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A B S T R A C T   

The physical and chemical changes of 4x milk concentrates prepared by ultrafiltration (UF) and microfiltration 
(MF) combined with diafiltration were studied after heating in situ to 85 ◦C and subsequent cooling. Skim milk 
(1x) was analyzed as control. The concentrates had comparable pH, colloidal casein and colloidal calcium and 
phosphate, but differed in whey proteins and serum calcium and phosphate, allowing investigating the effect of 
soluble phase composition on viscosity changes and protein aggregation during heating. In heated samples, there 
was a decrease in the apparent diameter of the protein particles, as well as a decrease in bulk viscosity compared 
to unheated concentrates. On the other hand, the turbidity increased. Particles’ diffusivity measured by diffusive 
wave spectroscopy was slower in UF concentrate compared to the MF counterpart, both before and after heating, 
demonstrating the effect of protein aggregates in the soluble phase in changing the bulk properties of the con-
centrates. In this work, by comparing 4x MF and UF fresh concentrates with reduced calcium, and with similar 
processing history, it was demonstrated that the presence of whey proteins drives casein dissociation. MF con-
centrates showed increased heat stability compared to UF concentrates, with lower viscosity after heating. It was 
also observed that cooling kinetics affect the dissociation of caseins in heated skim milk. A fine control of dia-
filtration for ions and whey protein depletion is critical for control of the technological quality of the 
concentrates.   

1. Introduction 

Milk is a colloidal system composed of fat globules and casein mi-
celles dispersed in a water-based continuous phase that contains dis-
solved carbohydrates, lactose, minerals, and solvated whey proteins 
(Jost, 2007). Processing treatments (e.g. membrane filtration, heat 
treatment, acid- or rennet-induced gelation) change the chemical and 
physical properties of the milk, resulting in differences in texture and 
microstructure of technological importance. For example, ultra-high 
temperature (UHT) treatment (i.e. 135 ◦C, for 1–3 s) cause the reduc-
tion of the serum calcium and phosphate level, and in turn the increase 
of the colloidal calcium phosphate content (Anema, 2009), in addition 
to the denaturation and aggregation of the whey proteins. Pasteurization 
(i.e. 72 ◦C for 15 s), on the other hand, causes partial denaturation of 
whey proteins, as well as an increase in colloidal calcium phosphate 
(Douglas, Greenberg, Farrell, & Edmondson, 1981). 

Whey proteins are more susceptible to heat-induced changes, 
compared to caseins, due to their globular structure. Upon heating, free 
thiol groups of β-lactoglobulin (β-lg) unfold and form covalent bonds 

with other cystine-containing proteins such as α-lactalbumin (α-la) and 
κ-casein at temperatures above 70 ◦C. In the absence of β-lg, however, 
the reactivity of α-la with heating is low (Corredig & Dalgleish, 1999; 
Donato & Guyomarc’h, 2009). It has been shown that, during heating of 
skim milk, κ-casein forms aggregates with the whey proteins, and their 
distribution between the serum and colloidal phases depends on the 
initial pH (Donato & Guyomarc’h, 2009). Hence, processing conditions 
such as temperature-time combinations, calcium, whey protein con-
centration, and pH play an important role in the heat stability of dairy 
products (Dalgleish, 1990; Dannenberg & Kessler, 1988; Dumpler & 
Kulozik, 2016; Renhe, Indris, & Corredig, 2018). With the widespread 
use of membrane filtration in dairy processing, it is critical to understand 
better how the composition may affect the stability of the concentrates 
during heating. 

It is known that the casein micelles increase in size by heating milk at 
pH 6.6 (Anema & Li, 2003), and this increase is related to the association 
of the denatured whey proteins with the casein micelles. At pH higher 
than 6.8, the coating of the whey proteins on the micelle surface de-
creases, at the expenses of a higher ratio of whey protein-к-casein 
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aggregates in the soluble phase (Anema & Li, 2003; Kethireddipalli, Hill, 
& Dalgleish, 2010). It has been shown that the presence of β-lg de-
termines the complex formation between whey proteins and caseins as 
this is limited by the amount of β-lg available (Corredig & Dalgleish, 
1999). With a higher whey protein/casein ratio in skim milk, new par-
ticles containing whey proteins and dissociated soluble caseins are 
present after heating (Beaulieu, Pouliot, & Pouliot, 1999). 

Heating of milk has been widely studied under both quiescent con-
ditions, or using UHT- HTST systems. Changes reported in milk systems 
during heating are pH decrease, colloidal calcium phosphate precipita-
tion, and formation of organic acid in the presence of lactose, which vary 
depending on the composition of the dairy product (Anema, 2021; 
Dumpler, Huppertz, & Kulozik, 2020; McCarthy et al., 2022). Much 
work has been done on heating of concentrates (fresh or reconstituted) 
using UHT systems (Dumpler et al., 2020), however much less is known 
about the colloidal dynamics occurring during heating, as well as the 
potential changes due to shear effects. A shear cell connected to a 
rheometer has also been used to study the heat stability of dairy dis-
persions, as in this set up, a change in viscosity can be followed in situ 
during heating (Barone, O’Regan, Kelly, & O’Mahony, 2021; Crowley, 
Dowling, Caldeo, Kelly, & O’Mahony, 2016; Joyce, Kelly, & O’Mahony, 
2018). For example, it was shown that during heating of a model infant 
formula, there is a decrease in viscosity with increasing α-la: β-lg ratio in 
the mix (Crowley et al., 2016). Similarly, the effect of calcium addition 
or differences in ingredient ratios have been studied to predict heat 
stability of model beverages using this system (Barone et al., 2021; Joyce 
et al., 2018). 

In earlier studies, the colloidal behavior of native casein micelles was 
explained by modeling the experimental results after non-interacting 
hard spheres. At volume fractions of ~0.55, the interactions between 
casein micelles increase sharply, causing a steep increase in viscosity 
(Bouchoux, Gesan-Guiziou, Pérez, & Cabane, 2010). When the volume 
fraction is between 0.1 and 0.3, casein micelles are still freely diffusing 
in their serum phase, meaning that their interparticle distance is still 
large enough not to affect their diffusivity (Krishnankutty Nair, Alex-
ander, Dalgleish, & Corredig, 2014). Although the rheological properties 
of concentrated casein suspensions continues to follow a hard sphere 
behavior even at higher concentrations, when the volume fraction in-
creases, other short range interactions as well as serum viscosity will 
affect their diffusivity and their bulk viscosity (Krishnankutty Nair et al., 
2014). Indeed, in much diluted systems, where particles are dispersed in 
a continuous liquid medium, they are rigid, spherical and uncharged, 
and the relative viscosity is given by Einstein equation (Dickinson, 
1992). However, in concentrated casein micelles suspensions the system 
is more complex, since the interaction between the protein particles, as 
well as the viscosity of the serum phase need to be taken into consid-
eration. The relative viscosity of milk heated at different initial pH 
values has been reported as a function of volume fraction, and, assuming 
no changes in particle voluminosity, it was concluded that the casein 
micelles in heated dispersions still follow the rheological behavior of 
hard spheres, in spite of the changes on the surface structure of the 
casein micelles when heated at different initial pH values (Krishnan-
kutty Nair et al., 2013). 

During membrane filtration, diafiltration is often applied. This is the 
practice of adding water or other media to the concentrate during 
filtration. While this improves the process efficiency, it also further 
changes the ratio between minerals and proteins. It is therefore not 
trivial to tease out the contribution of various factors to the final stability 
of the concentrates. The hypothesis of this study was that the compo-
sition of the serum phase plays a major role in the colloidal stability with 
heating of milk protein concentrates. In other words, the compositional 
changes in concentrates, namely, their casein-to-whey protein ratio and 
their soluble ions, will cause the formation of heat-induced aggregates, 
with consequences for the physical properties and colloidal stability of 
the concentrates. To test this hypothesis, skim milk was concentrated 
using either ultrafiltration or microfiltration, in combination with 

diafiltration, to obtain concentrates of different serum protein contents 
but a comparable total ionic milieu. The heat-treated concentrates were 
further characterized at different stages during the heat treatment with 
regard to viscosity, micro-viscosity, turbidity, casein micelle size, and 
formation of soluble aggregates. 

2. Materials and methods 

2.1. Preparation of the retentates 

Fresh, pasteurized skim milk (72 ◦C, 15 s) was obtained from Arla 
Foods Amba (Aarhus, Denmark), and 0.2 g/L sodium azide were added 
to prevent microbial growth. 

Concentration and diafiltration was conducted using a cross-flow 
filtration system (Vibro Lab3500, SANI Membranes ApS, Allerød, 
Denmark), which, by oscillating the membrane chamber, minimizes the 
formation of a gel layer. A hydrophilic polyethersulfone (PESH) mem-
brane with a nominal molecular weight cut-off of 30 kDa and a mem-
brane area of 0.35 m2 was used for ultrafiltration (UF), and a 
polyvinylidene fluoride (PVDF) membrane with a nominal molecular 
weight cut-off of 800 kDa and a membrane area of 0.35 m2 was used for 
microfiltration (MF). Both UF and MF process were performed at 10 ±
3 ◦C and (0.04–0.05 MPa) transmembrane pressure. During MF, whey 
proteins and a limited amount of β-casein transmitted through the 
membrane. 

Samples were obtained by concentrating 3 L of skim milk using either 
UF or MF filters, followed by diafiltration (DF). For DF, 1.5 L Milli-Q 
water (i.e., half of the initial milk volume) were added as DF medium 
in two sequential steps (2 × 0.75 L). After reaching 4x concentration 
(based on volume reduction), the first DF step was performed, namely 
0.75 L added and concentrated to 4x and the second, 0.75 L, permeate 
were then added, followed by concentrating to 4x volume reduction. 
This design ensured both UF and MF produced had a similar casein 
micelles volume fraction (4x), and similar ionic composition, but with a 
difference in serum protein concentration. The final concentrates (UF, 
MF) before and after heating were compared to the original skim milk 
(SM). 

2.2. Heat treatment 

Samples were subjected to heat treatment in a stress-controlled AR- 
G2 rheometer (TA Instruments, New Castle, DE, USA) equipped with a 
starch pasting cell geometry (Model number: 545712.901). This set up 
has been previously applied to characterize the heat stability of dairy 
emulsions, as it allows controlled heating and cooling under shear and 
simultaneous determination of changes in viscosity of the samples 
(Barone et al., 2021). The torque, which was an indicator of viscosity, 
was measured as a function of time and temperature, as the cell geom-
etry does not allow obtaining an accurate measurement of the viscosity 
due to non-laminar flow conditions. Viscosity measurements were 
therefore conducted separately on the final heated systems (see below). 
Heating was conducted as follows: the sample was first kept for 2 min at 
10 ◦C without shear, followed by holding (5 min, 10 ◦C), heating to 85 ◦C 
(10 ◦C min− 1), holding (1 min, 85 ◦C), cooling to 10 ◦C (10 ◦C min− 1), 
and holding (7.5 min, 10 ◦C) under constant shearing, using a rotational 
speed of 15 revolutions per second (rps) (Barone et al., 2021). 

Heated samples were also compared to quiescent conditions, by 
carrying out heat treatment in the same cell under shear, but sampling 
the concentrates at different time points. A set of samples was heated to 
85 ◦C, and after holding for 1 min was then cooled without shear (T85). 
Another set was instead heated similarly, but kept under shear until 
cooled to 45 ◦C, and then cooled without shear (T45). In these cases, the 
samples were cooled rapidly by transferring them to centrifuge tubes in 
ice water. Additionally, the full heating cycle outlined above was also 
carried out in the rheometer cell without shearing as control (Tnoshear). 
Concentrated, unheated (UH) samples were refrigerated overnight and 
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heat-treated the next day. Analyses of the heated samples (T85, T45, 
Tshear, and Tnoshear) were performed immediately after the treatment. 

2.3. Analysis of retentates, colloidal and soluble fractions 

Soluble phases were separated from all samples by centrifugation at 
30 ◦C, 100.000 g for 1 h, using a Beckman Coulter L-80 XP Ultracen-
trifuge with the rotor type 70 Ti (Beckman Coulter Indianapolis, USA). 
The total and soluble protein contents were determined by analyzing the 
whole samples and their centrifugal supernatants with a Dumas method, 
respectively, and the amount of nitrogen in the UF permeate was 
measured and subtracted from the other samples as non-protein nitro-
gen. A conversion factor of N × 6.38 was used to calculate the protein 
contents. 

The supernatants were analyzed by size exclusion chromatography 
to separate the different populations of soluble aggregates as described 
elsewhere (Coşkun, Wiking, Yazdi, & Corredig, 2022). The concentra-
tions of α-la and β-lg in the supernatant of the retentates, analyzed using 
RP-HPLC (Coşkun, Wiking, Yazdi, & Corredig, 2022), were calculated 
based on a calibration curve prepared with standards of α-la from bovine 
milk (Biochemika, Product no: 61289, GE) and β-lg from bovine milk 
(SigmaAldrich, Product no: L0130). The β-casein depletion in the MF 
samples was calculated measuring the amount of β-casein found in 
permeate, and subtracted from the original amount of β-casein, 
measured from the total area in skim milk. 

Total and soluble calcium and phosphate in UF, MF concentrates and 
SM were measured by ICP-MS (inductively coupled plasma mass spec-
trometry). Retentates (20 μl) and their centrifugal supernatants (100 μl), 
were transferred into glass vials (Anton Paar, Product no: 41214) and 
weighed. Then HNO3 (Cas number:7697-37-2) (1 mL) was added and 
weighed with sample. The vials were sealed (Anton Paar, Product no: 
41186), and placed inside the microwave oven (Multiwave 3000, Anton 
Paar GmbH) with a rotor (model 64MG5, Anton-Paar GmbH, Austria). 
The samples were digested using 1400 W with heating times of 10 min, 
holding times of 10 min, and cooling times of 10 min, with a maximum 
temperature of 145 ◦C. Sample were weighed again after digestion and 
diluted with Milli-Q water. Dilution factor were calculated as ((total 
weight)-(cap, seal and glass vial weight))/sample weight. Then, final 
digests were analyzed by ICP-MS (7900, Agilent Technologies, Japan). 
Milli-Q water and HNO3 were treated in the same way and used as 
controls. In general-purpose plasma mode, 43Ca isotope and 31P were 
analyzed. Helium (He) was used with Argon as carrier gas to reduce 
polyatomic interferences. Flow rate of nebulizer was 0.5 rps, and 
Yttrium was used as internal standard. Colloidal calcium and phosphate 
were calculated by subtracting the soluble from the total ions. 

2.4. Viscosity measurements 

The viscosity was analyzed as a function of shear rate using a stress- 
controlled DHR20 rheometer (TA Instruments) equipped with a stainless 
steel double wall geometry (dcup,i = 30.2 mm, dbob,i = 32.0 mm, dbob,o =

35.0 mm, dcup,o = 37.0 mm, h = 53.0 mm). Samples stored at 6 ◦C were 
transferred to the geometry and temperature equilibrated at 10 ◦C for at 
least 3 min before they were subjected to a flow ramp from γ̇ = 10 to 300 
s− 1 for 120 s. Afterwards, the temperature was raised to 30 ◦C, and the 
samples were equilibrated for 120 s before the flow ramp test was 
repeated. For statistical analysis, the value of apparent viscosity 
measured at approximately 200 s− 1 was compared between treatments. 

2.5. Dynamic light scattering measurements 

The hydrodynamic diameter of the casein micelles was determined 
using a Zetasizer Lab (Malvern Panalytical Ltd., Malvern, UK) after 
diluting the samples 1:1000 (v/v) with filtered (0.45 μm, nylon) 
permeate obtained from ultrafiltration. The measurements were carried 
out at 30 ◦C in side scatter mode (θ = 90◦) after an equilibration time of 

120 s. Correlation functions were acquired and processed using ZS 
Xplorer (v2.0.1.1; Malvern Panalytical Ltd.) using a viscosity of 0.888 
mPa s for UF permeate. 

2.6. Diffusing wave spectroscopy 

The turbidity (1/L*) where l* is the photon transport mean free path 
and the multiple scattering correlation function of the dispersions were 
measured using a Rheolaser™ Master (Formulaction SA, Toulouse, 
France), which applies multi-speckle diffusing wave spectroscopy in 
backscattering mode (Tisserand, Fleury, Brunel, Bru, & Meunier, 2012). 
The samples were transferred into 4 mL glass vials and subjected to laser 
light at λ = 650 nm. Measurements were conducted at 30 ◦C for 20 min, 
and the data were processed with the manufacturer’s software (RheoSoft 
Master, v1.4.0.0, Formulaction). The parameters were extracted after 
10 min of equilibration. The inverse photon transport mean free path 
(1/L*) was taken as indicator for the turbidity, and the decorrelation 
curve g2(tdec) = 1 − d2(tdec) /dmax (Weitz & Pine, 1993, pp. 652–720) as 
well as the first point of each curve, g2 (tdec = 2.5 ms), were taken to 
compare the diffusivity of the particles in the various concentrates. d2 is 
the inter-image distance between the speckle images recorded by the 
Rheolaser, dmax is the maximum inter-image distance – corresponding to 
two uncorrelated images (Brunel, Brun, Snabre, & Cipelletti, 2007). A 
low value for the g2 (tdec = 2.5 ms) would indicate a rapid decay of the 
correlation function and thus a high diffusivity of the particles. 

2.7. Statistical analysis 

The data obtained were analyzed by using SigmaPlot (Version 14.0, 
Systat Software, Inc.). One-way ANOVA with Tukey post hoc test were 
carried out to compare means. Data were expressed as sample mean ±
standard deviation. In all cases, at least two replicates for the samples 
were analyzed and statistical significance was considered for p < 0.05. 

3. Results and discussion 

3.1. Composition of unheated samples 

The pH, solids and protein composition of skim milk, UF and MF 
concentrates are summarized for the unheated samples in Table 1. The 
pH of the concentrates increased compared to that of the original skim 
milk because of the diafiltration process. There was no significant dif-
ference in pH between UF and MF, in agreement with previous studies 
(Coşkun, Wiking, Yazdi, & Corredig, 2022; Li, Dalgleish, & Corredig, 
2015; Renhe, Zhao, & Corredig, 2019). It is important to point out that 
the colloidal casein was about 85 g/L for both UF and MF, as calculated 
from the difference of total and non-sedimentable protein. As expected, 
the amount of total solids and protein was the highest in UF compared to 
MF, with the difference being the whey proteins, which were depleted in 
the MF samples. During MF, in addition to the whey proteins, some 
β-casein also transmitted through the membrane. In MF concentrates, 
approximately 3.5% of the initial β-casein was depleted; but this did not 
result in a significant difference in the colloidal caseins between UF and 
MF (p > 0.05). The casein/whey protein ratio was calculated based on 
the peak areas measured by HPLC, and it was equal for SM and UF, while 
it was higher in MF. In this case, whey proteins depletion was 64% of the 
original protein. 

3.2. Total, soluble and colloidal calcium and phosphate 

As the ionic balance is a critical factor in modulating the formation of 
heat-induced aggregates in milk, the amount of phosphate and calcium 
was measured in the concentrates and in their corresponding serum 
phases (Table 2). The colloidal calcium and phosphate fractions were 
estimated by subtracting the soluble from the total ions. The total and 
colloidal calcium and phosphate increased in the concentrates, 
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compared to skim milk, but there were no differences between UF and 
MF (p > 0.05). This was expected due to the similar processing and 
diafiltration conditions during filtration. However, the amount of solu-
ble calcium was lower in the MF than in UF retentate (p < 0.05). There 
was no difference in the soluble calcium between skim milk and UF 
concentrates, due to the mild DF conditions. Soluble phosphate showed 
the highest concentration in skim milk, followed by UF and MF (p <
0.05), which had a reduced level because of the permeation through the 
membrane. The soluble ions present in skim milk and concentrates are 
also in part associated with the protein present in the supernatant, 
meaning that a higher amount of soluble protein may result in a higher 
concentration of ions in the centrifugal supernatants. The micellar cal-
cium per g of casein was estimated by dividing the colloidal calcium to 
colloidal casein amount (Tables 1 and 2), and was 36 mg calcium per g 
of colloidal casein regardless of the treatment (p > 0.05). The similar 
micellar casein indicates the gentle diafiltration process caused no 
change in the ratio of colloidal calcium/colloidal casein. 

Heating may change the equilibrium between soluble and colloidal 
ions, therefore the concentration of soluble calcium and phosphate 
present in UH and heated (Tshear) samples was measured. Previously it 
has been reported that after heating of a 3x concentrated casein sus-
pension there was a higher amount of soluble phosphate, this was 
attributed to the higher amount of caseins in serum phase (Krishnan-
kutty Nair et al., 2013). However, this was shown for concentrates 
heated at pH 6.4 but not for pH 6.7. As shown in Fig. 1, there was a 
significant increase in soluble calcium for UF and MF concentrates with 
heating. In the case of soluble phosphate, all samples, including skim 
milk showed a significant increase after heating. Skim milk showed the 
highest value, while MF showed the highest degree of phosphate solu-
bilization with heating. The exact mechanism leading to the release of 

phosphate in the serum phase is not fully elucidated, but it may be linked 
to casein dissociation. 

3.3. Heat treatment 

The heating and cooling ramp, together with the torque measured 
during the heat treatment of milk and milk concentrates are shown in 
Fig. 2 for three representative samples. Using this system allowed to 
follow in situ changes occurring to the bulk sample viscosity during 
heating. Due to the higher viscosity of the MF and UF concentrate, the 

Table 1 
pH and protein composition (mean ± SD) of unheated ultrafiltered (UF) and microfiltered (MF) retentates and skim milk (SM). Within a column, letters indicate 
significant differences across treatments (p < 0.05).  

Sample pH Total solids (g/L) Total Protein (g/L) Soluble protein (g/L) Colloidal casein (g/L) Whey Protein (g/L) Casein/Whey Ratio 

SM 6.78 ± 0.04ᵅ 114±4ᵅ 37 ± 1.3ᵅ 9 ± 0.3ᵅ 28 ± 0.5ᵅ 7 ± 0.2ᵅ 4.04 ± 0.2ᵅ 
UF 7.1 ± 0.1ᵇ 186±6ᵇ 130.7 ± 0.5ᶜ 44 ± 0.2ᶜ 86 ± 0.4ᵇ 37.8 ± 0.7ᶜ 4.0 ± 0.2ᵅ 
MF 7 ± 0.1ᵇ 131±8ᵅ 106 ± 06ᵇ 19 ± 0.2ᵇ 87±3ᵇ 10 ± 0.3ᵇ 7.75 ± 0.6ᵇ  

Table 2 
Total, soluble and colloidal calcium and phosphate ion concentrations (mean + SD) for skim milk (SM), ultrafiltered (UF) and microfiltered (MF) samples. Within a 
column, letters indicate significant differences across treatments (p < 0.05).  

Sample Total Calcium (mg/L) Soluble Calcium (mg/L) Colloidal Calcium (mg/L) Total Phosphate (mg/L) Soluble Phosphate (mg/L) Colloidal Phosphate (mg/L) 

SM-UH 1514 ± 11ᵅ 464±4ᵇ 1050±7ᵅ 1094 ± 63ᵅ 457±9ᶜ 636 ± 54ᵅ 
UF-UH 3629 ± 49ᵇ 487±2ᵇ 3141 ± 51ᵇ 2022 ± 13ᵇ 366±5ᵇ 1656±8ᵇ 
MF-UH 3475 ± 47ᵇ 332 ± 26ᵅ 3142 ± 20ᵇ 1917±9ᵇ 280 ± 16ᵅ 1637 ± 25ᵇ  

Fig. 1. Soluble calcium (A) and phosphate (B) of SM (triangles), UF (circles) and MF (squares) samples. Unheated (UH), Tshear samples heated and cooled with shear. 
Values are the average of two independent experiments with bars representing standard deviations. 

Fig. 2. Temperature (solid line) and torque (symbols) during heat treatment 
using a shear cell. SM (triangles), UF (circles), MF (squares). 
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initial torque for the concentrates was higher than that used for skim 
milk. The torque decreased up to about 85 ◦C, due to a lowering of the 
viscosity with heating. 

During heating, and subsequent holding at 85 ◦C, there were dif-
ferences in the change in torque between UF and MF concentrates. While 
at the initial stages, both treatments showed overlapping changes, the 
UF retentates continued to show a steep change in torque with heating 
compared to MF concentrates. This was much less pronounced in skim 
milk. Furthermore, the UF samples showed an higher increase in torque 
during the cooling stage compared to the MF concentrate. The final 
values of torque (viscosity) were much higher for UF than MF concen-
trates. These effects were not only caused by the difference in the total 
protein concentration, but more specifically to the presence of whey 
protein in the UF concentrates. The higher increase in viscosity for UF 
samples with cooling can be attributed to the presence of whey proteins 
aggregates leading to a higher number of non-covalent interactions 
during cooling. Similarly, the differences in the later part of the heating 
ramp derive from the formation of whey protein aggregates. These re-
sults confirm previous work, with in situ measurements by ultrasonic 
spectroscopy, where changes were noted already at temperatures 
around 65 ◦C (Corredig, Verespej, & Dalgleish, 2004). 

3.4. Particle size and turbidity 

The hydrodynamic diameter of casein micelles in SM, UF and MF was 
measured by dynamic light scattering, after extensive dilution in UF 
permeate (Fig. 3). The diameter of casein micelles in SM did not change 
with heating (p > 0.05). Both unheated UF and MF concentrates showed 
a larger apparent diameter than SM (p < 0.05). This change in size has 
been shown before for fresh diafiltered concentrates, and it may be 
caused by their dilution in calcium rich medium (Coşkun, Wiking, & 
Corredig, 2022). 

In UF and MF concentrates, the apparent diameter was significantly 
lower after heating (Fig. 3). It has been previously reported that casein 
micelle size does not change when heated at 90 ◦C for 10 min at pH 6.7, 
but the size increases at pH 6.4 compared to skim milk. This is related to 
the whey protein aggregates on the surface of the casein micelles 
(Anema, 2021; Krishnankutty Nair et al., 2013). In particular, it has 
been reported that ~82.2% of the whey proteins is bound to caseins 
micelle at pH 6.3, while more than 90% is found in the soluble phase at 
pH 7.1 (Kethireddipalli et al., 2010). The pH of the retentates was about 
7.1 due to the DF treatment, which caused the removal of organic acids 

and ions from the serum phase. Therefore, it can be assumed that whey 
protein and к-casein complexes induced by heating will be present to a 
large extent in the serum phase. The presence of these soluble aggregates 
will lead to a decrease in the apparent diameter after heating. Further-
more, the dissociation of к-casein from the micelles may also result in a 
lower size than for the unheated counterpart. A different apparent 
diameter was measured for UF and MF retentates after the entire heating 
and cooling cycle, regardless if shear or no shear was applied after 
cooling. MF retentates for Tshear and Tnoshear had a larger particle size 
than in the UF samples. This may in part be attributed to the whey 
protein aggregates in the UF, which are smaller than the casein micelles 
(Donato & Guyomarc’h, 2009), but the effect of calcium rich serum as a 
dispersion medium on the size of UF and MF caseins cannot be ruled out. 
A previous study demonstrated that the casein micelles are prone to 
aggregation when re-diluted in UF permeate after extensive diafiltration 
(Coşkun, Wiking, Yazdi, & Corredig, 2022). Interestingly, the difference 
between UF and MF sizes were evident at the end of the heating and 
cooling cycle, compared to T85 and T45, suggesting that cooling kinetics 
may play an important role in the final ratio of soluble/colloidal protein. 
These findings explain in part the higher values of viscosity at the end of 
the cooling cycle for UF compared to MF. The lower apparent size found 
in UF might be due to the higher amount of whey protein aggregates in 
the UF compared to MF. Since the aggregation was not complete at the 
point of T85 and T45, hydrodynamic size also probably did not show any 
difference between UF and MF at these points. 

Fig. 4 illustrates the turbidity of the samples as determined by 
diffusing wave spectroscopy. In general, the turbidity of MF and UF 
retentates was higher than that of skim milk due to the greater number 
of scattering particles. Furthermore, MF retentates showed a higher 
turbidity than UF retentates. The difference between UF and MF may be 
due to an increase in the spatial correlations between casein micelles 
and the heat-induced aggregates in the UF concentrates (Alexander, 
Corredig, & Dalgleish, 2006). Also in the case of the turbidity values, the 
results suggest a difference between the samples cooled rapidly under 
quiescent conditions and those heated and cooled in the rheometer. 

3.5. Rheological properties 

Viscosities of skim milk and fresh retentates were measured at 30 and 
10 ◦C, and the values are compared in Fig. 5. In agreement with the 
rheological data collected during in situ heating (see Fig. 2), UF reten-
tates showed the highest apparent viscosity at each heating point, fol-
lowed by MF retentates. Skim milk showed the lowest apparent 
viscosity, and no significant differences were noted along the heating 
history. Both MF and UF concentrates had a similar concentration of 

Fig. 3. Hydrodynamic diameter of SM (triangles), UF (circles), MF (squares) 
concentrates at various heating points. Unheated (UH), T85 and T45 (sampled 
after reaching 85 ◦C, and 45 ◦C after heating, and immediately cooled), Tshear, 
Tnoshear, samples heated and cooled with shear, or heated using the same 
temperature history with no shear. Values are the average of two different heat 
treatments and bars represent standard deviations. 

Fig. 4. Turbidity (1/L*) of skim milk (triangles), UF (circles), and MF (squares) 
at different heating points: UH, T85 and T45, Tshear, Tnoshear measured at 30 ◦C 
using the Rheolaser®. 
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colloidal casein (Table 1). Therefore, the higher viscosity of UF 
compared to MF retentate can be attributed to the difference in total 
protein, and, in particular, the presence of more heat-induced whey 
protein aggregates, which contributed to an increase in serum phase 
viscosity (Krishnankutty Nair et al., 2013). The higher viscosity at 10 ◦C 
is caused by the presence of hydrogen bonds, and increased volumi-
nosity of the casein micelles (Walstra, 1979). 

The viscosity of the skim milk, measured at either 10 or 30 ◦C, was 
unchanged between the various sampling points. Previously, Anema, 
Lowe, and Li (2004) reported an increase in viscosity by heating skim 
milk (i.e. 90 ◦C for 30 min), measured using capillary viscometry. This 
change was mostly noted with an initial pH of about 6.5. 

UF concentrates contained the highest amount of protein, and 
showed the highest viscosity. At 10 ◦C (Fig. 5A), the viscosity was 
slightly higher in T45 and T85 compared to UH, but with no statistically 
significant difference between Tshear and Tnoshear. At 30 ◦C (Fig. 5B), all 
heated samples had a lower viscosity than the UH control (p < 0.05). By 
comparing the viscosity of MF and UF concentrates, it is clear that at 
both temperatures, the bulk viscosity of MF retentates was lower than 
for UF. Furthermore, MF heated concentrates had a lower viscosity that 
their UH control. As both UF and MF had a similar concentration of 
colloidal casein, the difference is caused by the presence of whey protein 
aggregates. The lower viscosity of the heated concentrates compared to 
the UH may be attributed to the lower size of the casein micelles in the 
heated samples (Fig. 3). At 4x concentration, a lower apparent diameter 
will cause a significant change in the volume fraction. The decrease in 

bulk viscosity with heating was less pronounced in the UF samples 
measured at 30 ◦C compared to MF (Fig. 5B), due to the presence of 
whey protein aggregates. The UF samples showed a higher viscosity than 
UH control at 10 ◦C (Fig. 5A), not observed for MF concentrates, 
demonstrating the importance of non-covalent, H–H bonding in the in-
teractions between the casein micelles and whey protein aggregates 
after heating. 

In addition to the viscosity measured by rheology, the concentrates 
were also analyzed by diffusing wave spectroscopy. This technique 
measures the decorrelation of scattering intensity from multiple scat-
tered photons, in concentrated samples at zero shear. Measurements of 
decorrelation were carried out at tdec> 2 ms. Fig. 6 shows values as a 
function of time (A) as well as the values for each sample treatment 
measured at tdec = 2.5 ms (B). A low value of tdec at 2.5 ms would mean a 
faster correlation decay and thus more diffusive particles. As expected, 
the decorrelation curve showed the lowest decay values for skim milk, 
where the particles have the highest diffusivity and lowest micro- 
viscosity, and where the casein micelles do not interact with each 
other (Fig. 6B). In the concentrates, the decay values were higher and 
samples showed longer decorrelation times (Fig. 6A) compared to skim 
milk due to the slower diffusivity of the micelles. The highest values 
were observed for UF. This could be due to larger sizes, albeit this would 
be in contrast to the dynamic light scattering results (Fig. 3), a higher 
viscosity of the continuous phase, or increased interactions between the 
particles. The protein particles in the MF concentrates showed lower 
decorrelation values after heating compared to the UH control, in 

Fig. 5. Viscosity measured at 200 s− 1 of SM (triangles), UF (circles) and MF (squares) concentrates measured at (A) 10 ◦C and (B) 30 ◦C at various heating points: 
UH, T85 and T45, Tshear, Tnoshear. Note the difference in y-axis. Values are the average of two different heat treatments and bars represent standard deviations. 

Fig. 6. (A) Decorrelation curves of unheated skim milk (triangles), MF retentates (squares), and UF retentates (circles). (B) First value of the decorrelation curves for 
different heating points: UH, T85 and T45, Tshear, Tnoshear. Measurements were conducted at 30 ◦C using the Rheolaser®. 
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agreement with the DLS measurements under diluted conditions (Fig. 3). 
The trends shown in Fig. 6 were fully in line with the viscosity and 
torque measurements, with skim milk having the highest diffusivity and 
lowest viscosity, followed by MF and UF. 

3.6. Composition of the soluble phase 

Table 3 shows the amounts of protein present in the centrifugal su-
pernatant (i.e. total soluble protein) measured by the combustion 
method, as well as the amount of whey proteins measured using RP- 
HPLC. In unheated SM, the concentration of total soluble protein cor-
responds to that of the whey proteins. The protein concentration 
significantly decreased (p < 0.05) with heating, suggesting the aggre-
gation of whey proteins on the casein micelles in T85 as well as T45 (p <
0.05). These samples were heated under shear in the rheometer, but 
rapidly cooled in an ice bath. Interestingly, the values of soluble protein 
was higher for the sample which underwent the complete heating/ 
cooling treatment in the shear cell of the rheometer (p < 0.05). It may be 
hypothesized that a slower cooling of the samples may affect the release 
of caseins and formation of soluble aggregates, in skim milk. Indeed, 
there was little increase in whey protein concentration in the serum 
phase, and higher values of soluble protein (Table 3). There were no 
significant differences between the samples with and without shear 
applied. This difference with cooling kinetics has never been reported, 
and it should be further explored. 

The amount of soluble protein was higher in UF concentrates 
compared to MF in both heated and UH samples (p < 0.05) because of 
the permeation of soluble proteins in the MF process. Both UH con-
centrates also showed a higher value of soluble protein compared to 
whey proteins, indicating the presence of soluble caseins in the con-
centrates (Table 3). In both UF and MF, the soluble protein concentra-
tion increased in the serum phase with heating (p < 0.05). The majority 
of the whey proteins was recovered in the serum phase of these samples 
indicating the presence of unsedimentable heat-induced aggregates. 
This may be due to the high pH (pH 7.0) of the concentrates, fostering 
the formation of whey protein aggregates in the serum phase rather than 
their attachment to the casein micelles (Kethireddipalli et al., 2010). 
However, the concentration of whey proteins was significantly lower in 
heated samples compared to unheated counterparts (p < 0.05), indi-
cating a small extent of sedimentation and interaction with the casein 
micelles. Unlike SM, there was no difference between the heated sam-
ples in either UF or MF in any of the heating points, showing no effect of 
the cooling regime as was observed for SM (Table 3). 

The ratio of caseins to whey proteins in the soluble phase varied with 
heating. By comparing the amount of soluble and whey protein present 
in the heated concentrates it is clear that, while in the unheated samples 

the ratio of whey protein/soluble protein was about 0.8 and 0.5 for UF 
and MF, respectively, it decreased to 0.6 and 0.3 after heating. This 
would suggest the presence of different type of soluble whey protein 
aggregates after heating of MF and UF concentrates, even under these 
relatively mild heating conditions. 

To evaluate changes in the composition of the soluble phase, the 
supernatants were analyzed by RP-HPLC. A comparison between UH 
and heated samples is shown in Fig. 7. The results confirmed the 
compositional data summarized in Table 3. In SM control (Fig. 7A), the 
presence of κ-casein increased in T85 (Fig. 7A, dashed line), however, in 
the sample fully heated and cooled in the rheometer (Tshear) there was a 
more extensive dissociation, with more αs1-and β-casein in Tshear 
compared to T85. This difference would support the hypothesis that in 

Table 3 
Total soluble protein and whey protein contents of the centrifugal supernatants 
of skim milk (SM), ultrafiltered (UF) and microfiltered (MF) samples at various 
heating points (mean ± SD). Unheated (UH), T85 and T45 (sampled after 
reaching 85 ◦C, and 45 ɑ C after heating, and immediately cooled), Tshear, Tnoshear, 
samples heated and cooled with shear, or heated using the same temperature 
history with no shear. Values are the average of two different heat treatments.  

Heating 
Points 

Total soluble protein (g/L) Whey protein (g/L) 

SM UF MF SM UF MF 

UH 9 ± 0.3ᵇ 44 ±
0.2ᵅ 

19 ±
0.2ᵅ 

7 ±
0.2ᵇ 

37 ±
0.8ᵇ 

10 ±
0.03ᵇ 

T85 7 ± 0.2ᵅ 52 ±
0.2ᵈ 

22±1ᵇᶜ 6 ±
0.04ᵅ 

30 ±
0.5ᵅ 

7 ± 0.4ᵅ 

T45 6 ± 0.6ᵅ 48 ±
0.09ᶜ 

21 ±
0.1ᵅᵇ 

7 ±
0.1ᵇ 

30 ±
0.3ᵅ 

7 ± 0.3ᵅ 

Tshear 12 ±
0.2ᶜ 

48 ±
0.05ᶜ 

21 ±
0.4ᵅᵇᶜ 

8 ±
0.03ᶜ 

29 ±
0.3ᵅ 

7 ± 0.3ᵅ 

Tnoshear 13 ±
0.03ᶜ 

46 ±
0.1ᵇ 

24 ±
0.2ᶜ 

9 ±
0.1ᶜ 

29 ±
0.6ᵅ 

7 ± 0.3ᵅ  

Fig. 7. Protein composition of the centrifugal supernatants for unheated (UH, 
solid line) and heated (Tshear, dotted line) (A), skim milk, (B), MF and (C) UF 
samples. For SM, T85 (dashed line) samples are also shown. Note difference in y- 
axis for UF samples. 
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skim milk cooling kinetics may affect casein dissociation after heating. 
On the other hand, in the case of UF and MF concentrates, the protein 
composition of the supernatants were comparable for T85 and Tshear 
(data not shown). In the UF samples not only the whey protein peaks but 
also the casein peaks were higher than MF concentrates (Fig. 7B and C). 
All heated samples contained κ-casein, αs1-and β-casein in the centrifu-
gal supernatants. These data led to the conclusion that whey protein 
depletion by MF also caused a lower level of caseins dissociation. 
Furthermore, it was concluded that the amount of caseins present in the 
soluble phase was linked to the presence of whey proteins, suggesting 
that these caseins may play a role in stabilizing whey proteins heat 
induced aggregates. 

In addition to the composition, differences in the size distribution of 
the soluble protein fraction were studied by analyzing the 

unsedimentable phase of the retentates by size exclusion chromatog-
raphy (Fig. 8). The peak eluting between 75 and 90 min shows aggre-
gated proteins, which increased in all heated samples. The peak eluting 
at approx. 110 min shows native whey proteins, which, as expected, 
significantly decreased with heating. The peak eluting after 120 min was 
virtually absent in concentrates, and contains small non-protein com-
ponents (Donato & Dalgleish, 2006) passing through the membrane. 

Fig. 8A depicts the elution of soluble proteins for SM as a function of 
heating and cooling history. The peak height of the soluble aggregates 
was lower when cooling was carried out in the ice bath (Fig. 8A, dotted 
lines) compared to the full heating-cooling cycle with and without shear 
(Fig. 8A, dashed line). This indicates the presence of more and larger 
aggregates, in SM samples which undergoing the full cycle in the 
rheometer, confirming the hypothesis that a slow cooling affects casein 
dissociation (Table 3 and Fig. 7). 

For UF and MF concentrates, the aggregate peak was different in 
elution time as well as area for UF compared to MF. This indicated not 
only the presence of more but also larger aggregates in UF, as they eluted 
at earlier times (Fig. 8B and C). The presence of a lower aggregate peak 
height in samples concentrated by MF compared to UF is also in 
agreement with previous reports (Renhe et al., 2018). 

In summary, Fig. 9 is a graphic illustration of the colloidal properties, 
the soluble and colloidal phases of the UF and MF concentrates before 
and after heating. By concentrating skim milk to 4x volume fraction 
either UF or MF resulted in the same colloidal casein fraction, but with 
different whey protein and soluble ions, due to the depletion by MF 
(Fig. 9B). After heating, the size of the micellar fraction decreases, 
contributing to a decrease in viscosity, in both cases. However, in UF 
concentrates the higher amount of whey protein drives casein micelles 
dissociation and ultimately a higher level of soluble complexes in the 
continuous phase, and thus this causes less decrease in viscosity 
compared to MF. 

4. Conclusions 

This work demonstrated that whey protein depletion affected the 
colloidal behavior of concentrated milk. The diafiltration process 
resulted in an increase in pH from 6.8 to 7.1. After heating, the heat 
induced whey protein aggregates were present mostly in the serum 
phase and UF concentrates contained a higher ratio of caseins to whey 
proteins compared to the MF counterpart. Not only κ-casein, but also the 
β- and αs1-caseins dissociated into the serum phase,and the aggregates 
were larger in size in UF concentrates. Skim milk control also showed a 
change in dissociation dynamics depending on cooling kinetics. 

After heating, soluble calcium and phosphate increased in all cases, 
partly due to the dissociation of the caseins into the soluble phase. The 
colloidal distribution and the presence of whey protein aggregates 
influenced the bulk viscosity as well as the turbidity and the diffusivity 
of the casein micelles. These protein particles were smaller and when 
heated, they contributed to a decrease in bulk viscosity. The direct 
comparison between UF and MF concentrates viscosity clearly demon-
strated that the higher viscosity of the UF concentrates is caused by the 
presence of more, larger aggregates of whey proteins. These aggregates 
also contained more caseins compared to those present in MF concen-
trates. These results show for the first time the differences in the 
colloidal structures formed during heat treatment depending on the 
ratio of whey proteins present in the concentrates, and further justify the 
need to better understand the relationship between the colloidal prop-
erties of the aggregates and the technological functionality of the final 
products. 

CRediT authorship contribution statement 
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Fig. 9. Schematic representation of heat-induced in-
teractions of concentrated milk proteins with a dif-
ferences in soluble phase composition, produced by 
ultrafiltration (UF) and microfiltration (MF) in com-
bination with diafiltration (DF). Black circles are 
casein micelles with к-casein on the surface, blue 
circles are whey proteins, green circles are soluble 
calcium and phosphate, and red curves are αs1-and 
β-casein. Arrows represent the change in viscosity, 
upward, showing the higher, and downward, showing 
the lower viscosity. (For interpretation of the refer-
ences to colour in this figure legend, the reader is 
referred to the Web version of this article.)   
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