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A B S T R A C T   

In this study, skim milk powder (SMP) dispersions were subjected to wet heat pre-treatment at 80 ◦C at pH 6.6, 
7.1 and 7.6 to improve the heat stability of recombined filled evaporated milk (RFEM) emulsions. The results of 
free amino group content, Amadori products formation and color measurement revealed that the Maillard 
conjugation was generally faster at higher pH. SDS-PAGE clearly implied the conjugation of whey proteins upon 
wet heating at different pH values. Non-sedimentable protein content and composition analysis showed that 
extensive casein dissociation from micelles was found upon wet heat incubation at pH 7.1 and 7.6. The obtained 
SMP dispersions were subsequently used to prepare RFEM emulsions. The heat stability of RFEM emulsions 
derived from SMP dispersions incubated at pH 6.6 and 7.6 was improved greatly upon selecting an appropriate 
incubation time, while the heat stability improvement was less distinct upon incubation at pH 7.1. Furthermore, 
the incubation time needed to obtain a heat-stable RFEM emulsion against heating at 120 ◦C for 30 min was 
shorter at pH 7.6 as compared to the original pH 6.6 (0.5 h versus 2 h). On the other hand, prolonged incubation 
had a detrimental effect on the heat stability of RFEM.   

1. Introduction 

Recombined evaporated milk (REM) is a O/W emulsion product 
prepared by homogenization of a highly concentrated dispersion of skim 
milk powder (SMP) and anhydrous milk fat (Kasinos, Le, & Van der 
Meeren, 2014), while recombined filled evaporated milk (RFEM) refers 
to the product obtained when the milk fat is replaced by an alternative 
fat, such as a cheaper vegetable oil. Recombined (filled) evaporated milk 
is widely used for infant food applications or drinking after dilution. One 
of the most common problems in its manufacturing is the heat-induced 
coagulation during intensive sterilization for extending its shelf life 
(Dumpler & Kulozik, 2016). It is primarily due to the fact that the heat 
sensitive whey proteins (WPs) denature and aggregate with each other 
as well as casein micelles via disulfide bonds and non-covalent bonds 
upon intensive heat treatment (Liang et al., 2017). This phenomenon 
badly affects the product quality and production devices. 

So far, various strategies for improving the heat stability of 

recombined (filled) evaporated milk have been proposed, including pre- 
heating, addition of a heat-stabilizer and Maillard conjugation of milk 
proteins (Kasinos, Goñi, Nguyen, Sabatino, Martins, Dewettinck et al., 
2014; Oldfield, Taylor, & Singh, 2005). Among these, the Maillard 
conjugation between milk proteins and saccharides is a promising 
method to improve the heat stability of SMP and the derived recombined 
(filled) evaporated milk through improving the heat stability of milk 
proteins (Wu, Li, A’yun, Sedaghat Doost, De Meulenaer & Van der 
Meeren, 2021). The improved heat stability could be attributed to the 
increased steric hindrance between milk proteins against aggregation 
upon conjugation with lactose coupled with more bound water (Amin-
lari, Ramezani, & Jadidi, 2005; Wu, Chen, Sedaghat Doost, A’yun, & 
Van der Meeren, 2020). In our previous studies, it was found that both a 
dry heating or wet heating pre-treatment of SMP via Maillard conjuga-
tion between milk proteins and indigenous lactose could greatly 
enhance the heat stability of the corresponding RFEM (Wu et al., 2020; 
Wu, Chen, Wang, Li, Sedaghat Doost, Van Damme et al., 2021). Hereby, 

* Corresponding author. 
E-mail address: Jianfeng.Wu@ugent.be (J. Wu).  

Contents lists available at ScienceDirect 

LWT 

journal homepage: www.elsevier.com/locate/lwt 

https://doi.org/10.1016/j.lwt.2021.112739 
Received 7 July 2021; Received in revised form 26 October 2021; Accepted 29 October 2021   

mailto:Jianfeng.Wu@ugent.be
www.sciencedirect.com/science/journal/00236438
https://www.elsevier.com/locate/lwt
https://doi.org/10.1016/j.lwt.2021.112739
https://doi.org/10.1016/j.lwt.2021.112739
https://doi.org/10.1016/j.lwt.2021.112739
http://crossmark.crossref.org/dialog/?doi=10.1016/j.lwt.2021.112739&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


LWT 154 (2022) 112739

2

no extra ingredients and complex processing are required to obtain 
glycated milk proteins. Compared with dry heating, wet heating is more 
favorable for industrial application due to its easier operation and 
automation. However, the incubation time needed to obtain a desired 
heat stability (i.e. without coagulation after heating at 120 ◦C for 30 
min) is relatively long, e.g. 2 h for wet heating at 80 ◦C, which largely 
limits its application in the industry. 

It can be assumed that the pH can have significant effects on the 
process of wet heating and the consequent functionalities of the proteins 
(Alavi, Chen, Wang, & Emam-Djomeh, 2021; Lillard, Clare, & Daubert, 
2009; Wang & Zhong, 2014). For example, a higher pH can speed up the 
Maillard reaction rate due to the presence of a more reactive form of 
protein and sugar (Martins, Jongen, & Van Boekel, 2000; Van Boekel, 
2001). Alavi et al. (2021) reported the faster conjugation between 
maltodextrin and faba bean protein at pH 11 as compared to pH 7. 
Furthermore, the formed Amadori products during Maillard reaction 
degrade through different pathways under different pH conditions 
(acidic, neutral or alkaline pH) (Van Boekel, 2001). It is also worth 
noting that an alkaline pH favors complicated protein interactions, such 
as casein dissociation from micelles and protein polymerization (Anema 
& Klostermeyer, 1997). Finally, these different changes upon wet 
heating at different pH values have a complex impact on the function-
alities of the obtained product. 

In this study, the pH effects on the wet heat pretreatment of SMP 
dispersions and the heat stability of the corresponding RFEM emulsions 
were investigated. 

2. Materials and methods 

2.1. Materials 

Low-heat SMP, with a whey protein nitrogen index (WPNI) of 6.1 
mg/g, was obtained from Milcobel Dairy Corporation (Kallo, Belgium). 
This SMP contained 37.7% of protein (7.6% whey protein, 30.1% 
casein), 51.5% of lactose and 0.8% of fat (w/w). Sunflower oil was 
purchased from a local supermarket. 

2.2. Methods 

2.2.1. Wet heat pre-treatment of SMP dispersions at different pH values 
A typical composition of recombined evaporated milk was 16.5% 

SMP, 6.5% fat and 77% H2O (w/w). Based on this, SMP (16.5 g) was 
reconstituted in 77 ml of 0.02% NaN3 solution (to prevent microbial 
contamination (Lichstein & Soule, 1944)). Hence, the concentration of 
SMP was 17.6% (w/w). 

The pH of the SMP dispersions was then adjusted to 7.1 and 7.6 using 
a series of NaOH solutions with concentration of 0.5–4 M while the SMP 
dispersions with an original pH of 6.6 were used directly. The selection 
of pH values was based on a preliminary experiment performed at pH 6 
to 9: it was found that SMP dispersions could only remain heat-stable 
upon wet heat pre-treatment at 80 ◦C at around pH 7, which was 
confirmed by the pH-HCT (heat coagulation time) profile of evaporated 
milk in previous studies (Dumpler, Huppertz, & Kulozik, 2020). 

These samples (contained in a polypropylene container) were sub-
sequently incubated in a water bath at 80 ◦C. The maximum incubation 
time was 4 h, 4 h and 2 h for pH 6.6, 7.1 and 7.6, respectively, selected 
based on the following results of heat stability of RFEM. The time needed 

to reach the desired incubation temperature, i.e. 80 ◦C was around 8 
min. After incubation, the incubated dispersions were cooled down in 
cold water, and immediately readjusted to their original pH using HCl 
solutions (0.5–4 M). SMP dispersions with the same pH shifting but 
without incubation were used as blanks to evaluate the salt effect upon 
addition of NaOH and HCl. 

2.2.2. Monitoring of maillard reaction during wet heat pre-treatment of 
SMP dispersions 

2.2.2.1. Determination of free amino groups. The 2,4,6-trinitrobenzene 
sulfonic acid (TNBS) method as described by Adler-Nissen (1979) was 
used with slight modifications. Thus, all samples and standards were 
diluted 10 times in a solution that did not only contain 1% SDS, but also 
70 mM EDTA. As described by (Morçöl, He, & Bell, 2001), EDTA 
effectively disrupts casein micelles (by calcium chelation) and hence 
renders the samples transparent to eliminate the interference of light 
scattering during spectrophotometric analysis. Each diluted sample 
(0.25 ml) was mixed in a test tube with 2 ml of phosphate buffer (0.2125 
M, pH 8.2) and 2 ml of 0.01% TNBS solution. The mixture was then 
incubated in a water bath in dark environment at 50 ◦C for 1h. After-
wards, 4 ml of 0.1 M HCl was added to terminate the reaction. The 
absorbance of the samples was read at 340 nm in a spectrophotometer 
(UV-1600 PC, VWR, Belgium). A standard curve was obtained by 
considering a dilution series of leucine with concentrations of 0–2 mM. 
The degree of glycation (DG) was calculated as:   

2.2.2.2. Monitoring of amadori products formation and color changes. All 
samples were diluted 90 times in the same dilution liquid as described in 
2.2.2.1 (i.e 1% SDS and 70 mM EDTA). The Amadori products were 
determined at 304 nm against the dilution solution as a blank using a 
spectrophotometer (UV-1600 PC, VWR, Belgium) as suggested by (Zhu, 
Damodaran, & Lucey, 2008). 

Color measurements were performed in terms of the L*, a*, and b* at 
the specular component excluded (SCE) mode using a colorimeter 
(Minolta Model CM-2500D Spectrophotometer, Konica Minolta Sensing, 
Tokyo, Japan). The illuminant was D65 (i.e. 6500 K; spectral distribu-
tion of mid-day sun), while the observation angle was 10◦. The total 
color difference (ΔE) was calculated using Eq. (2), 

ΔE=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(
L* − L*

0

)2
+ (a* − a*

0)
2
+
(
b* − b*

0

)2
√

(2)  

where L*, a* and b* were the color parameters of the SMP dispersions 
with incubation, whereas L*

0, a*
0and b*

0 were the color parameters of the 
untreated SMP dispersions. 

2.2.2.3. Determining changes in molecular weight of milk proteins by SDS- 
PAGE. SDS-PAGE, as described by Laemmli (1970), was performed on 
12% polyacrylamide gels under reducing conditions to analyze the 
conjugates formed during the wet heat incubation. A mixture of sodium 
caseinate (1 mg/ml) and WPI (1 mg/ml) were used as controls. The 
samples were diluted 30 times with demineralized water to a protein 
concentration of 2.2 mg/ml. The sample volume was 15 μl. The elec-
trophoresis was performed at 110 V for 1.5 h. The proteins were visu-
alized by gel staining with Coomassie Brilliant Blue R-250. 

Degree  of  glycation  (%)=
− NH2  without  incubation  (0h) − − NH2  after  incubation  (xh)

− NH2  without  incubation  (0h)
× 100 (1)   
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2.2.3. Non-sedimentable protein analysis 
SMP dispersions were ultracentrifuged using an ultra-speed centri-

fuge (L7-55, Beckman, IN, USA) with SW40 Ti-rotor (Pasadena, CA, 
USA) at 120,000×g and 25 ◦C for 60 min to separate the serum from the 
casein micelles. The protein concentration of the supernatant was 
determined by a simplified Lowry method as described by Schacterle 
and Pollack (1973) after 80 times dilution. 

The supernatant was diluted 15 times and subjected to SDS-PAGE 
analysis as described in 2.2.2.3. The gel was scanned with a gel 
imager (Bio-Rad, CA, USA). For quantitative analysis, the band densities 
of individual bands in the gel were calculated using the software ImageJ 
in grayscale mode to obtain integrated grey values. 

2.2.4. Heat stability of recombined filled evaporated milk (RFEM) 
emulsions 

2.2.4.1. Preparation of RFEM emulsions. Sunflower oil (6.5 g) was added 
to the SMP dispersions to prepare RFEM emulsions with a final oil 
concentration of 6.5% (w/w). The samples were pre-homogenized using 
a high-speed blender (Ultra-Turrax, type S50N–G45F, IKA-Werke, Ger-
many) for 1 min and afterwards were homogenized using a Micro-
fluidizer 110S (Microfluidics Corporation, Newton, MA, USA) at 55 ◦C 
(Kasinos, Karbakhsh, & Van der Meeren, 2015). The microfluidizer was 
operated at a compressed air pressure of 2 bar, corresponding to a liquid 
pressure of 280 bar, for 2 min (Kasinos et al., 2015). Using this set-up, 
samples of only 20 mL can be processed. 

All emulsions were adjusted to pH 6.4 where the emulsions were 
more heat-sensitive, to make it easier to discriminate the heat stability of 
different samples. They were then stored in a refrigerator overnight 
before the heat coagulation test for ionic equilibration. 

2.2.4.2. Heat coagulation test. As reported previously (Kasinos et al., 
2015), 10 ml of RFEM sample were brought into a 20-mL headspace vial 
with an aluminum crimp seal and immersed in a temperature-controlled 
oil bath (Fritel turbo SF, 5L capacity, Vanden Borre, Gent, Belgium). The 
temperature of the oil bath was set at 120 ± 4 ◦C. After heat treatment 
for 20 or 30 min, the samples were taken out and allowed to cool in cold 
water. 

2.2.4.3. Particle size and viscosity measurement of RFEM emulsions. As 
described by Kasinos et al. (2015), the RFEM emulsions before and after 
heating were subjected to particle size analysis using a Mastersizer 3000 
(Malvern Instruments Ltd, Malvern, UK), assuming a refractive index of 
1.47 and an absorption index of 0.01 for sunflower oil. Viscosity mea-
surements were performed using a programmable LV-DV-II + viscom-
eter with spindle SC-18 or 34 (Brookfield, Stoughton, MA, USA). 

2.3. Statistical analysis 

The single factor analysis of variance (one-way ANOVA) of SPSS19.0 
software was used to analyze significance of the data. Excel 2010 and 
Origin Pro 2020 was used to calculate the mean and standard deviation 
and to draw figures. 

3. Results and discussion 

3.1. Monitoring of the maillard reaction during wet heat pre-treatment of 
SMP dispersions 

3.1.1. Degree of glycation derived from free amino group content 
It is shown in Fig. 1 that the degree of glycation based on the free 

amino group content increased with incubation time at different pH 
values. The degree of glycation reached 11.9% and 13.5% after 4 h of 
incubation at pH 6.6 and 7.1, respectively, while the reaction rate at pH 
7.6 was faster than at pH 7.1 or 6.6: the degree of glycation after 2 h of 

incubation at pH 7.6 was 16.8%. 
The free amino groups in the milk proteins in the SMP dispersions 

were assumed to be consumed by lactose via Maillard reaction during 
wet heating. The reactivity of amino groups and sugar is both highly 
affected by pH. Unprotonated amino groups of the protein and sugar 
with open chain configuration, which are considered to be the reactive 
forms, are favored at higher pH (Martins et al., 2000). The contribution 
of unprotonated glycine was found to be less than 1% at pH 7, and it 
increased rapidly at alkaline conditions in a system of glucose/glycine 
Maillard reaction (Martins et al., 2000). A higher pH favors the open 
chain form of sugars in the equilibrium between the ring form and the 
open chain form. On the other hand, protonated carbonyl groups in 
sugar, favored by a lower pH, should be more reactive to a nucleophilic 
amino nitrogen (Namiki, 1988; Wang & Zhong, 2014). Hence, the gly-
cation of proteins at neutral pH (e.g. pH 7.1) is possibly not more ad-
vantageous than at weakly acidic pH (e.g. pH 6.6), leading to a 
comparable reaction progress at pH 6.6 and 7.1. 

Along with the condensation between amino groups and sugars, 
protein polymerization can also lead to loss in amino groups. For 
example, protein crosslinking can be induced via lysinoalanine (LAL) 
derived from the condensation of lysine and dehydroalanine residues. 
This reaction was facilitated by heat or alkali treatment (Sieber, Bue-
tikofer, Kaldas, & Rehberger, 2007). 

Fig. 1. Degree of glycation based on the content of free amino groups in SMP 
dispersions during wet heat pre-treatment at 80 ◦C at different pH values. The 
results are means ± SD (n = 3). 

Fig. 2. Absorbance at 304 nm of SMP dispersions with 90-fold dilution in a 
solution containing 1% SDS and 70 mM EDTA upon wet heat pre-treatment at 
80 ◦C at different pH conditions. The results are means ± SD (n = 3). 
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3.1.2. Monitoring of amadori product formation and color changes 
Measurement of the absorbance at 304 nm has been widely used to 

investigate the formation of Amadori products of the Maillard reaction 
(Chawla, Chander, & Sharma, 2009; Spotti et al., 2019). As shown in 
Fig. 2, the higher the pH, the faster the increase in the absorbance at 304 
nm in the initial period, and the increase rate slowed down afterwards. 
Similarly, as shown in Fig. 3, the total color difference (△E) increased 
faster at higher pH. 

In the early stage of the Maillard reaction, lactose condenses with the 
ε-amino group of lysine residues, but also the α-amino groups of ter-
minal amino acid residues in milk proteins (Shimamura & Ukeda, 2012). 
The condensation products subsequently rearrange to form Amadori 
products. As discussed above, it can be assumed that the formation of 
Amadori products proceeds faster at higher pH with higher percentage 
of reactive form of proteins and lactose. Subsequently, the Amadori 
products further degrade upon prolonged wet heating, which is 
pH-dependent, leading to a decrease in early or intermediate products 
upon prolonged incubation. At neutral or acidic conditions, the degra-
dation of Amadori products mainly involves 1,2-enolisation with the 
formation of hydroxymethylfurfural (HMF), while at pH > 7, they 
mainly undergo 2,3 enolisation, where reductones and a variety of 
fission products, including acetol, pyruvaldehyde and diacetyl are 
formed (Van Boekel, 2001). Beside enolisation reactions, the Amadori 
products and their dicarbonyl derivatives undergo concomitantly 
retro-aldol reactions to produce more reactive C2, C3, C4 and C5 frag-
ments, which is considered to be favored by a higher pH (Martins et al., 
2000). All these compounds take part in further reactions, and finally 
advanced products are formed (browning), such as melanoidins. For 
example, addition of D-alanine or L-lysine to an L-ascorbic acid model 
system at pH 5 or 7 had a negligible effect on the browning rate, whereas 
an increased browning rate was found at pH 8.0 (O’Brien, 2009). 
Finally, the difference in reaction pathways at different pH results in 
different reaction progresses of Maillard reaction products. 

Additionally, the pH of SMP dispersions decreased from 6.60 to 6.48 
for pH 6.6, and from 7.10 to 6.87 for pH 7.1 within 4 h of incubation, 
whereas for pH 7.6, the pH dropped from 7.60 to 7.36 after 2 h of in-
cubation (data not shown). 

All these observations are a clear indication that Maillard reaction 
proceeded during incubation at different pH values, whereby the reac-
tion rate was faster at higher pH in the range of 6.6–7.6. 

3.1.3. Determining changes in molecular weight of milk proteins by SDS- 
PAGE 

The typical SDS-PAGE profile of whey proteins and caseins present in 
SMP is clearly observed in lane 1 in Fig. 4. As compared to the original 

sample (lane 3), the most distinct change upon incubation at different 
pH conditions was observed in the whey protein fraction, particularly 
β-lactoglobulin (β-lg): the bands of β-lg became smeared and shifted 
upwards after wet heating to varying degrees, with the most distinct 
changes observed after incubation at pH 7.6 for 2 h (lane 9). This 
implied a faster reaction rate at pH 7.6 as compared to lower pH, which 
was in line with the results of the free amino group determination and 
the analysis of Maillard reaction products of different stages. Albeit less 
distinct, the band corresponding to α-lactalbumin (α-la) shifted upwards 
slightly upon wet heating, especially for longer incubation times at 
different pH conditions. This result confirms the conjugation between 
whey proteins and lactose. 

Compared with whey proteins, the changes in the bands of the casein 
fraction were limited upon incubation at different pH conditions. This is 
possibly due to the existence of a compact micellar structure of caseins in 
SMP dispersions. According to the dual binding casein micelle model 
(Horne, 2020), a casein network is formed by salt bridging through 
calcium phosphate nanoclusters and hydrophobic cross-linking, which is 
wrapped with an external layer of κ-casein. Hence, most amino groups 
are buried inside the micellar structure, which might inhibit their 
accessibility to sugars. In the study of Moeckel, Duerasch, Weiz, Ruck, 
and Henle (2016), a comparable quantity of Amadori products was 
found in the Maillard reaction between micellar casein or nonmicellar 
casein and glucose. However, a pronounced difference was found in 
advanced Maillard reaction products and protein cross-linking, indi-
cating the possible effects of micellar structure on the progress of the 
Maillard reaction between casein and sugar. Oh, Kim, Lee, Lee, and Park 
(2018) reported that more Maillard reaction products were produced in 
the case of sodium caseinate (nonmicellar casein) as compared to milk 
protein concentrate (micellar casein). Besides, there are differences in 
reactivity of the Maillard reaction between whey proteins and caseins. 
Cardoso, Wierenga, Gruppen, and Schols (2018) compared the reactivity 
of α-la, β-lg and β-casein with various sugars, based on the percentage of 
sugar-attached sites relative to the available modification sites per 
protein molecule. β-Casein was found to have on average a 45% lower 
reactivity than α-la and β-lg, possibly due to their differences in the 
quantity of lysine residues which are more reactive than arginine resi-
dues or the N-terminal α-amino group. The differences in reactivity 
could be also explained by the effect of neighboring amino acids. 

Compared with the original sample, a smeared region with molecular 

Fig. 3. Changes in total color difference (△E) of the SMP dispersions during 
wet heat pre-treatment at different pH values. The results are means ± SD (n =
10). (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 

Fig. 4. SDS-PAGE of SMP dispersions incubated at 80 ◦C at different pH con-
ditions; lane 1, mixture of WPI and sodium caseinate; lane 2, molecular weight 
marker; lane 3–9, samples incubated at different pH for different periods. The 
concentration of WPI and sodium caseinate both was 1 mg/ml in lane 1, while 
the protein concentration in lane 3–9 was 2.2 mg/ml. 
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weight >55 kDa appeared upon prolonged wet heating: a comparable 
smeared band was observed after incubation at pH 6.6 or 7.1 for 4 h and 
at pH 7.6 for 2 h. Under the reducing conditions, the protein cross- 
linking by disulfide bonds was eliminated, while non-disulfide protein 
cross-linking was retained. Although protein cross-linking via LAL is 
highly favored by higher pH (Schwass & Finley, 1984), it was reported 
to be limited in the presence of lactose during heating of milk proteins. 
Furthermore, the formation of LAL was favored at extremely alkaline pH 
(e.g. pH > 9) or temperature (e.g. 120 ◦C) (De Koning & Van Rooijen, 
1982), whereas relatively mild conditions (i.e. a relatively low tem-
perature and nearly neutral pH values) were adopted in this study. 
Instead, proteins were found to be cross-linked mainly via Maillard re-
action products in the presence of lactose (Al-Saadi, Easa, & Deeth, 
2013). 

3.2. Non-sedimentable protein analysis 

The non-sedimentable protein analysis was performed to investigate 
possible protein interactions during wet heating at different pH. As 
shown in Fig. 5, the content of non-sedimentable protein upon ultra-
centrifugation of the sample without incubation was 16.1 mg/ml, which 
was slightly higher than the theoretical content of whey protein (i.e. 
14.3 mg/ml). The discrepancy should be due to the presence of 
remaining serum caseins. Upon incubation, the non-sedimentable pro-
tein content remained stable at pH 6.6, whereas the content increased 
substantially upon wet heating at pH 7.1 and 7.6, reaching 29.0 mg/ml 
at pH 7.1 after 4h and 36.4 mg/ml at pH 7.6 after 2h, respectively. There 
were complicated protein interactions during incubation, which medi-
ated the non-sedimentable protein content, such as association of whey 
proteins onto casein micelles (which has a negative impact) and casein 
dissociation from micelles (which has a positive impact). In order to 
better understand the protein behavior during wet heating, the serum 
phase of the SMP dispersions upon ultracentrifugation was subjected to 
SDS-PAGE analysis. 

It was observed in Fig. 6 that the non-sedimentable protein in the 
original sample (lane 3) mainly consisted of whey proteins (α-la and 
β-lg) with some remaining serum caseins. Obvious changes in both of the 
fraction of casein and whey protein were clearly found. To quantify the 
changes in the composition of non-sedimentable proteins, a densito-
metric analysis of the SDS-PAGE gel was performed. In Table 1, the in-
tegrated grey values were obtained from the density of the individual 
bands using ImageJ software in grayscale mode. It was clearly found in 
Table 1 that whey proteins decreased upon incubation at pH 6.6, while 
αs-casein, β-casein and κ-casein increased in the meantime. The incu-
bation at pH 7.1 or 7.6 exhibited different trends from pH 6.6: αs-casein, 
β-casein and κ-casein increased more substantially as compared to the 

case of pH 6.6 while the decrease in whey proteins were less pro-
nounced. Furthermore, the extent of increase in the absolute grey values 
of the casein fraction was pronounced as the pH got higher. 

It is generally believed that whey proteins (WPs), such as α-la and 
β-lg, denature at a temperature above 80 ◦C in the pH range of 6.6–7.6, 
and subsequently the unfolded proteins are prone to associate with 
κ-casein on the outer layer of casein micelles through sulfhydryl/disul-
fide bond exchange (Wijayanti, Brodkorb, Hogan, & Murphy, 2019). It 
was suggested by Singh (2004) that a rearrangement of the micelle 
surface might occur to facilitate this interaction. The effects of 
WP-casein complexes were found to be pH-dependent: whey protein can 
prevent the κ-casein dissociation from micelles at pH < 6.7, whereas it 
facilitates the κ-casein dissociation at pH > 6.9 (Singh, 2004). Hence, the 
dissociation of caseins from micelles is pH-dependent: it occurs to a 
certain extent during heating when the pH is > 6.7 in normal milk 
regardless of temperature (Anema, 1998). Furthermore, the critical pH 
threshold decreases and the extent of casein dissociation, including 
κ-casein, β-casein and αs-casein, increases in concentrated milk (total 
solid 25%, w/w) at a temperature ≥80 ◦C as compared to normal milk 
(Anema, 1998). Electrostatic interactions might play a critical role in the 
mechanism of pH-dependent dissociation. Anema and Klostermeyer 
(1997) suggested that the dissociation of casein micelles occurred 
through changes in the nature of the colloidal calcium phosphate (CCP) 
at elevated pH to become less capable of maintaining the micellar 
integrity. Furthermore, the charge on the proteins is greater at higher 
pH. 

In our case, i.e. a system similar with concentrated milk (i.e. 17.6% 
Fig. 5. Changes in non-sedimentable protein content in SMP dispersions during 
wet heat pre-treatment at 80 ◦C at different pH conditions. The results are 
mean ± SD (n = 3). 

Fig. 6. SDS-PAGE of the non-sedimentable protein fraction in SMP dispersions 
with wet heat pre-treatment at different pH for various times. Lane 1, mixture 
of WPI and sodium caseinate (CN); Lane 2, molecular weight marker; Lane 3–9, 
non-sedimentable protein fraction in samples incubated at different pH for 
different periods. The concentration of WPI and sodium caseinate both was 1 
mg/ml in lane 1. 

Table 1 
Integrated grey values of various components in non-sedimentable protein in 
SMP dispersions with various wet heat pre-treatment conditions obtained from 
bands in SDS-PAGE.  

Sample Absolute grey value 

pH Incubation time (h) β-lg α-la αs-CN β-CN κ-CN 

6.6 0 744.5 255.4 118.0 164.0 190.1 
2 428.4 180.7 124.2 264.1 432.8 
4 376.8 94.5 148.7 311.0 405.1 

7.1 1 703.3 220.8 310.9 440.2 613.6 
4 714.7 197.9 647.7 709.4 788.5 

7.6 0.5 723.3 227.0 850.1 904.1 828.8 
2 637.1 131.3 822.2 847.5 790.3  
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(w/w) SMP dispersion, at pH 6.6), the formation of WP-casein com-
plexes led to a decrease in the non-sedimentable whey proteins while 
caseins partly dissociated from the micelles into the serum phase, 
leading to an increase in non-sedimentable caseins. At pH 7.1 or 7.6, 
extensive dissociation of WP-casein complexes from the micelles into the 
serum occurred, leading to less pronounced changes in non- 
sedimentable whey proteins and an increase in non-sedimentable ca-
seins to a greater extent. This also explains the results of the non- 
sedimentable protein content: limited changes were observed at pH 
6.6, while the value increased considerably at pH 7.1 or 7.6. 

3.3. Heat stability of recombined filled evaporated milk (RFEM) 
emulsions 

As shown in Fig. 7, the heat stability of RFEM emulsions produced 
from SMP dispersions without wet heat pre-treatment and pH adjust-
ment (pH 6.6–0 h) was similar with that of emulsions derived from SMP 
dispersions without wet heat pre-treatment but with pH shifting (pH 7.1 
or 7.6–0 h), with comparable particle size and consistency coefficient 
after 20 or 30 min of heating at 120 ◦C. This implied the limited effects of 
pH shifting (pH adjustment to 7.1 or 7.6 and readjustment to 6.6) and 

the consequently introduced NaCl on the heat stability. Although NaCl is 
believed to mediate the heat stability of milk via changing the net charge 
on casein micelles, the final NaCl concentration for all samples in this 
study was less than 15 mM (as estimated from the amount of added 
NaOH and HCl), which was lower than the minimum concentration used 
(i.e. 50 mM) when investigating the effects of salt on milk heat stability 
in previous studies (Grufferty & Fox, 1985; Huppertz & Fox, 2006). 

The heat stability of RFEM derived from the SMP dispersions without 
wet heat pre-treatment (0h) was limited: 20 min of heating at 120 ◦C 
induced visible coagulation with D4,3 > 5 μm and consistency coefficient 
>50 mPa s (Fig. 7 A, C). The heat stability of RFEM was improved to 
varying degrees upon an appropriate incubation time at different pH 
conditions. Two hours of incubation at pH 6.6 enabled a heat stable 
emulsion against 30 min of heating at 120 ◦C without coagulation (D4,3 
< 5 μm and consistency coefficient <50 mPa s), while 0.5 h of incuba-
tion was sufficient at pH 7.6 (Fig. 7 B, D). Although an improved heat 
stability was observed upon incubation at pH 7.1, none of the emulsions 
with incubation at this pH could withstand 30 min of heating without 
coagulation (D4,3 > 5 μm and consistency coefficient >50 mPa s). 

Fig. 7 reveals no beneficial effects on the heat stability upon pro-
longed incubation, and the initial time point with negative effects on the 

Fig. 7. Volume-weighted average particle diameter (D4,3; A, B) and consistency coefficient (C, D) of recombined filled evaporated milk (RFEM) emulsions produced 
from SMP with and without wet heat pretreatment at 80 ◦C for different incubation periods after heating at 120 ◦C for 20 min (A, C) or 30 min (B, D). The results 
indicate mean values ± SD (n = 3). 
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heat stability was observed earlier upon incubation at higher pH. More 
than 4 h of incubation at 80 ◦C brought negative effects on the heat 
stability of RFEM for pH 6.6, while no beneficial effects were observed 
after at least 2 h of incubation at pH 7.1 or 7.6. 

As no gradual trend in heat stability improvement was observed in 
Fig. 7 upon incubation at the three different pH values considered before 
(i.e. pH 6.6, 7.1 and 7.6), the effect of incubation pH on the heat stability 
of RFEM emulsions was studied into more detail (i.e. pH 6.6 to 8.0 with 
pH intervals of 0.2). In this experiment, the incubation time was fixed at 
0.5 h, i.e. the time needed to obtain a heat stable emulsion against 30 
min of heating at 120 ◦C by incubation at pH 7.6. Hereby, it is worth 
noting that the maximum pH was limited to 8.0 since SMP dispersions 
are not heat stable at 80 ◦C at higher pH due to irreversible casein 
swelling and disintegration (Sinaga, Bansal, & Bhandari, 2017). The 
results of Fig. 8 corroborated those shown in Fig. 7: the heat stability 
improvement upon preliminary incubation of the SMP dispersions at pH 
6.6 to 8.0 for 0.5 h, compared to the RFEM emulsion without prior in-
cubation (original), followed a complex pattern, with the best effects 
observed at pH 7.6 (and above), and less beneficial effects around pH 
7.1. To be more specific: the improvement in heat stability upon incu-
bation at pH 6.8 and 7.2 was less distinct with D4,3 > 10 μm after 30 min 
of heating, while preliminary incubation at pH 7.6, 7.8 and 8.0 gave rise 
to the best heat stability with D4,3 <5 μm after 30 min of sterilization at 
120 ◦C. Hence, the pH during incubation of the SMP dispersion played a 
crucial role for the heat stability (improvement) of the derived RFEM 
emulsions. 

The heat-induced coagulation of RFEM emulsion is primarily 
attributed to the aggregation of denatured whey proteins as well as those 
associated with casein micelles. It was clearly shown in the above- 
mentioned results that conjugation of milk proteins, in particular 
whey proteins, and lactose occurred during wet heat pre-treatment of 
SMP dispersions at different pH. The improved heat stability of whey 
proteins via Maillard conjugation with saccharides has been widely 
elucidated. It was reported that the heat stability of O/W emulsions 
stabilized by WPC (including whey protein and lactose) was greatly 
improved by dry heat pre-treatment: they could remain heat stable with 
a constant particle size and viscosity after heating at 80 ◦C for 20 min 
(A’yun, Azzahrani, Huyst, de Neve, Martins, van Troys et al., 2020; 
A’yun, Demicheli, de Neve, Wu, Balcaen, Setiowati et al., 2020). It was 
found that the improved heat stability of WPI-lactose conjugates could 
be attributed to the elevated denaturation temperature upon glycation 
(Liu & Zhong, 2013a). Furthermore, glycation with sugar could provide 
extra steric hindrance against protein aggregation during heating, which 
was dependent on the extent of glycation (Liu & Zhong, 2013b). O’Re-
gan and Mulvihill (2010) suggested that conjugated proteins with car-
bohydrates rearranged to have a new interfacial conformation with the 
protein moiety oriented towards the lipid phase and the sugar moiety 
towards the water phase which was believed to be beneficial to improve 
the emulsion stability against heat-induced aggregation. 

It took only 0.5 h of preconditioning to obtain heat stable RFEM 
emulsions (i.e. without coagulation after 30 min of heating at 120 ◦C) at 
pH 7.6 or above, which was shorter than the required incubation time at 
lower pH. This is in line with the abovementioned results: the Maillard 
reaction between milk proteins and lactose at pH 7.6 proceeded faster 
than that at pH 7.1 or 6.6. 

On the other hand, a large number of interactions occur during wet 
heat incubation at 80 ◦C besides the Maillard reaction, including the 
association of whey proteins with casein micelles and casein dissociation 
from the micelles (Dumpler et al., 2020). These concomitant changes 
could play a critical role in the heat stability of the derived RFEM 
emulsions (Singh, 2004). Casein micelles are generally considered to be 
heat-stable with the protection of a hairy layer of κ-caseins, but become 
susceptible to calcium-induced coagulation upon heating if extensive 
κ-casein dissociation from the micelles occurs (Huppertz, 2016). As 
discussed in section 3.2, the association of whey proteins with κ-casein 
can facilitate κ-casein dissociation at all pH conditions for system 

(17.6% (w/w) SMP dispersion) used in this study. These negative effects 
become more pronounced with incubation time, leading to offsetting the 
beneficial effects of Maillard conjugation upon prolonged incubation. 
Furthermore, as shown in section 3.2, the κ-casein dissociation was more 
severe at pH 7.1 and 7.6. Hence, the less distinct improvement upon 
incubation at intermediate pH values (e.g. around pH 7.1) was probably 
due to the relatively slow Maillard conjugation and the extensive 
κ-casein dissociation at these pH values. 

On the other hand, a pronounced heat stability improvement was 
obtained when the incubation pH was at least 7.6, probably due to the 
fact that the fast reaction rate of Maillard conjugation could overcome 
the negative effects of protein interactions. 

4. Conclusions 

Overall, our experiments proved that the heat stability of RFEM 
emulsions was greatly enhanced upon wet heat pre-treatment of SMP 
dispersions, whereby the incubation time needed to enable a heat stable 
RFEM emulsion was largely reduced at weakly alkaline pH conditions (i. 
e. pH 7.6 to 8.0) as compared to the original pH (i.e. pH 6.6). The results 
in this study are possibly significant in industrial applications of SMP 
where a high heat stability is desired, such as in recombined filled 
evaporated milk or infant formulas. 

CRediT authorship contribution statement 

Jianfeng Wu: Validation, Formal analysis, Investigation, Data 
curation, Writing – original draft. Simin Chen: Investigation, Writing – 
review & editing. Lydivine Nyiransabimana: Investigation. Els J.M. 
Van Damme: Methodology, Writing – review & editing. Bruno De 
Meulenaer: Methodology, Writing – review & editing. Paul Van der 
Meeren: Conceptualization, Methodology, Data curation, Writing – re-
view & editing, Supervision, Project administration, Funding 
acquisition. 

Declaration of competing interest 

We declare that we do not have any commercial or associative in-
terest that represents a conflict of interest in connection with the work 
submitted. 

Fig. 8. Volume-weighted average particle diameter (D4,3) of recombined filled 
evaporated milk emulsions produced from SMP with and without wet heat pre- 
treatment at pH 6.6 to 8.0 for 0.5 h after 30 min of heating at 120 ◦C. Different 
letters indicate statistically significant differences (P < 0.05). The results are 
means ± SD (n = 3). 

J. Wu et al.                                                                                                                                                                                                                                      



LWT 154 (2022) 112739

8

Acknowledgements 

This work was supported by the Guangzhou Elite Project (JY200809; 
GEP, China). 

References 

Adler-Nissen, J. (1979). Determination of the degree of hydrolysis of food protein 
hydrolysates by trinitrobenzenesulfonic acid. Journal of Agricultural and Food 
Chemistry, 27(6), 1256–1262. 

Al-Saadi, J. M. S., Easa, A. M., & Deeth, H. C. (2013). Effect of lactose on cross-linking of 
milk proteins during heat treatments. International Journal of Dairy Technology, 66(1), 
1–6. 

Alavi, F., Chen, L., Wang, Z., & Emam-Djomeh, Z. (2021). Consequences of heating under 
alkaline pH alone or in the presence of maltodextrin on solubility, emulsifying and 
foaming properties of faba bean protein. Food Hydrocolloids, 112, 106335. 

Aminlari, M., Ramezani, R., & Jadidi, F. (2005). Effect of Maillard-based conjugation 
with dextran on the functional properties of lysozyme and casein. Journal of the 
Science of Food and Agriculture, 85(15), 2617–2624. 

Anema, S. G. (1998). Effect of milk concentration on heat-induced, pH-dependent 
dissociation of casein from micelles in reconstituted skim milk at temperatures 
between 20 and 120 ◦C. Journal of Agricultural and Food Chemistry, 46(6), 
2299–2305. 

Anema, S. G., & Klostermeyer, H. (1997). Heat-induced, pH-dependent dissociation of 
casein micelles on heating reconstituted skim milk at temperatures below 100 C. 
Journal of Agricultural and Food Chemistry, 45(4), 1108–1115. 

A’yun, Q., Azzahrani, I. N., Huyst, A., de Neve, L., Martins, J. C., Van Troys, M., et al. 
(2020a). Heat stable whey protein stabilised O/W emulsions: Optimisation of the 
whey protein concentrate dry heat incubation conditions. Colloids and Surfaces A: 
Physicochemical and Engineering Aspects, 603, 125–192. 

A’yun, Q., Demicheli, P., de Neve, L., Wu, J., Balcaen, M., Setiowati, A. D., et al. (2020b). 
Dry heat induced whey protein-lactose conjugates largely improve the heat stability 
of O/W emulsions. International Dairy Journal, 104736. 

Cardoso, H. B., Wierenga, P. A., Gruppen, H., & Schols, H. A. (2018). Maillard induced 
glycation behaviour of individual milk proteins. Food Chemistry, 252, 311–317. 

Chawla, S., Chander, R., & Sharma, A. (2009). Antioxidant properties of Maillard 
reaction products obtained by gamma-irradiation of whey proteins. Food Chemistry, 
116(1), 122–128. 

De Koning, P. J., & Van Rooijen, P. J. (1982). Aspects of the formation of lysinoalanine in 
milk and milk products. Journal of Dairy Research, 49(4), 725–736. 

Dumpler, J., Huppertz, T., & Kulozik, U. (2020). Invited review: Heat stability of milk 
and concentrated milk: Past, present, and future research objectives. Journal of Dairy 
Science, 103(12). 

Dumpler, J., & Kulozik, U. (2016). Heat-induced coagulation of concentrated skim milk 
heated by direct steam injection. International Dairy Journal, 59, 62–71. 

Grufferty, M., & Fox, P. (1985). Effect of added NaCl on some physicochemical properties 
of milk. Irish Journal of Food Science & Technology, 1–9. 

Horne, D. S. (2020). Casein micelle structure and stability. Milk proteins, 213–250 
(Elsevier). 

Huppertz, T. (2016). Heat stability of milk. In P. L. H. McSweeney, & J. A. O’Mahony 
(Eds.), Advanced Dairy chemistry: Volume 1B: Proteins: Applied aspects (pp. 179–196). 
New York, NY: Springer. New York. 

Huppertz, T., & Fox, P. F. (2006). Effect of NaCl on some physico-chemical properties of 
concentrated bovine milk. International Dairy Journal, 16(10), 1142–1148. 

Kasinos, M., Goñi, M. L., Nguyen, M. T., Sabatino, P., Martins, J. C., Dewettinck, K., et al. 
(2014a). Effect of hydrolysed sunflower lecithin on the heat-induced coagulation of 
recombined concentrated milk emulsions. International Dairy Journal, 38(2), 
187–194. 

Kasinos, M., Karbakhsh, R. R., & Van der Meeren, P. (2015). Sensitivity analysis of a 
small-volume objective heat stability evaluation test for recombined concentrated 
milk. International Journal of Dairy Technology, 68(1), 38–43. 

Kasinos, M., Le, T. T., & Van der Meeren, P. (2014). Improved heat stability of 
recombined evaporated milk emulsions upon addition of phospholipid enriched 
dairy by-products. Food Hydrocolloids, 34, 112–118. 

Laemmli, J. K. (1970). SDS-polyacrylamide gel electrophoresis of protein. Nature, 2, 
680–685. 

Liang, Y., Matia-Merino, L., Gillies, G., Patel, H., Ye, A., & Golding, M. (2017). The heat 
stability of milk protein-stabilized oil-in-water emulsions: A review. Current Opinion 
in Colloid & Interface Science, 28, 63–73. 

Lichstein, H. C., & Soule, M. H. (1944). Studies of the effect of sodium azide on microbic 
growth and respiration: I. The action of sodium azide on microbic growth. Journal of 
Bacteriology, 47(3), 221–230. 

Lillard, J., Clare, D., & Daubert, C. (2009). Glycosylation and expanded utility of a 
modified whey protein ingredient via carbohydrate conjugation at low pH. Journal of 
Dairy Science, 92(1), 35–48. 

Liu, G., & Zhong, Q. (2013a). Dispersible and thermal stable nanofibrils derived from 
glycated whey protein. Biomacromolecules, 14(7), 2146–2153. 

Liu, G., & Zhong, Q. (2013b). Thermal aggregation properties of whey protein glycated 
with various saccharides. Food Hydrocolloids, 32(1), 87–96. 

Martins, S. I., Jongen, W. M., & Van Boekel, M. A. (2000). A review of Maillard reaction 
in food and implications to kinetic modelling. Trends in Food Science & Technology, 11 
(9–10), 364–373. 

Moeckel, U., Duerasch, A., Weiz, A., Ruck, M., & Henle, T. (2016). Glycation reactions of 
casein micelles. Journal of Agricultural and Food Chemistry, 64(14), 2953–2961. 

Morçöl, T., He, Q., & Bell, S. J. (2001). Model process for removal of caseins from milk of 
transgenic animals. Biotechnology Progress, 17(3), 577–582. 

Namiki, M. (1988). Chemistry of maillard reactions: Recent studies on the browning 
reaction mechanism and the development of antioxidants and mutagens. Advances in 
Food Research, 32, 115–184. 

O’Brien, J. (2009). Non-enzymatic degradation pathways of lactose and their 
significance in dairy products. Advanced dairy chemistry, 231–294. Springer. 

Oh, M.-J., Kim, Y., Lee, S. H., Lee, K.-W., & Park, H.-Y. (2018). Prediction of CML 
contents in the Maillard reaction products for casein-monosaccharides model. Food 
Chemistry, 267, 271–276. 

Oldfield, D. J., Taylor, M. W., & Singh, H. (2005). Effect of preheating and other process 
parameters on whey protein reactions during skim milk powder manufacture. 
International Dairy Journal, 15(5), 501–511. 

O’Regan, J., & Mulvihill, D. M. (2010). Heat stability and freeze–thaw stability of oil-in- 
water emulsions stabilised by sodium caseinate–maltodextrin conjugates. Food 
Chemistry, 119(1), 182–190. 

Schacterle, & Pollack. (1973). A simplified method for the quantitative assay of small 
amounts of protein in biologic material. Analytical Biochemistry, 51(2), 654–655. 

Schwass, D. E., & Finley, J. W. (1984). Heat and alkaline damage to proteins: 
Racemization and lysinoalanine formation. Journal of Agricultural and Food 
Chemistry, 32(6), 1377–1382. 

Shimamura, T., & Ukeda, H. (2012). Maillard reaction in milk—effect of heat treatment. 
Milk protein, 147–158. 

Sieber, R., Buetikofer, U., Kaldas, N., & Rehberger, B. (2007). Occurrence of 
lysinoalanine in milk and dairy products. Agrarforschung (Switzerland), 14(9), 
430–435. 

Sinaga, H., Bansal, N., & Bhandari, B. (2017). Effects of milk pH alteration on casein 
micelle size and gelation properties of milk. International Journal of Food Properties, 
20(1), 179–197. 

Singh, H. (2004). Heat stability of milk. International Journal of Dairy Technology, 57(2-3), 
111–119. 

Spotti, M. J., Loyeau, P. A., Marangón, A., Noir, H., Rubiolo, A. C., & Carrara, C. R. 
(2019). Influence of Maillard reaction extent on acid induced gels of whey proteins 
and dextrans. Food Hydrocolloids, 91, 224–231. 

Van Boekel, M. (2001). Kinetic aspects of the maillard reaction: A critical review. Food, 
45(3), 150–159. 

Wang, W., & Zhong, Q. (2014). Properties of whey protein–maltodextrin conjugates as 
impacted by powder acidity during the Maillard reaction. Food Hydrocolloids, 38, 
85–94. 

Wijayanti, H. B., Brodkorb, A., Hogan, S. A., & Murphy, E. G. (2019). Chapter 6 - thermal 
denaturation, aggregation, and methods of prevention. In H. C. Deeth, & N. Bansal 
(Eds.), Whey proteins (pp. 185–247). Academic Press.  

Wu, J., Chen, S., Sedaghat Doost, A., A’yun, Q., & Van der Meeren, P. (2020). Dry heat 
treatment of skim milk powder greatly improves the heat stability of recombined 
evaporated milk emulsions. Food Hydrocolloids, 106342. 

Wu, J., Chen, S., Wang, T., Li, H., Sedaghat Doost, A., Van Damme, E. J. M., et al. 
(2021a). Improved heat stability of recombined evaporated milk emulsions by wet 
heat pretreatment of skim milk powder dispersions. Food Hydrocolloids, 118, 106757. 

Wu, J., Li, H., A’Yun, Q., Sedaghat Doost, A., De Meulenaer, B., & Van der Meeren, P. 
(2021b). Conjugation of milk proteins and reducing sugars and its potential 
application in the improvement of the heat stability of (recombined) evaporated 
milk. Trends in Food Science & Technology, 108, 287–296. 

Zhu, D., Damodaran, S., & Lucey, J. A. (2008). formation of whey protein isolate (WPI)−
Dextran conjugates in aqueous solutions. Journal of Agricultural and Food Chemistry, 
56(16), 7113–7118. 

J. Wu et al.                                                                                                                                                                                                                                      

http://refhub.elsevier.com/S0023-6438(21)01892-2/sref1
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref1
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref1
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref2
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref2
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref2
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref3
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref3
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref3
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref4
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref4
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref4
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref5
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref5
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref5
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref5
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref6
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref6
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref6
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref7
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref7
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref7
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref7
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref8
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref8
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref8
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref9
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref9
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref10
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref10
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref10
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref11
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref11
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref12
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref12
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref12
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref13
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref13
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref14
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref14
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref15
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref15
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref16
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref16
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref16
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref17
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref17
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref18
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref18
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref18
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref18
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref19
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref19
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref19
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref20
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref20
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref20
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref21
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref21
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref22
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref22
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref22
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref23
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref23
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref23
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref24
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref24
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref24
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref25
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref25
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref26
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref26
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref27
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref27
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref27
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref28
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref28
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref29
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref29
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref30
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref30
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref30
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref31
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref31
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref32
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref32
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref32
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref33
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref33
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref33
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref34
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref34
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref34
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref35
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref35
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref36
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref36
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref36
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref37
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref37
http://refhub.elsevier.com/S0023-6438(21)01892-2/opt4YVH0w5m1T
http://refhub.elsevier.com/S0023-6438(21)01892-2/opt4YVH0w5m1T
http://refhub.elsevier.com/S0023-6438(21)01892-2/opt4YVH0w5m1T
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref39
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref39
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref39
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref40
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref40
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref41
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref41
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref41
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref42
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref42
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref43
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref43
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref43
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref44
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref44
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref44
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref45
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref45
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref45
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref46
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref46
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref46
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref47
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref47
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref47
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref47
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref48
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref48
http://refhub.elsevier.com/S0023-6438(21)01892-2/sref48

	Improved heat stability of recombined filled evaporated milk emulsions by wet heat pre-treatment of skim milk powder disper ...
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Methods
	2.2.1 Wet heat pre-treatment of SMP dispersions at different pH values
	2.2.2 Monitoring of maillard reaction during wet heat pre-treatment of SMP dispersions
	2.2.2.1 Determination of free amino groups
	2.2.2.2 Monitoring of amadori products formation and color changes
	2.2.2.3 Determining changes in molecular weight of milk proteins by SDS-PAGE

	2.2.3 Non-sedimentable protein analysis
	2.2.4 Heat stability of recombined filled evaporated milk (RFEM) emulsions
	2.2.4.1 Preparation of RFEM emulsions
	2.2.4.2 Heat coagulation test
	2.2.4.3 Particle size and viscosity measurement of RFEM emulsions


	2.3 Statistical analysis

	3 Results and discussion
	3.1 Monitoring of the maillard reaction during wet heat pre-treatment of SMP dispersions
	3.1.1 Degree of glycation derived from free amino group content
	3.1.2 Monitoring of amadori product formation and color changes
	3.1.3 Determining changes in molecular weight of milk proteins by SDS-PAGE

	3.2 Non-sedimentable protein analysis
	3.3 Heat stability of recombined filled evaporated milk (RFEM) emulsions

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	References


