35–40% of aggregates, irrespective of the pH during dry heating; 
b- 35% at pH 2.5 and 50% at pH 6.5 of residual native βlg; c- 24% at pH 2.5 
and 9% at pH 6.5 of a non-native βlg characterized by a Mw loss of 18 Da. Dry 
heating induces conformational modifications, such as an increase in exposed 
sulfhydryl and SH, and some secondary structure modifications of proteins 
leading to a more flexible structure. These modifications are more substantial 
at pH 2.5 than at pH 6.5. A residual monomeric non-native αlac also shows a 
loss of mass, that could be a loss of 1 or 2 water molecules per protein, due to 
the formation of either a pyroglutamic acid from glutamic acid or an 
intramolecular cyclic imide from an asparagine residue (Gulzar et al., 2013). 
In pure protein systems, only dimers or small oligomers form, while in WPI, 
large aggregates were formed (Guyomarc'h et al., 2014), due to the presence of 

< 0.4 g·kg−1 of residual lactose. Indeed, if lactose is added to a pure solution 

of αlac and βlac at pH 6.5 in the same proportion than in the WPI, large 
aggregates are obtained by dry heating. Results are different at pH 2.5, because 
addition of lactose to the pure solution of proteins does not lead to the formation 
of large aggregates by dry heating at pH 2.5. This is explained by the fact that 
the added lactose is free, while in the WPI, lactose is probably already bound 
to proteins, and by the fact that the condensation of lactose to protein is 
probably the limiting step for the formation of aggregates at pH 2.5. The authors 
suggest that condensation products could be decomposed by the dry heating at 
pH 2.5. 

βlg solution was dry heated at 60 °C. A 20% loss of available NH2               

groups appears at ~ 10 d, followed by a plateau till 14 d, and βlg polymers 
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made of covalent bonds other than disulfide ones and hydrophobic bonds are 
evidenced (Schmitt et al., 2005). Soluble polymers larger than 94 kDa form and 
50% of the monomeric βlg disappear. If the coacervates suspension is brought 
to pH 6.8 before freeze-drying, only a 10% increase in the fraction of soluble 
polymers is found.  
Hiller and Lorenzen (2010) compared the oligomerisation of WPI, caseinate 
and total milk protein as obtained by a dry heating at 70 °C with various 
carbohydrates. The content in total free amino acids de-creases, the Mw of 

proteins increases to polymers of size > 2.105 g·mol−1 and the sulfhydryl 
content does not significantly change during the dry heating of WPI with 
glucose, lactose and pectin, while very few modifications are observed in the 
presence of dextran. Three amino acids decrease during the reaction with all 
the carbohydrate, lysine, leucine and methionine, the first due to the 
modification of the ε-amino groups upon initial steps of Maillard reaction, the 
others either to the reaction with N-terminal amino acids or to complex 
cascades in the advanced steps of Maillard reaction. 
 
 
3.4. Consequences on the functional properties of aggregates 

 
Ibrahim et al. (1993) tested the emulsifying properties of βlg and αlac dry 
heated at 65–90 °C. Best functional properties are found at 80 °C. Foaming 
power, foam stability and emulsifying activity increase with the time of dry 
heating. Emulsion stability increases for αla and decreases for βlg with time of 
dry heating. Increased flexibility of proteins by dry heating could explain these 
functional improvements.  
Heat stability of oligomers and polymers of WPI obtained by dry heating in the 
presence of different carbohydrates was reported to widely decrease in the case 
of glucose, lactose or pectin, while it increases in the presence dextran up to 
200%, probably because of steric hindrance brought by the branched 
carbohydrate (Hiller & Lorenzen, 2010). Foam overrun also increases, but only 
significantly for the reaction with pectin (up to 107% increase), and slightly (5–
50% increase) with dextrans. No clear results are shown for the foam stability. 
Emulsification activity increases after the reaction with dextrans or pectin. 
Emulsion stability increases after the reaction with dextrans only. Large 
increases of viscosities are reported after 4 h of dry heating of WPI with glucose 
or after lactose 96 h with lactose. Dry heating with pectin for 5 or 24 h strikingly 
increases the viscosity to almost 500%. Large increases in antioxidant activity 
are reported with all the tested carbohydrates, and mainly for long-term dry 
heating. Apart for the foam stability measurements, the same results are 
observed if the dry heating is applied on mixtures of powders of WPI and 
carbohydrate or on powders obtained by freeze-drying the mixtures. It points 
out an easier way to apply dry heating processes on powder mixtures. In vitro 
digestibility with pancreatin significantly increases after Maillard reaction in 
the presence of dextran, for short-term (48 h, + 127%), and even more for long-
term (240 h, + 546%) reaction. 

 
Gulzar et al. (2012) have correlated the contents in soluble and insoluble 
aggregates formed by dry heating to the ability to give heat-induced whey 
protein gels. The best gelling properties are observed in the presence of soluble 

aggregates and for high pH values, temperature and aw. Residual native 
proteins and 30–40% of soluble aggregates give the highest gel firmness, while 
excessive insoluble aggregates decrease it. 

 
Norwood et al. (2016) study the foaming properties of WPI powders stored in 
different conditions. Only powders with large modifications, i.e. stored at T ≥ 
40 °C, show improved foaming properties, probably because of the coexistence 
of both monomers and aggregates. The consequences of protein modifications 
induced during the storage of WPI powders at 20 and 40 °C for 15 mo on the 
heat-induced aggregation of whey proteins have also been studied (Norwood et 
al., 2016). The size of heat-induced aggregates formed after a heat treatment 

(80 °C for 1 h) at pH 5.8–6.6 in WPI solution reconstituted at 40 g·L−1 
decreases with the time of storage only for powders stored at 40 °C and mostly 
at the lower pH value. The shape of aggregate is also modified by the 
fzzzzzzzzz 
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storage of the powders at each pH value of the heat treatment. This could be 
due to a reduced availability of native monomers after storage at 40 °C, to the 
presence of AGE or to a decrease in the flexibility of proteins and a resulting 
lower reactivity.  
In conclusion, it has been shown that dry heating at high temperature can cause 
aggregation of whey proteins. While most studies on dry heating aim at 
maintaining a relative solubility of proteins and have tried avoiding this 
polymerisation, dry heating could be a new way producing whey protein 
aggregates having potential functional properties. In order to further progress 
on that issue and on its comprehension, we can cite a study involved in the 
polymerisation of lysozyme, due to dry heating with glucose (Cho, Okitani, & 
Kato, 1984). These authors suggest that the Maillard reaction only produces 
functional sites on proteins and that the further cross-linking of proteins 
proceeds by interactions between these functional sites, without any needs of 
carbohydrates. Moreover, if native lysozyme is added to the functionalized 
proteins without any sugar and further dry heated, a large polymerisation of 
lysozyme is observed. This mechanism could have potential benefits for the 
production of controlled protein aggregates. 

 
 
 
4. Conclusions and perspectives for research 

 
Maillard reactions are very complex, and we need more work to elucidate the 
different compounds produced during dry heating. Although there are 
increasing works on safety risks brought by these compounds, they probably 
are less dangerous than chemically modified proteins. There is a widespread 
literature on increased functionality in many food systems of whey protein 
compounds modified by dry heating. Dry heated whey proteins are very 
promising for the food industry. Nevertheless, they are not very widespread in 
the food ingredient industry. In addition, very few studies examine the 
nutritional properties dry heated whey proteins. 
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RÉSUMÉ ABSTRACT

Assemblages microniques de protéines sériques produits par étu-

vage à pH 9.5 : mécanisme de formation et propriétés physico-

chimiques et fonctionnelles

L’étuvage de poudre de protéines sériques (PS) de lait permet 

l’amélioration des propriétés techno-fonctionnelles des protéines : 

aptitude à la formation de gel, mousse, ou émulsion. L’objectif de 

cette thèse était d’étudier le mécanisme de formation et les pro-

priétés physico-chimiques et rhéologiques d’assemblages de PS 

de taille micronique ou AMI produits par étuvage à 100 °C d’une 

poudre d’isolat de PS ajustée à pH 9,5 et à une activité d’eau 

proche de 0,2. Pour cela, la caractérisation morphologique des 

assemblages, la dénaturation des protéines, la diminution de lac-

tose libre et la formation de produits de Maillard ont été suivies 

au cours du temps d’étuvage. Le rôle de chacun des constituants 

de la poudre a aussi été étudié en faisant varier sa composition. 

Les résultats obtenus montrent que l’étuvage à pH 9,5 permet la 

formation d’assemblages de taille et de forme relatives à celle des 

particules de poudre étuvée. Dans un premier temps, des réac-

tions de glycation des protéines s’opèrent, des agrégats solubles 

sont produits et les poudres brunissent, tandis que les produits 

terminaux de la réaction de Maillard se forment. Ensuite, la quan-

tité d’agrégats solubles diminue avec la formation concomitante 

des AMI. Les AMI possèdent des propriétés de rétention d’eau très 

élevées ce qui leur confère des propriétés viscosifi antes. L’addition 
de lactose à la poudre d’isolat de PS permet d’accélérer la ciné-

tique de formation des AMI et d’obtenir des AMI plus denses en 

protéines. Les caséines sont aussi intégrées dans les AMI, mais 

ont très peu d’effets sur leurs propriétés structurales et de capa-

cité de rétention d’eau.

Micronic assemblies of whey proteins produced by dry heating at 

pH 9.5: mechanism of formation and physicochemical and functio-

nal properties 

The dry heating of whey protein powder increases the functional 

properties of proteins such as their ability to form gels, foams or 

emulsions. The aim of this PhD thesis was to study the mechanism 

of formation and the physicochemical and rheological properties 

of protein assemblies of micrometer sizes that were produced by 

dry heating at 100 °C a whey protein powder isolate adjusted at pH 

9.5 at a water activity of 0.2. Thus, morphological properties, pro-

tein denaturation, lactose conjugation and products of the Maillard 

reaction were studied during the time course of the dry heating. 

The role of each compound of the powder has also been studied by 

modifi cation of the powder composition. Dry heating at pH 9.5 was 
able to form large assemblies of size and shape related to the size 

of the dry heated powder particles. In the fi rst step, the glycation 
of proteins increased. Soluble aggregates formed and the powder 

browning progressed, while advanced glycated end products of the 

Maillard reaction were found. Then, the content in soluble aggre-

gates decreased and large protein assemblies of micrometer sizes 

formed. These large assemblies were highly hydrated, and had 

very high viscosity values. Addition of lactose to the whey protein 

isolate powder allowed increasing the speed of formation of these 

large assemblies, increasing their density, and reaching higher 

yields of production. Caseins were able to join to whey proteins in 

the large assemblies, and had very poor effects on their structural 

properties and ability to retain the aqueous phase. 
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