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A B S T R A C T

Identifying optimal conditions for the efficient future production of artificial casein micelles (ACM) with pre
cision fermentation-derived caseins is essential for their application in future foods. However, casein micelles 
naturally form under physiological conditions with little variation, rendering it difficult to study how temper
ature and other factors affect their assembly. This study evaluated whether the temperature during the artificial 
assembly of caseins into casein micelles has a lasting impact on ACM properties and functionality. ACM were 
prepared at temperatures between 5 and 65 ◦C and stored and analysed at a fixed temperature. Micelle formation 
was most efficient at 37 ◦C, yielding the highest level of micellar casein. Casein aggregation occurred at both 
lower and higher temperatures, with the fraction of serum casein increasing at higher temperatures, leading to 
reduced micellar casein levels. Additionally, the fraction of micellar calcium phosphate and magnesium, as well 
as the size of calcium phosphate nanoclusters, increased with higher preparation temperatures, while micellar 
size and hydration decreased, resulting in denser structures. These structural and compositional changes 
impacted functionality, with ACM prepared at intermediate temperatures (25 and 37 ◦C) producing the firmest 
curds upon rennet coagulation, while foam stability improved for ACM prepared at lower and especially higher 
(65 ◦C) temperatures. The preparation temperature thus had irreversible effects on the ACM properties, offering a 
means to tailor ACM to specific applications in future foods.

1. Introduction

Casein micelles are dynamic colloids that respond to changes in their 
environment, including variations in temperature. Generally, casein 
micelles exhibit remarkable stability against heat, allowing milk to be 
boiled without coagulating the micelles (O’Connell and Fox, 2003). 
Nevertheless, temperature does affect the interactions between caseins 
and the solubility of calcium phosphate. At low temperatures, casein 
micelles swell (Nöbel et al., 2012) due to weakened hydrophobic in
teractions and increased solubility of calcium phosphate. This leads to 
the dissociation of especially β-casein (Creamer et al., 1977; Davies and 
Law, 1983; Rose, 1968) and partial dissolution of micellar calcium 
phosphate (Davies and White, 1960; Pierre and Brulé, 1981). 

Conversely, at increasing temperatures, caseins and ionic species 
migrate into the micellar phase (Liu et al., 2013; Pouliot et al., 1989a; 
Rose and Tessier, 1959) and the voluminosity of casein micelles de
creases (Nöbel et al., 2016). These effects are almost fully reversible 
upon returning to the original temperature (Liu et al., 2013; Pouliot 
et al., 1989b). Irreversible changes occur only at higher temperatures: 
prolonged heating at temperatures above 100 ◦C causes thermal 
dephosphorylation, hydrolysis, and cross-linking of caseins, which ul
timately leads to gelation (O’Connell and Fox, 2003).

Casein micelles naturally form in the mammalian mammary gland 
under physiological conditions that show little variation and cannot be 
controlled. Consequently, the effect of temperature and other external 
factors on micellar properties have been studied primarily for pre- 
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formed casein micelles, leaving the impact of these factors on the as
sembly process itself unclear. By contrast, the artificial assembly of ca
seins into so-called artificial casein micelles (ACM) allows direct control 
over assembly conditions such as time, pH, and temperature. ACM 
preparation thus provides a valuable route for studying the assembly of 
caseins into casein micelles at varying conditions. Additionally, preci
sion fermentation-derived caseins may have to be assembled into ACM 
for application in future animal-free dairy alternatives. Therefore, 
investigating the effect of the assembly conditions on the properties and 
functionality of ACM is crucial to determine the optimal conditions for 
producing ACM for various food applications.

If casein micelles are in dynamic equilibrium with their surroundings 
(i.e. constantly exchanging caseins and ionic species), as suggested in 
recent casein micelle models (Holt and Carver, 2022; Horne, 2020), the 
conditions during the preparation of the micelles would be irrelevant for 
their long-term properties. Any changes brought about by variations in 
the preparation conditions would equilibrate towards the same state 
when the micelles are stored at equal conditions. However, previous 
studies that examined the effects of the preparation time or rate 
(Antuma et al., 2024a, 2024b) and pH during ACM preparation (Fan 
et al., 2024) suggest that the preparation conditions have lasting effects 
on the properties and rennet coagulation of ACM. The 
temperature-dependent behaviour and heat stability of ACM after for
mation have also been documented (Fan et al., 2024; Schmidt et al., 
1979; Schmidt and Koops, 1977), but the impact of the temperature 
during the assembly of casein micelles on their properties and func
tionality remains unexplored.

In this research, we aim to study the effect of the temperature during 
casein micelle assembly and assess whether it can have a permanent 
impact on the properties and functionality of artificial casein micelles. 
Given the observed effect of other process parameters on ACM, we 
hypothesise that the preparation temperature irreversibly affects casein- 
casein interactions and the formation of calcium phosphate nano
clusters, thereby determining casein micelle composition (i.e. mineral
isation, casein partitioning) and structure. We anticipate that these 
changes will, in turn, influence the functionality of the micelles, such as 
their rennet-induced coagulation behaviour and foaming properties. 
ACM are prepared from bovine sodium caseinate at various tempera
tures ranging from 5 ◦C to 65 ◦C and then stored and analysed at a fixed 
temperature. This temperature range was selected to encompass the 
physiological temperature of casein micelle formation (around 37 ◦C), as 
well as sufficiently lower and higher temperatures to induce significant 
differences in micelle assembly. The composition, internal structure, 
size, and hydration of the ACM are assessed, alongside their foaming and 
rennet coagulation behaviour. The findings from this study will deepen 
our understanding of casein micelle formation and establish a founda
tion for the precise control of ACM assembly to optimise their produc
tion for specific applications in future food products.

2. Materials and methods

2.1. Materials

Bovine sodium caseinate (Lactonat EN, 89.8 % protein, of which 41 
% αs-caseins, 44 % β-casein, and 15 % κ-casein) was kindly donated by 
Lactoprot (Lactoprot Deutschland GmbH, Kaltenkirchen, Germany). 
Calcium chloride (C1016), magnesium chloride (M8266), potassium 
phosphate monobasic (P5379), sodium phosphate dibasic (S7907), citric 
acid (C0759), potassium hydroxide (1.05033), sodium hydroxide 
(221465), hydrochloric acid (1.13386), nitric acid (1.00456), hydrogen 
peroxide (1.07209), guanidine hydrochloride (50950), l-dithiothreitol 
(D0632), and lactic acid solution (252476) were all purchased from 
Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). Calcium chloride 
(10043–52–4) was purchased from Carl Roth (Carl Roth GmbH + Co. 
KG, Karlsruhe, Germany). Trifluoroacetic acid was purchased from 
Thermo Scientific (Thermo Fischer Scientific Inc., Waltham, MA, USA). 

Hydrochloric acid solution (7647–01–0) and acetonitrile ULC-MS 
(75–05–8) were purchased from Actu-All (Actu-All Chemicals B.V., 
Oss, Netherlands). Recombinantly produced chymosin (CHY-MAX Plus, 
batch no. 3634543) was obtained from Chr. Hansen Holding A/S 
(Hørsholm, Denmark). Ultrapure water (MilliQ system, Merck KGaA, 
Darmstadt, Germany) was used for all experiments.

2.2. Methods

2.2.1. Preparation of artificial casein micelles
ACM were prepared according to Schmidt et al. (1977) with minor 

adjustments. Sodium caseinate was dissolved in water at a protein 
concentration of 64.0 g L− 1 by stirring at 60 ◦C for 30 min. Three salt 
solutions were prepared: solution I contained 445 mM CaCl2 and 75 mM 
MgCl2 adjusted to pH 6.70 with 0.1 M HCl, solution II contained 165 mM 
KH2PO4 and 165 mM Na2HPO4, and solution III contained 135 mM 
citrate adjusted to pH 6.70 with 1 M KOH. The caseinate solution (60 
mL) and the salt solutions (10 mL each) were simultaneously pumped 
into a jacketed glass vessel containing a starting volume of 57 mL water 
over a period of 60 min. A water bath with a cooling function (CF40, 
JULABO Labortechnik GmbH, Seelbach, Germany) was coupled to the 
vessel to control the preparation temperature between 5 and 65 ◦C by 
recirculating water through the jacket of the vessel. Controlled addition 
of the solutions was achieved by using syringe pumps (Harvard 
PHD2000, Harvard Apparatus, Holliston, MA, USA and ProSense 
NE-1600, ProSense B.V., Oosterhout, Netherlands). During addition, the 
pH of the mixture was maintained at pH 6.70 with 1 M NaOH by titra
tion (877 Titrino Plus, Metrohm AG, Barendrecht, Netherlands). After 
the addition of the solutions was completed, titration was continued to 
equilibrate the pH, during which the temperature was adjusted to 37 ◦C 
in 20 min and then maintained at that temperature for 20 min. Both 
during mixing and pH equilibration, the mixture was vigorously stirred 
by means of a magnetic stirrer. If necessary, the total volume of the 
solutions was brought to 150 mL with water. This yielded ACM samples 
with equal pH and a composition of approximately 25.6 g L− 1 casein, 30 
mM calcium, 22 mM inorganic phosphate, 5 mM magnesium, 9 mM 
citrate, 58 mM sodium, 40 mM potassium, and 68 mM chloride. Samples 
were prepared in duplicate and stored at 4 ◦C for at least 24 h until 
analysis to allow equilibration of the partitioning of ions and caseins 
between the micellar phase and serum phase. Samples were brought to 
room temperature and equilibrated at that temperature for 1.5 h before 
any further handling.

2.2.2. Ultracentrifugation and determination of the hydration of the pellet
ACM samples were centrifuged at 100 000 g and 20 ◦C for 1 h in a 

Beckman Coulter Optima XE-90 ultracentrifuge (Beckman Coulter Inc., 
Woerden, Netherlands) equipped with a 70Ti rotor. Centrifugation was 
conducted in duplicate. The supernatants were collected with a pipette 
and the supernatants of corresponding samples were combined. The 
apparent hydration of the pellets was determined through analysis of 
their moisture content according to Antuma et al. (2023).

2.2.3. Analysis of ion partitioning
The cationic content (calcium, phosphorus, magnesium, sodium, and 

potassium) of ACM samples and their ultracentrifugal supernatants was 
analysed by inductively coupled plasma optical emission spectrometry 
(ICP-OES). First, samples were prepared by microwave-assisted wet 
digestion. Approximately 0.5 mL solution was mixed with 10 mL aqua 
regia (7.5 mL HCl + 2.5 mL HNO3) and 1 mL H2O2. Subsequently, the 
mixture was subjected to a temperature program in an ETHOS EASY 
microwave digestion system (Milestone Srl, Sorisole, Italy) according to 
Guimarães et al. (2021). The digested material was collected in volu
metric flasks. The digestion flasks were rinsed with water and the rinse 
water was also transferred to the volumetric flasks. The digest was then 
diluted to a total volume of 100 mL with water. Samples were prepared 
in duplicate and analysed in triplicate with the operational conditions as 
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specified in Guimarães et al. (2021). Elements were detected in radial 
view, unless stated otherwise, at the following wavelengths: Ca 393.366 
nm, P 178.221 nm (axial), Mg 279.553 nm, Na 589.592 nm, K 766.490 
nm.

The anionic content (chloride, phosphate, and citrate) of ACM 
samples and their ultracentrifugal supernatants was analysed by ion 
chromatography (IC). ACM samples were diluted 500-fold and super
natants were diluted 200-fold in water. Solutions were then analysed on 
a Dionex ICS-6000 liquid chromatography system equipped with a 2 mm 
standard bore Dionex IonPac AS17-C column for anion analysis (Thermo 
Fisher Scientific B.V., Breda, Netherlands) at 30 ◦C with a flow rate of 
0.25 mL min− 1 and injection volume of 5 μL. Gradient elution was 
conducted with KOH, first set to 5 mM for 10 min, followed by a linear 
increase to 40 mM within 15 min, an isocratic elution at 40 mM for 6 
min, and a linear decrease to 5 mM in 5 min. A conductivity detector was 
used for peak detection. Samples were analysed in duplicate.

Concentrations of ionic species in the supernatants were corrected 
for the excluded volume with a correction factor K calculated according 
to Pierre and Brulé (1981): 

K =
1000 − P(1 + W)

1000
(1) 

where P is the measured micellar protein content in g L− 1 and W is the 
measured apparent hydration of the micellar phase in g water g− 1 dry 
matter. The micellar concentration of the ionic species was then calcu
lated as the difference between the total concentration and the corrected 
supernatant concentration.

2.2.4. Quantification of casein aggregation
The prepared ACM were diluted 20-fold in simulated milk ultrafil

trate (SMUF) prepared according to Dumpler et al. (2017) and the 
aggregated particles were then removed by vacuum filtration. Cotton 
filters (ø = 90 mm) with a particle retention of 20 µm (Whatman™ 
Grade 41, Cytiva, Global Life Sciences Solutions USA LLC, Marlborough, 
MA, USA) were weighed, placed in a Büchner funnel, and wetted with 
approximately 100 mL SMUF, after which the diluted samples were 
applied. A vacuum pump (SC950, KNF Neuberger GmbH, Freiburg, 
Germany) was coupled to a Büchner flask and used to apply the driving 
force for filtration. The power level was set to 20 %. Filtration was 
continued until 1 L liquid was filtered or until the filter was clogged. The 
filters were carefully removed and placed in pre-weighed aluminium 
pans (ø = 100 mm) and dried at 105 ◦C for approximately 48 h in a hot 
air oven (Binder model E 28, Binder GmbH, Tuttlingen, Germany). 
Additionally, filters through which only 1 L SMUF was filtered were 
dried to serve as a blank. Filtrations were conducted in duplicate. The 
amount of retentate was determined by calculating the difference in 
weight of the filters before filtration and after drying and subtracting the 
difference in weight of the blank filters from that. It was assumed that 
the retentate consisted solely of casein. The fraction of aggregated casein 
was then calculated by dividing the weight of the retentate by the total 
weight of casein in the volume of liquid that was filtered.

2.2.5. Analysis of casein partitioning
ACM samples were diluted 6-fold and supernatants were diluted 3- 

fold in a buffer solution of 6 M guanidine hydrochloride, 20 mM 
dithiothreitol, and 5 mM sodium citrate. Their casein content and 
composition were then determined by high-performance liquid chro
matography (HPLC) as described in Antuma et al. (2024b). Micellar 
casein was calculated as the total casein minus the aggregated casein 
and supernatant casein.

2.2.6. Internal structure analysis
Small-angle X-ray scattering (SAXS) measurements were performed 

at Helmholz-Zentrum Hereon (Geesthacht, Germany) with a laboratory 
SAXS instrument (Xeuss 3.0, Xenocs SAS, Grenoble, France) according to 

Antuma et al. (2023). Measurements were performed in duplicate to 
check the reproducibility of the preparation procedure. The main 
characteristics of the used equipment are a GeniX 3D μ-source X-ray 
beam delivery system emitting the wavelength of the Cu-Kα line and a 
Pilatus3 R 300 K detector (Dectris AG, Baden-Daettwil, Switzerland, 
pixel size 172×172 µm2). The length of the collimation line was 181.5 
cm, and the sample-to-detector distance was 90 cm (the accessible 
q-range ranged from 0.004 to 0.330 Å− 1). The beam size on the sample 
was 0.5 mm and the acquisition time was 4000 s. Samples were filled 
into borosilicate glass capillaries of 1.5 mm in diameter (B-15–001–80, 
WJM-Glas/Müller GmbH, Berlin, Germany). Data collection was per
formed at room temperature. The raw scattering data were corrected for 
the background from the solvent (SMUF) measured in a capillary with 
the same diameter and instrumental noise. Isotropic 2D data were 
azimuthally integrated to obtain I(q)-scattering intensities versus q and 
converted to absolute units using the standard procedure of Xeuss 3.0 
(automatic measurement of transmitted beam and definition of region of 
interest of transmitted beam).

To extract information on the internal structural variations of the 
ACM, modelling of the scattering data was performed using the model of 
Pedersen et al. (2022). On the shortest length scales, it includes both 
colloidal calcium phosphate nanoclusters (CCPs) and protein moieties, 
which are described as, respectively, ellipsoidal particles and star-like 
structures. Correlations between these structures are taken into ac
count using partial structure factors. The model describes the overall 
scattering as originating from polydisperse spheres and, additionally, a 
contribution from intermediate length scale variations (sometimes 
termed incompressible regions). An inter-micelle structure factor is 
included in the local monodisperse approximation to account for con
centration effects (Pedersen, 1994). The SAXS data were fitted on an 
absolute scale using scattering length densities and concentration of the 
components as restraints. The data at the lowest q are influenced by 
instrumental smearing and therefore the model intensity was smeared 
by an instrumental resolution function that takes these effects into ac
count (Barker and Pedersen, 1995; Pedersen et al., 1990). Model pa
rameters were optimised using standard least-squares methods 
(Pedersen, 1997).

The SAXS data did not cover sufficiently low q to allow the overall 
size and polydispersity to be fitted. The values were therefore taken from 
dynamic light scattering analysis and fixed at these values. Furthermore, 
the effective hard-sphere volume fraction ηHS,mic is the structure factor 
describing micelle concentration effects and was fixed at 0.07, which is 
reasonable for the concentration of the components and the expected 
hydration of the structures. The CCP-CCP correlations were not directly 
observed in the SAXS data and therefore the parameters related to the 
structure factor were fixed at the values estimated for native casein 
micelles (Pedersen et al., 2022). For the protein star-like clusters, the 
length of the arms, Lprot , in the protein star-like clusters was fixed at 44 
Å, their radius, Rprot, was fixed at 7 Å, and the number of arms, narms, was 
fixed at 6. Furthermore, the expansion factor of the CCPs, which reflects 
the hydration of these particles, was fixed at 1.5, a value which agrees 
with that of bovine casein micelles (Pedersen et al., 2022).

The parameters optimised in the fit to the SAXS data were the 
average size and number of intermediate structures, Rint (relative poly
dispersity σint fixed at 0.7) and nint , the radius and axis ratio of CCPs, 
RCCP and ϵ, the effective volume fraction and interaction radius related 
to the CCP-protein and protein-protein correlations, ηHS and RHS, the 
total number of CCPs and protein clusters in a micelle, nsub, and mass of 
the protein clusters, Mprot . Note that the values nsub as well as the value 
for the calculated total mass of a micelle are mainly given by the values 
of the average size and the related polydispersity as derived from dy
namic light scattering. An overview of the parameters used in the model 
and their physical meaning is given in Table 1.

L.J. Antuma et al.                                                                                                                                                                                                                              Future Foods 11 (2025) 100543 

3 



2.2.7. Particle size analysis
Samples were diluted 100-fold in 10 mM CaCl2 in water and filtered 

with glass fibre syringe filters (7–8808, neoLab Migge GmbH, Heidel
berg, Germany) with a pore size of 1.2 µm, after which the size and 
polydispersity of the ACM were analysed with dynamic light scattering 
by using a Malvern Zetasizer Nano ZS (Malvern Panalytical Ltd, Wor
cestershire, UK). The device was equipped with a He-Ne laser with a 
wavelength of 633 nm. The refractive index of the dispersion medium 
was set at 1.33, its viscosity at 0.8872 mPa s, the real part of the 
refractive index of the casein micelles at 1.57 (Griffin and Griffin, 1985), 
and their absorption at 0.001. Samples were first brought to room 

temperature and then equilibrated at 25 ◦C for 120 s inside the device 
before analysis. Measurements were carried out at 25 ◦C with a fixed 
scattering angle of 173◦. Each measurement consisted of 3 
sub-measurements, each of which consisted of a minimum number of 12 
runs controlled by the software (version 8.01.4906). The harmonic 
intensity-weighted average hydrodynamic diameter (referred to as 
Z-average) and polydispersity index provided by the software were 
calculated by cumulant analysis using the general-purpose model.

2.2.8. Asymmetrical flow field-flow fractionation
Samples were diluted 100-fold in 10 mM CaCl2 in water and filtered 

with glass fibre syringe filters (7–8808, neoLab Migge GmbH, Heidel
berg, Germany) with a pore size of 1.2 µm. Asymmetrical flow field-flow 
fractionation (AF4) analysis was performed on an AF2000 MT Aqueous 
system (Postnova Analytics GmbH, Landsberg am Lech, Germany). This 
is a separation technique used to analyse nanoparticles, vesicles, and 
macromolecules such as proteins and polymers. Separation occurs in a 
flat channel without a solid matrix, thereby excluding potential in
teractions with a stationary phase, such as in HPLC analysis. The porous 
bottom of the channel is covered with a membrane, allowing the liquid 
to permeate while preventing particles from passing through (depending 
on the pore size of the membrane). The separation process is based on a 
crossflow perpendicular to the detector flow, which transports the 
sample through the channel. The crossflow guides the particles towards 
the channel wall with the membrane. Due to their size-dependent 
Brownian motion, smaller particles diffuse more quickly against the 
crossflow into regions of higher flow velocity in the centre of the 
channel. Thereby, smaller particles elute earlier and reach the detectors 
sooner than larger particles. Detection of the particles can then be 
achieved by using a combination of detectors.

The AF4 system was coupled to a PN8050 fraction collector, a 
PN3621 multi-angle light scattering (MALS) detector operating at a 
wavelength of 532 nm, and a PN3241 UV/VIS diode array detector. A 
PN1130 isocratic pump with an in-line vacuum degasser (PN7520) 
generated the carrier flow. Samples were injected into the channel by an 
autosampler (PN5300). The analytical channel was fitted with a spacer 
of 350 µm in thickness and a 10 kDa regenerated cellulose membrane. 
The carrier liquid consisted of 10 mM CaCl2 in water and was filtered 
(Omnipore™ 0.1 µm PTFE, Merck KGaA, Darmstadt, Germany) before 
use. A detector flow rate of 0.5 mL min− 1 was used and the injection 
volume was 100 µL. After a 2 min delay time, a 4 min focusing step was 
performed at a cross-flow rate of 0.8 mL min− 1 and an injection flow rate 
of 0.2 mL min− 1. The focus flow opposes the detector flow and prevents 
immediate elution and uncontrolled distribution of the particles 
throughout the channel. The elution step consisted of a constant flow 
rate of 0.8 mL min− 1 for 10 min, followed by an exponentially 
decreasing flow rate (exponent = 0.2) to 0.1 mL min− 1 in 15 min and a 
subsequent linear decrease from 0.1 mL min− 1 to 0 mL min− 1 in 40 min. 
The cross-flow rate was then maintained at zero for 5 min. Similar 
procedures have been reported by Glantz et al. (2010) and Lie-Piang 
et al. (2021).

Data collection and evaluation were performed with NovaFFF 
AF2000 (version 2.2.0.1) and LabSolutions Postrun Analysis (version 
5.97 SP 1) software. Radii of gyration were calculated from a first-order 
fitting of the MALS data by using the Berry model (Abbate et al., 2019). 
Scattered light signals from the angles between 36◦ and 140◦ (15 angles) 
were used for these calculations and detectors at the lowest and highest 
angles were excluded because of the high noise.

2.2.9. Monitoring of chymosin-induced coagulation behaviour
The pH of ACM samples was adjusted to 6.3 by means of acidification 

below 10 ◦C with an 8.5 % lactic acid solution in water. Samples were 
left to equilibrate overnight at 4 ◦C, after which the pH was readjusted to 
6.3 before analysis. Subsequently, 0.04 % (v/w) calcium chloride was 
added by means of a 4 % (w/v) calcium chloride solution and the 
samples were heated to 30 ◦C while stirring. Samples were then renneted 

Table 1 
Parameters included in the model used to fit the SAXS data, including their 
description and physical meaning.

Parameter Description Physical meaning

Rmic (Å) Overall number-average radius 
of casein micelles

Overall size of micelles when 
described as spherical object

σmic (-) Relative polydispersity of the 
overall micelle radii

Spread in overall size

ηHS,mic (-) Volume fraction of casein 
micelles

Part of the volume of the system 
that the micelles take up including 
their internal hydrating water

Rint (Å) Number-average radius of the 
intermediate structures

Size of internal fluctuations on 
length scales below the overall 
micelle size and above that of the 
substructures of proteins and 
calcium phosphate clusters. These 
structures are also described as 
being spherical.

σint (-) Relative polydispersity of the 
intermediate structures

Spread in the size of the 
intermediate fluctuations

nint (-) Ratio of the overall forward 
scattering to that of the 
intermediate structures

Related to the influence of the 
intermediate fluctuations relative 
to the total micelle. When low, the 
importance is most pronounced.

lprot (Å) Contour length of the arms in the 
polymer star structure

Protein local structure is described 
as particle-like, i.e. as star 
structures with six straight arms

narm,prot (-) Number of arms of the proteins Number of arms in the model for 
the local protein structures

RCCP (Å) Radius of the oblate ellipsoidal 
calcium phosphate nanoclusters

Radius of the calcium phosphate 
nanoclusters, which are described 
as ellipsoids of revolution

ϵ (-) Axis ratio of calcium phosphate 
nanoclusters

Axis ratio of the ellipsoids 
describing the calcium phosphate 
clusters

nsub (-) Ratio of the forward scattering 
to the level of the scattering of 
the substructures

Number of protein particles and 
calcium phosphate clusters in a 
micelle

ηHS,sub (-) Volume fraction of the 
substructures

Protein and calcium phosphate 
particles are correlated in the 
packing inside the micelle. This is 
described by an effective hard- 
sphere structure factor, and this is 
the effective volume fraction that 
enters the structure factor.

RHS,sub (-) Hard-sphere interaction radius 
of the substructures

Effective interaction radius of the 
protein and calcium phosphate 
particles when described by the 
effective hard-sphere structure 
factor

Rprot (Å) Radius of protein particles Radius of the single protein 
strands in the star structure that 
describes the local protein 
structure

Mprot (Da) Molar mass of the protein 
heterogeneities

Molar mass of the local protein 
structures

Cmic (g L-1) Concentration of casein micelles Overall concentration of micelles 
including proteins and calcium 
phosphate nanoclusters

fmass,prot (-) Mass fraction of protein The fraction of the micelle that is 
made up of protein

Mtot 

(MDa)
Total molar mass of the casein 
micelles

Total mass of casein micelle

L.J. Antuma et al.                                                                                                                                                                                                                              Future Foods 11 (2025) 100543 

4 



by adding 0.02 % (v/w) chymosin by means of a solution of 10-fold 
diluted chymosin in water. Coagulation was monitored for 60 min 
through oscillatory rheometry according to Antuma et al. (2024a). The 
coagulation time was taken as the time at which the storage modulus 
exceeded 2 Pa. Samples were analysed in duplicate.

2.2.10. Analysis of foaming capacity
The foaming properties of ACM samples were assessed by analysis 

with a Foamscan™ foam analyser (TECLIS Instruments, Civrieux 
d’Azergues, France) as described by Hoppenreijs et al. (2024). ACM 
samples were injected stepwise into the glass cylindrical column of the 
Foamscan to calibrate the conductivity sensor. Initially, 16 mL (1 mL to 
fill the dead volume in the injection tube and the remaining 15 mL to fill 
the column) was injected by using a syringe, followed by three additions 
of 5 mL each. Foams were produced by sparging the 30 mL aliquots with 
compressed air at a rate of 300 mL min− 1 through a glass frit with a pore 
size of 16–20 µm (P3, TECLIS Instruments). Sparging was continued 
until a foam volume of 160 mL was achieved. The decay of the foam 
volume over time was monitored by the built-in camera of the system. 
The half-life time of the foam was determined as the time taken for the 
foam to collapse to half of its original volume. The column temperature 
was maintained at 20 ◦C by using a water bath that recirculated water 
through the column jacket. Each sample was measured in triplicate.

2.2.11. Data analysis and presentation
Descriptive statistics were computed with Microsoft Excel 365 

(version 2208). Graphs were created with OriginPro (version 2022, 
OriginLab Corporation, Northampton, MA, USA). Unless otherwise 
specified, results are expressed as the mean ± standard deviation of 
independent duplicates. Technical replicates were averaged before 

calculating the standard deviation.

4. Results

The impact of the preparation temperature on the level of colloidal 
calcium phosphate was quantified (Fig. 1). The colloidal fraction of 
calcium was stable at around 71.7 % of the total calcium when the 
preparation temperature of the ACM increased from 5 to 37 ◦C and 
increased by 1.8 % when the preparation temperature was further 
increased to 65 ◦C. Similarly, the colloidal fraction of inorganic phos
phate hovered around 52.2 % of the total for ACM prepared between 5 
and 37 ◦C, which then increased to 55.9 ± 1.4 % when the preparation 
temperature was increased to 65 ◦C. The colloidal fraction of magnesium 
showed a linear increase from 36.2 ± 1.2 to 43.2 ± 0.6 % with the 
preparation temperature (Fig. 1). No clear trend was observed in the 
partitioning of citrate between the colloidal phase and the serum.

The partitioning of caseins between the colloidal phase and serum 
phase was also analysed. ACM were pelleted by ultracentrifugation and 
the fraction of the caseins in the serum phase was quantified. This 
fraction of serum casein was constant at about 5 % of the total casein at 
preparation temperatures between 5 ◦C and 37 ◦C and then increased to 
13.7 ± 0.4 % for ACM prepared at 65 ◦C (Fig. 2). β-Casein and κ-casein 
were mainly responsible for these increases, with the fraction of the total 
β-casein in the serum increasing from 9 % to 20 % and the fraction of the 
total κ-casein from 7 % to 27 % (data not shown).

The fraction of micellar casein is commonly assumed to constitute 
the pelleted caseins (i.e. the total casein minus the serum casein). 
However, casein aggregation into larger aggregates was visually 
observed in part of the mixtures and these aggregates would sediment 
with the ACM upon ultracentrifugation. Analysis by laser diffraction 

Fig. 1. Colloidal (A) calcium, (B) inorganic phosphorus, (C) magnesium, and (D) citrate as a percentage of their total concentrations for ACM prepared at various 
temperatures.
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indicated that these aggregates were larger than 20 µm in diameter (data 
not shown). The extent of aggregation was therefore quantified by 
filtering the ACM through filters with a nominal particle retention of 20 
µm and analysing the retentate weight. Almost no casein aggregation 
was observed in ACM prepared at 37 ◦C (0.6 ± 0.1 % of the total casein), 
but gradually more casein aggregated at higher or lower preparation 
temperatures (Fig. 2). For ACM prepared at 5 ◦C, 7.7 ± 1.7 % of the total 
casein was present in aggregates, while this was 29.6 ± 3.2 % for those 
prepared at 65 ◦C.

The fraction of micellar casein was finally calculated by subtracting 
the fraction of aggregated casein and serum casein from the total casein. 
ACM prepared at 37 ◦C exhibited the highest fraction of micellar casein 
at 94.5 ± 0.1 % (Fig. 2). As a result of the casein aggregation, a tem
perature of 5 ◦C during ACM preparation resulted in a smaller fraction of 
micellar casein of 87.3 ± 0.1 %. The increased level of serum casein in 
combination with more casein aggregation at higher temperatures 
resulted in considerably smaller fractions of micellar casein. For ACM 
prepared at 65 ◦C, the fraction of micellar casein was reduced to 56.8 ±
0.4 % of the total casein (Fig. 2).

The hydrodynamic diameter of the ACM was determined by dynamic 
light scattering analysis, as well as AF4 analysis. Dynamic light scat
tering results showed that the diameter of ACM slightly decreased from 

154.3 ± 4.9 to 140.7 ± 1.1 nm when the preparation temperature of the 
ACM was increased from 5 to 65 ◦C (Fig. 3A). ACM prepared at 37 ◦C 
diverged from this trend with a larger diameter of 167.1 ± 1.2 nm. The 
polydispersity index was relatively constant at around 0.17 for all 
preparations (not depicted). AF4 analysis was conducted to obtain more 
information about the size distributions and the typical curves obtained 
are shown in Fig. 3B. All ACM dispersions exhibited a single size pop
ulation with an approximate range of 25–125 nm in radius. The radius of 
gyration (Rg) at the elution time at which the intensity of the MALS 
signal shows a peak (i.e. the mode of the micelle radius; Table 2) aligned 

Fig. 2. The total level of casein and the levels of casein pelleted upon ultracentrifugation and retained upon filtration as percentages of the total casein in ACM 
prepared at various temperatures. The level of serum casein is represented by the area between the total casein and pelleted casein, the level of micellar casein by that 
between the pelleted casein and retained casein, and the level of aggregated casein by that below the retained casein. Error bars are depicted but are smaller than the 
symbols in most cases.

Fig. 3. (A) Hydrodynamic diameter and (B) radius of gyration (rising curves) and MALS signal (peaks) versus elution time in AF4 experiments of ACM prepared at 
various temperatures.

Table 2 
Elution time and radius of gyration (Rg) at the maximum peak height of the 
MALS signal intensity for ACM prepared at various temperatures.

Preparation 
temperature (◦C)

Elution time at maximum peak 
height (min)

Rg at maximum peak 
height (nm)

5 29.0 ± 0.3 78.0 ± 3.0
25 28.8 ± 0.2 75.2 ± 4.5
37 29.9 ± 0.0 81.6 ± 0.0
50 27.8 ± 0.6 66.2 ± 7.8
65 27.1 ± 2.1 60.9 ± 12.9
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well with the measured average hydrodynamic diameters. The same 
trend was observed for the mode of the radii of gyration as for the 
average hydrodynamic radius (Rh), with an overall decrease when the 
preparation temperature of the ACM increased and a peak at a prepa
ration temperature of 37 ◦C.

The internal structure of the ACM was investigated with SAXS 
(Fig. 4A). The scattering curves of the ACM prepared at 5 and 25 ◦C 
overlap at intermediate q-range, whereas they deviate slightly at low q 
and high q. The latter deviation is probably due to a slight mismatch in 
the subtraction of the background. The scattering signal of ACM pre
pared at 37 ◦C overlaps well with that of the ACM prepared at the two 
lower temperatures at high q (0.08–0.30 Å− 1), whereas the intensity was 
lower in the region of 0.01 to 0.08 Å− 1 where the intermediate structures 
and the sub-particles contribute to the scattering. The signals of the ACM 
prepared at 50 and 65 ◦C were higher in the middle range (0.025–0.10 
Å− 1) than for the ACM prepared at lower temperatures. However, the 
shoulders at 0.08 Å− 1, which are influenced by the sub-particle size and 
the correlations between them, are less pronounced. This suggests that 
some of the particles were larger and less correlated when the ACM were 
prepared at increased temperatures.

For further insight into the overall and internal structure of the mi
celles, the SAXS data were fitted by the model described in Section 2.2.6. 
This model describes the micelles as polydisperse spheres consisting of 
protein moieties and calcium phosphate nanoclusters that are correlated 
due to their relatively dense packing and are somewhat inhomoge
neously distributed on intermediate length scales (Pedersen et al., 
2022). This model is appropriate due to the close resemblance of the 
obtained SAXS scattering curves with those of native casein micelles. 
The fits are displayed in Fig. 4B and the results are shown in Table 3, 
which also contains information from the dynamic light scattering 
analysis (Rmic and σmic) as well as the micellar concentration of casein 
and calcium phosphate and the calculated overall number-average mass 
of the particles (Mtot). The modelling shows that the CCPs increased 
slightly in size with the preparation temperature, whereas there was a 
pronounced increase in the mass of the protein moieties, which 
increased from about 60 kDa at 5 ◦C to 100 kDa at 65 ◦C, reflecting a 
significantly larger impact of preparation temperature on the protein 
state than on the CCPs. These variations are robust results since the fits 
converged to this also when different initial values were used.

The local dense packing of CCPs and protein moieties requires the 
use of an effective hard-sphere structure factor in the model (Pedersen 
et al. 2022). The fits revealed that the parameter related to CCP-protein 
and CCP-CCP correlations (the interaction radius RHS,sub) increased at 
the two highest temperatures, whereas the effective volume fraction 

ηHS,sub decreased. This is likely a result of the increased size of the protein 
moieties and their simultaneously lower correlation (i.e. less 
well-defined distance between them) in ACM prepared at higher tem
peratures. This agrees with the expectation that high temperature can 
lead to protein aggregation and a locally more disordered structure 
(Moitzi et al., 2008). The parameter nint reflects the ratio between the 
forward scattering of the whole particles and that of the intermediate 
structures. When this parameter is low, the intermediate structures 
contribute more to the scattering than when it is large, meaning that a 
lower value represents increased heterogeneity. Considering this, ACM 
prepared at 5 ◦C were the most heterogeneous.

The hydration of the micelles was determined by centrifugation and 
analysis of the moisture content of the pellet. In samples without casein 
micelle aggregates, this yields the apparent hydration of casein micelles. 
However, partial aggregation of casein micelles was observed in ACM 
samples prepared at low and high temperatures (Fig. 2). These aggre
gates are also sedimented upon centrifugation and are therefore 

Fig. 4. (A) SAXS scattering intensities of ACM prepared at different temperatures and (B) the same signals (shifted; increasing preparation temperature from bottom 
to top) with fits. The ideal, non-smeared fit to the data is represented by the green curves and the red curves include instrumental smearing.

Table 3 
Results from fitting the scattering from ACM prepared at different temperatures 
as shown in Figure 4B. Parameters marked by a star were fixed in the fit.

Parameter Preparation temperature (◦C)

5 25 37 50 65

Rmic (Å) 784* 840* 840* 762* 724*
σmic (-) 0.417* 0.417* 0.423* 0.407* 0.398*
ηHS,mic (-) 0.070* 0.070* 0.070* 0.070* 0.070*
Rint (Å) 98 ± 1 71 ± 2 87 ± 2 64 ± 1 70 ± 1
σint (-) 0.700* 0.700* 0.700* 0.700* 0.700*
nint (-) 155 ± 10 1219 ±

100
849 ± 70 950 ± 55 710 ± 60

lprot (Å) 44* 44* 44* 44* 44*
narm,prot (-) 6* 6* 6* 6* 6*
RCCP (Å) 21 ± 1 23 ± 2 23 ± 1 25 ± 2 28 ± 3
ϵ (-) 0.69 ±

0.14
0.49 ±
0.10

0.52 ±
0.08

0.56 ±
0.11

0.49 ±
0.14

nsub (-) 104600 ±
2500

186300 ±
3000

216100 ±
3200

141000 ±
1800

895001 ±
1500

ηHS,sub (-) 0.057 ±
0.005

0.065 ±
0.009

0.054 ±
0.006

0.045 ±
0.011

0.025 ±
0.018

RHS,sub (-) 37.6 ± 1.3 39.7 ± 2.0 37.5 ± 1.8 45.6 ± 2.8 48.8 ± 7.1
Rprot (Å) 7.0* 7.0* 7.0* 7.0* 7.0*
Mprot (Da) 57900 ±

2373
41000 ±
4100

41100 ±
2800

75300 ±
3200

103000 ±
5600

Cmic (g L-1) 23.4* 25.7* 26.9* 24.1* 16.7*
fmass,prot (-) 0.907* 0.911* 0.913* 0.908* 0.901*
Mtot 

(MDa)
6.05 7.63 8.89 10.70 9.22
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included in the values of the apparent hydration. This apparent hydra
tion of the pelleted casein decreased from 3.32 ± 0.11 to 2.87 ± 0.03 g 
water g− 1 pelleted casein as the preparation temperature increased from 
5 to 65 ◦C (Fig. 5).

The ACM were coagulated at a fixed temperature of 30 ◦C by the 
enzymatic action of chymosin and the coagulation behaviour was 
monitored over time by rheometry. The results are shown in Fig. 6. The 
coagulation time (i.e. time until the onset of coagulation) of the ACM 
was consistent at preparation temperatures between 5 and 37 ◦C and 
increased as the preparation temperature of the ACM increased to 65 ◦C. 
The maximum storage modulus of gels increased from 106.9 ± 1.3 to 
128.4 ± 0.9 Pa when the preparation temperature of the ACM increased 
from 5 to 37 ◦C, followed by a decrease to 63.4 ± 1.3 Pa when it was 
further increased to 65 ◦C.

In addition to the coagulation properties, the foaming properties of 
the ACM were evaluated. The half-life time (defined as the time taken for 

the foam to collapse to half of its initial volume) of foams stabilised by 
ACM prepared at various temperatures is shown in Fig. 7. Foams sta
bilised by ACM prepared at 5 ◦C had a half-life time of 14.5 ± 3.0 min. 
Those stabilised by ACM prepared at 37 ◦C demonstrated similar sta
bility, with a half-life time of 12.9 ± 3.5 min. A marked increase in foam 
stability was observed for ACM prepared at 65 ◦C, as evident from a 
tripling of the half-life time (Fig. 7).

5. Discussion

5.1. Effect of the preparation temperature on micelle structure and 
composition

The results show that the temperature during preparation has irre
versible effects on the composition and structure of the ACM. The 
fractions of micellar calcium, phosphate, and especially magnesium 
were permanently increased when ACM were prepared at higher tem
peratures (Fig. 1) and this was accompanied by an increase in the size of 
the nanoclusters (Table 3). Heating pre-formed casein micelles has a 
similar effect on the partitioning of ions between the micellar phase and 
serum phase because the solubility of calcium phosphate decreases with 
temperature (Van Kemenade and De Bruyn, 1987), but these increases 
are almost fully reversible (Pouliot et al., 1989b) and re-equilibration 
occurs rapidly (i.e. within minutes; Liu et al., 2013). In this study, the 
ACM were stored for at least 24 h at the same temperature before 
analysis, during which the ions would have had ample time to 
re-equilibrate. However, this did not occur, suggesting that the prepa
ration temperature has a lasting effect on the partitioning of ions.

This finding complements the results of a recent study that showed 
that changing the pH during preparation has a markedly different effect 
on the micellar calcium phosphate than adjusting the pH to that same 
value after preparation (Fan et al., 2024). An explanation for this is that 
colloidal calcium phosphate is not in complete dynamic equilibrium 
with soluble calcium and phosphate. This is also reflected in the findings 
that 25 to 40 % of the colloidal calcium and phosphate in bovine milk or 
artificial casein micelles cannot be exchanged with ions in the serum 
(Pierre et al., 1983; Yamauchi et al., 1969; Zhang et al., 1996; Zhang and 
Aoki, 1996). It could be that the binding of caseins to calcium phosphate 
nanoclusters effectively ‘seals’ the nanoclusters and prevents the ex
change of ions between the nanoclusters and the serum. The binding of 
caseins to the nanoclusters in itself seems permanent as long as the 

Fig. 5. Apparent hydration of ACM prepared at various temperatures.

Fig. 6. Development of the storage modulus G’ over time of ACM prepared at 
various temperatures during incubation at a fixed temperature of 30 ◦C 
with chymosin.

Fig. 7. Half-life time (t1/2) of foams stabilised by ACM prepared at various 
temperatures.
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integrity of the nanoclusters is maintained (Rose, 1968). An alternative 
hypothesis could be that an increased temperature during preparation 
causes the irreversible formation of crystalline calcium phosphate pha
ses instead of only amorphous calcium phosphate nanoclusters, but our 
data do not allow for confirmation of this hypothesis.

The preparation temperature also permanently affected the assembly 
of the caseins into the ACM. The caseins were most efficiently assembled 
into casein micelles at the temperature of the mammary gland (about 37 
◦C), whereas both decreasing and increasing the preparation tempera
ture resulted in casein aggregation, especially at the high temperature of 
65 ◦C (Fig. 2). The aggregated casein was presumably present in the 
form of aggregates of partially-formed casein micelles, which would also 
include part of the colloidal ions. The structure of the ACM densified at 
higher preparation temperatures, as evident from the increased mass of 
the protein heterogeneities in the micelle interior and the increased 
average mass of a micelle (Table 3) while the overall size (Fig. 3) and 
hydration (Fig. 5) of the ACM decreased. Moreover, the fraction of 
serum casein (especially β- and κ-casein) increased with a higher prep
aration temperature from 37 to 65 ◦C (Fig. 2). Anema and Klostermeyer 
(1997) observed casein dissociation when natural casein micelles were 
heated (30–70 ◦C) at pH ≥ 6.7 and found that this was not reversible 
upon cooling back to room temperature. Similar to our results, this effect 
was most prominent for κ-casein, but the process by which casein is 
dissociated from micelles remains unclear. It is unlikely that this is 
related to hydrophobic interactions since these would increase rather 
than decrease in strength with increasing temperature and would be 
reversible upon cooling. Instead, the slight decrease in the fraction of 
soluble calcium (Fig. 1A) and the resulting increase in the solvent 
quality of the serum for caseins may partially explain the increased 
levels of serum casein. Anema and Klostermeyer (1997) related the 
dissociation of caseins from micelles to the conversion of the native form 
of colloidal, amorphous calcium phosphate to an alternative form that is 
less capable of maintaining micellar integrity. We concur that this is a 
likely candidate to cause permanent casein dissociation from the ACM, 
but further research is needed to positively identify the mechanism 
behind this.

The extensive aggregation of casein micelles at 65 ◦C is also difficult 
to explain. If the aggregation were governed by interactions through 
which caseins generally interact with each other (i.e. hydrophobic in
teractions, electrostatic interactions, hydrogen bonding, bridging in
teractions), it would be expected that aggregation during ACM formation 
would be reverted after preparation due to the reversibility of these non- 
covalent interactions. The observed aggregation must therefore be 
governed by more permanent interactions. Disulphide bonding could be 
an explanation for the aggregation at 65 ◦C since disulphide exchange 
interactions are promoted at increased temperatures. Both αs2-casein 
and κ-casein contain two cysteine residues and could therefore have 
aggregated, at least to a limited extent, through disulphide bonding. 
Another explanation could be the decreased propensity of κ-casein to 
assemble into micelles at higher temperatures, by which incompletely 
stabilised ACM were formed that subsequently formed larger aggre
gates. However, the mechanism responsible for this aggregation of 
casein micelles at low and high temperatures should be the subject of 
future research to yield a conclusive answer, and also to explain the 
limited aggregation observed at a preparation temperature of 5 ◦C 
(Fig. 2).

The size of the ACM, however, was minimally affected by these 
changes in micellar structure, showing only a slight decrease in the 
studied temperature range (Fig. 3). This aligns well with studies that 
concluded that micellar size is independent of temperature (Ono et al., 
1990; Takagi et al., 2022, 2023). Moreover, studies that subjected 
pre-formed casein micelles to a heat treatment (in the absence of whey 
proteins) and then measured their size after cooling down to room 
temperature found that micelle size increases with increasing heating 
temperature due to casein micelle aggregation (Fan et al., 2024; Wang 
and Ma, 2020). In our experiments, the ACM were prepared at various 

temperatures but analysed at a fixed temperature after removal of the 
aggregates by filtration. It is therefore reasonable that we find a rela
tively stable micellar size at higher preparation temperatures (Fig. 3). 
The minor decrease at higher temperatures may be explained by the 
densification of the protein network. The reason for the peak in micelle 
size at a preparation temperature of 37 ◦C remains unclear, but this may 
be related to the fraction of micellar casein that was highest in this 
mixture (Fig. 2).

Keeping in mind that one is a mode and the other an average, 
combination of Rg and Rh allows calculation of the shape factor Rg/Rh. 
This factor was approximately unity (0.98–1.01) for ACM prepared be
tween 5 and 37 ◦C and around 0.9 for ACM prepared at 50 and 65 ◦C. 
Factors of this order of magnitude describe spherical particles and have 
previously been found for cross-linked casein aggregates (Abbate et al., 
2019; Abdelmohsen et al., 2016; Siirilä et al., 2019).

5.2. Effect of the preparation temperature on functional properties

The functional properties of the ACM were significantly affected by 
the preparation temperature. The differences in coagulation behaviour 
are likely related to the variations in the fraction of micellar casein. ACM 
prepared at 25 and 37 ◦C exhibited the highest fraction of micellar 
casein (Fig. 2) and produced the firmest curds upon coagulation (Fig. 6). 
ACM prepared at 5 ◦C exhibited a lower fraction of micellar casein due to 
the increased casein aggregation (Fig. 2). These aggregates likely 
contribute little to the strength of the gel network formed upon ren
neting, resulting in weaker curds (Fig. 6). At higher preparation tem
peratures the fraction of micellar casein decreased significantly (Fig. 2), 
leading to a sharp decline in curd firmness (Fig. 6). The decrease in the 
concentration of soluble calcium (Fig. 1A) may have had an additional 
effect on the coagulation behaviour of these ACM. Serum calcium fa
cilitates micelle-micelle interactions that lead to the formation of a gel 
network. Reduced serum calcium levels prolong the coagulation time 
and decrease the final gel firmness (Dalgleish, 1983; Sandra et al., 2012; 
Udabage et al., 2001). Although the decrease in serum calcium was 
modest, this effect may have been amplified by the pH adjustment prior 
to coagulation, further reducing the curd firmness of ACM prepared at 
higher temperatures.

Foam stability, on the other hand, was primarily influenced by the 
level of serum casein and the extent of casein micelle aggregation. 
Serum caseins dominate the properties of air-water interfaces, whereas 
casein micelles contribute minimally to the stabilisation of these in
terfaces (Zhou et al., 2022). Additionally, large casein micelle aggre
gates (> 5 µm) enhance foam stability as they get trapped in the foam 
lamellae and slow the drainage of liquid from the foam (Chen et al., 
2017, 2018). Similar stabilising effects have been observed with other 
particles, such as protein-polyphenol complexes (Yang et al., 2021). For 
ACM prepared between 5 and 37 ◦C, the fraction of serum casein 
remained relatively constant, while the extent of casein aggregation 
decreased (Fig. 2). This explains the observed decrease in foam stability 
as the preparation temperature increased from 5 to 37 ◦C (Fig. 7). In 
contrast, for mixtures prepared at temperatures above 37 ◦C, both the 
serum casein concentration and the level of casein aggregation increased 
(Fig. 2). This all results in a marked increase in foam stability, as evi
denced by the enhanced half-life times (Fig. 7).

6. Conclusions

The temperature during preparation of artificial casein micelles 
(ACM) has significant and irreversible effects on their composition, 
structure, and functionality. As the preparation temperature increases, 
the fraction of micellar calcium phosphate and magnesium, along with 
the size of calcium phosphate nanoclusters and the fraction of serum 
casein, increases, while the hydration and overall size of the ACM de
creases. The micelle structure thereby densifies with a higher prepara
tion temperature.
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Extensive casein micelle aggregation occurred at both 5 ◦C and, more 
notably, 65 ◦C. ACM prepared at intermediate temperatures, particu
larly 25 and 37 ◦C, exhibited the highest fraction of micellar casein, 
producing the firmest curds upon chymosin-induced coagulation. By 
contrast, the increased fraction of serum casein and the presence of 
casein aggregates at higher and lower preparation temperatures 
enhanced the foaming properties.

These findings demonstrate that the temperature during micelle 
formation is a critical parameter in micelle assembly and the partition
ing of casein and salts between the micellar and serum phases, which, in 
turn, affects their functional properties. While further research is 
required to elucidate the underlying phenomena, this research high
lights the possibility of tailoring the properties and functionality of ACM 
to specific applications by controlling the preparation temperature.
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