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ARTICLE INFO ABSTRACT

Keywords: Industrial-scale production of artificial casein micelles (ACM) is required to produce dairy alternatives from
Cheese ) ) recombinant casein. However, the currently common micelle preparation method of dropwise mixing casein and
geliomb‘“?)‘;t casein salt solutions is inefficient and may prove difficult to scale up. Here, we view casein micelle formation as a
ell-assembly

process driven by calcium phosphate phase separation in the presence of casein. On this basis, we developed
novel routes to prepare ACM through vacuum evaporation, forward osmosis, or reverse osmosis. ACM prepared
through these methods have similar properties and improved coagulation behaviour compared to those prepared
through the currently common method and natural bovine casein micelles. The properties and functionality of
the micelles depend on the preparation time and surface area available for micelle formation, with longer times
and larger surfaces (i.e. lower fluxes) yielding smaller ACM that form firmer curds. These novel processes enable
fast, efficient, and continuous production of ACM for application in future dairy alternatives.

Industrial relevance: Artificial casein micelles can be used as a building block in the production of animal-free milk
and cheese based on precision fermentation. The herein described novel processes to prepare artificial casein
micelles are based on vacuum evaporation, forward osmosis, and reverse osmosis, which are mild, resource-
efficient, and easily scalable processes. The processes require a dilute feed stream (e.g. caseins after precision
fermentation), provide an elegant way to minimise local differences in the concentration of caseins and ions
during micelle production, and offer the opportunity to design continuous micelle formation processes. These are
all advantages over the existing methods to prepare artificial casein micelles with regard to industrial
application.

Forward osmosis
Reverse osmosis
Crystallisation

1. Introduction

Almost all biofluids in vertebrates, including blood, urine, saliva, and
milk, are supersaturated with calcium phosphate; the primary constit-
uent of bones and teeth (Holt & Carver, 2012). Calcium and phosphate
in solution are prone to crystallisation and precipitation, the latter of
which is prevented by the formation of nanocluster-type complexes
stabilised by various compounds (Holt, Lenton, Nylander, Sgrensen, &
Teixeira, 2014). The formation of kidney stones in urine, for example, is
impeded by crystallisation inhibitors for calcium oxalate and calcium
phosphate  (Fleisch, 1978). Similarly, caseins (a family of
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phosphoproteins) prevent the pathological calcification of the mam-
mary gland through the formation of hydrated colloidal structures
termed casein micelles (Farrell, Malin, Brown, & Qi, 2006). In
mammalian milk, these structures enable the safe transport of high
amounts of calcium and phosphate to the neonate (Holt & Carver, 2012).

The assembly of caseins into casein micelles starts with the interac-
tion between phosphoserine clusters of caseins and calcium phosphate
nanoclusters (de Kruif & Holt, 2003; de Kruif, Huppertz, Urban, &
Petukhov, 2012), the latter of which either forms on the phosphoserine
clusters of caseins or free in solution followed by the rapid coating with
casein (Holt, 1995; Holt & van Kemenade, 1989; Horne, 2020). Either
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way, this interaction prevents the nanoclusters from further growth and
delays their precipitation. Simultaneous casein self-association through
various weak interactions then links additional caseins and other casein-
stabilised nanoclusters to give rise to the supramolecular casein micelle
structure.

Casein micelles can be prepared in vitro and these so-called artificial
casein micelles (ACM) can play a crucial role in future food applications,
for example as nanoencapsulants for numerous hydrophobic nutra-
ceuticals (Tang, 2021) or as a building block in the production of animal-
free alternatives to dairy products, such as milk and cheese (Hettinga &
Bijl, 2022). Laboratory-scale processes to prepare ACM have been
described in literature and were recently reviewed by Khan, Hemar, Li,
Yang, and De Leon-Rodriguez (2023). In general, they include the
controlled mixing of salt solutions containing high concentrations of
calcium and phosphate, while simultaneously adding casein. The prep-
aration of ACM allowed researchers to study the ab initio formation of
casein micelles and assess the influence of different caseins and ionic
species on their properties and stability. Thus, these procedures were not
designed for industrial-scale production of ACM for application in food
and may prove difficult to scale up. Therefore, it is pivotal to explore
novel pathways to achieve the assembly of non-micellar caseins into
casein micelles.

In this paper, we view casein micelle formation as a process driven by
calcium phosphate phase separation in the presence of casein. Phase
separation in the form of crystallisation usually occurs when the con-
centration exceeds the solubility of the components (i.e. when super-
saturation is achieved), as the generation of nuclei, and eventually
crystals, only occurs under nonequilibrium conditions (Erdemir, Lee, &
Myerson, 2009; Lakerveld, Kuhn, Kramer, Jansens, & Grievink, 2010).
Calcium phosphates, however, typically precipitate from solution
following a pre-nucleation pathway in which first an amorphous phase,
lacking the long-range order of crystalline material, is formed, which
can mature into more crystalline phases in the absence of inhibitors
through Ostwald ripening (Gebauer, Kellermeier, Gale, Bergstrom, &
Colfen, 2014; Lenton et al., 2016). Caseins strongly inhibit the crystal-
lisation of calcium phosphate (van Kemenade & de Bruyn, 1989). Their
binding affinity for amorphous calcium phosphate nanoclusters is so
strong that complexes are created that are in a local free energy mini-
mum with an activation free energy so high that the undesired matu-
ration into crystalline particles is prevented (Lenton, Wang, Nylander,
Teixeira, & Holt, 2020). In this view, it can be expected that inducing
calcium phosphate phase separation in a solution in which caseins are
present results in the formation of casein micelles. After all, the caseins
would interact with the incipient calcium phosphate nanoclusters
through their phosphoserine residues and subsequently self-assemble to
form casein micelles.

Calcium phosphate phase separation can be attained by reducing the
solubility of calcium phosphate through, for example, increasing the pH
or temperature of the solution (McDowell, Gregory, & Brown, 1977; van
Kemenade & de Bruyn, 1987). This technique has already been applied
to study the interaction of B-casein peptides with calcium phosphate
nanoclusters formed upon an increase in pH (Holt, Timmins, Errington,
& Leaver, 1998; Holt, Wahlgren, & Drakenberg, 1996) and this method
has been adapted to form artificial casein micelles (Raynes et al., 2023).
Phase separation can also be achieved by increasing the concentration of
calcium and phosphate ions in solution, which occurs during the
aforementioned ACM preparation processes by carefully mixing solu-
tions with calcium and phosphate ions. Alternatively, any form of water
removal (e.g. evaporation or membrane permeation) from a dilute so-
lution of calcium and phosphate would induce calcium phosphate phase
separation. The crystallisation of calcium phosphates upon evaporation
(Tanguy et al., 2016) and reverse osmosis (Paugam, Pouliot, Remon-
detto, Maris, & Brisson, 2022) has already been studied but it is yet to be
explored whether these techniques can be employed to create ACM.

Therefore, we assess the validity of our hypothesis that casein micelle
formation is essentially a calcium phosphate phase separation process in
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the presence of caseins by inducing calcium phosphate phase separation
in dilute solutions of salts and caseins. Thereby, we effectively concen-
trate the solutions until the approximate ion composition and protein
concentration of bovine milk is reached. This is achieved through vol-
ume reduction by means of vacuum evaporation (VE), forward osmosis
(FO), and reverse osmosis (RO). The resulting concentrates (hereinafter
referred to as VE-ACM, FO-ACM, and RO-ACM, respectively) are then
compared to ACM prepared according to Schmidt et al. (1977; herein-
after referred to as S-ACM).

2. Materials and methods
2.1. Materials

Bovine sodium caseinate (Lactonat EN, 89.8% protein, of which 33%
as-caseins, 47% B-casein, 20% k-casein, and 14.5 mg g_1 sodium) was
kindly donated by Lactoprot (Lactoprot Deutschland GmbH, Kalten-
kirchen, Germany). Bovine skim milk was purchased from a local su-
permarket. Calcium chloride (C1016), magnesium chloride (M8266),
potassium phosphate monobasic (P5379), sodium phosphate dibasic
(S7907), citric acid (C0759), potassium hydroxide (1.05033), sodium
hydroxide (221465), potassium chloride (1.04936), potassium carbon-
ate (1.04928), potassium sulfate (1.05153), trisodium citrate dihydrate
(S4641), magnesium citrate tribasic nonahydrate (63067), hydrochloric
acid (1.13386), nitric acid (1.00456), hydrogen peroxide (1.07209),
sodium phosphate dibasic dihydrate (1.06580), citric acid monohydrate
(1.00244), ethanol absolute (1.00983), guanidine hydrochloride
(50950), L-dithiothreitol (D0632), and lactic acid solution (252476)
were all purchased from Sigma-Aldrich (Merck KGaA, Darmstadt, Ger-
many). Trifluoroacetic acid was purchased from Thermo Scientific
(Thermo Fischer Scientific Inc., Waltham, MA, USA). Osmium tetroxide
(19134), 50% glutaraldehyde solution (16316-10), and carbon adhesive
tables (77825-12) were purchased from EMS (Electron Microscopy
Sciences, Hatfield, PA, 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). Tripotassium citrate mono-
hydrate (6100-05-6) was bought from VWR (VWR International bvba,
Leuven, Belgium). Recombinantly produced chymosin (CHY-MAX Plus,
batch no. 3634543) was obtained from Chr. Hansen Holding A/S
(Hgrsholm, Denmark). Ultrapure water (MilliQ system, Merck KGaA,
Darmstadt, Germany) was used for all experiments.

2.2. Methods

2.2.1. Preparation of S-ACM

S-ACM were prepared according to Schmidt et al. (1977) with minor
adjustments (hereinafter referred to as the Schmidt method). Sodium
caseinate was dissolved in water to a casein concentration of 64.0 g L™}
by stirring at 60 °C for 30 min and subsequently adjusted to pH 8.00 with
1 M NaOH. Three salt solutions were prepared: solution I contained 445
mM CaCl, and 75 mM MgCl, adjusted to pH 7.25 with 0.1 M HCI
(approximately 18 mL L_l), solution II contained 165 mM KH,PO4 and
165 mM NayHPO,4 adjusted to pH 7.25 with 1 M NaOH (approximately
200 mL L™Y), and solution III contained 135 mM citrate adjusted to pH
7.25 with 1 M KOH (approximately 460 mL L™1). The caseinate solution
(60 mL) and the salt solutions (10 mL each) were carefully pumped into
a jacketed glass vessel at 37 °C containing a starting volume of 60 mL
water in 60 min as described in Antuma et al. (2024). The solution was
continuously and vigorously stirred using a magnetic stirrer. The pH
decreased gradually from about 7.25 to 6.70 during preparation as a
result of the release of protons during the formation of calcium phos-
phate nanoclusters (Visser & Jeurnink, 1997), which mimicked the
gradual pH decrease during ACM preparation through volume reduc-
tion. The final pH was adjusted, if necessary, to pH 6.70 with a negligible
volume of 1 M NaOH. The ACM were prepared in triplicate and stored at
4 °C for at least 12 h until analysis.



L.J. Antuma et al.

2.2.2. Preparation of feed solutions for concentration

Feed solutions contained 4.3 g L™} casein, 5.0 mM calcium, 3.7 mM
phosphate, 0.8 mM magnesium, and 1.5 mM citrate. Although the sol-
ubility of pure calcium phosphate is generally estimated to fall in the
range of a few mM or less (Christoffersen, Christoffersen, & Kibalczyc,
1990; van Kemenade & de Bruyn, 1987; Wang & Nancollas, 2008), its
solubility is considerably increased (or its precipitation delayed) by the
presence of phosphoproteins and other ions such as magnesium and
citrate (Gelli, Ridi, & Baglioni, 2019; Johnsson & Nancollas, 1992; van
Kemenade, 1988). In combination with the results of preliminary ex-
periments shown in Supplementary material A and the absence of any
visible precipitation in the feed solutions, we assumed the solutions to be
undersaturated with respect to calcium phosphate. The solutions were
prepared by first weighing the corresponding amounts of KHyPOy, citric
acid, and MgCl, and dissolving them in water. The pH of this solution
was then adjusted to about 7.0 with 1 M NaOH, after which the solution
was added to the corresponding amount of sodium caseinate and stirred
at 60 °C for 30 min. Next, the solution was left to cool to room tem-
perature and CaCl, granules were then added to the solution while
stirring. The pH of the solution was adjusted to 7.25 with 1 M NaOH.
This pH value was determined in preliminary experiments to ensure that
the pH after concentration would approximately be 6.70. In total,
approximately 9 mL 1 M NaOH was used per litre of feed solution.

2.2.3. Preparation of VE-ACM

Exactly 900 mL of the feed solutions was carefully poured into 2 L
prewetted evaporation flasks with indents (powder flask 514-75300-00,
Heidolph Instruments GmbH & Co. KG, Schwabach, Germany) to ensure
proper mixing of the solution. Vacuum evaporation was performed by
using a batch-type rotary evaporator attached to a vacuum pump (RC
900 and SC 920 G, KNF Holding AG, Sursee, Switzerland) set at a
pressure of 63 mbar, which corresponds to a boiling point of water of
37 °C (Wagner & Kretzschmar, 2008). The solutions were concentrated
to 150 mL, corresponding to a concentration factor ¢, of 6, by rotating
the flasks at 30 rpm in a water bath set to 53 to 80 °C. This resulted in
concentration times ranging from 105 to 41 min, respectively. If
necessary, the pH of the ACM was adjusted to 6.70 with 1 M NaOH after
evaporation. VE-ACM;_¢o min Were prepared in triplicate and the rest in
singlicate. The ACM were stored at 4 °C for at least 12 h until analysis.

2.2.4. Preparation of FO-ACM

Forward osmosis was carried out with an Aquaporin Inside®
HFFO®2 hollow fibre forward osmosis module (Aquaporin A/S, Kon-
gens Lyngby, Denmark) with an active membrane area of 2.3 m2 Feed
solutions were recircled through the lumen at a flow rate of 60 L h™?
(inlet pressure of 0.4 bar) and draw solutions were passed through the
shell side at 10 L h™! in single-pass mode by means of two gear pumps
(VG1000 digit, Verder Deutschland GmbH, Haan, Germany) equipped
with different pump heads (GB-P25.PVSA and GA-T23.JFSA, Micro-
pump Inc., Vancouver, WA, USA). Feed and draw solutions were run in
counter-current flow. Feed solutions with an initial volume of 6 L were
concentrated to about 1 L (¢; = 6). The concentration time was
controlled between 28 and 60 min by adapting the concentration of the
draw solution from 0.20 to 0.12 M NaCl, respectively. Feed solutions
were continuously stirred on a stirring plate and their temperature was
controlled at 37 °C during concentration. If necessary, the pH of the
ACM was adjusted to 6.70 with 1 M NaOH after concentration. FO-
ACM;—_¢0 min Were prepared in triplicate and the rest in singlicate. The
ACM were stored at 4 °C for at least 12 h until analysis.

2.2.5. Preparation of RO-ACM

Reverse osmosis was conducted with a CUBE80-VA cross-flow lab-
oratory filtration unit (SIMA-tec® GmbH, Schwalmtal, Germany)
equipped with a membrane cell with an active membrane area of 85
cm? A flat sheet polyamide RO membrane (TRISEP® ACM2, MAN-
N+HUMMEL Water & Fluid Solutions GmbH, Wiesbaden, Germany)
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was installed in the membrane cell according to Ostertag, Krolitzki,
Berensmeier, and Hinrichs (2023). Feed solutions with an initial volume
of 3.6 L were pumped through the membrane cell at arate of 30 Lh™1. A
pressure of on average 33 bar was applied and the temperature was
maintained at 37 °C by the temperature control unit. Filtrations were
continued for about 22 h until 3 L permeate was collected (c; = 6). To
avoid microbial spoilage during an experiment, 0.02% (v/v) sodium
azide was added to the feed solutions. If necessary, the pH of the ACM
was adjusted to 6.70 with 1 M NaOH after concentration. RO-ACM were
prepared in duplicate and stored at 4 °C for at least 12 h until analysis.

2.2.6. Ultracentrifugation and determination of apparent casein micelle
hydration

ACM solutions were ultracentrifuged in duplicate and the apparent
casein micelle hydration was determined through analysis of the mois-
ture content of the pellet, both according to Antuma, Steiner, Garamus,
Boom, and Keppler (2023).

2.2.7. Analysis of micellar casein composition

ACM solutions were diluted 5:1 and supernatants were diluted 2:1 in
a buffer solution of 6 M guanidine hydrochloride, 20 mM dithiothreitol,
and 5 mM sodium citrate and incubated for at least 1 h at room tem-
perature before analysis (Bordin, Cordeiro Raposo, de la Calle, &
Rodriguez, 2001). The total casein content and the casein content in the
ultracentrifugal supernatants of samples were determined by reversed-
phase high-performance liquid chromatography (RP-HPLC; Dionex Ul-
tiMate 3000 system, Thermo Fisher Scientific B.V., Breda, Netherlands)
by using a VDSpher OptiBio Pur 300C4-SE column (VDS Optilab, Berlin,
Germany) according to Schubert, Meric, Boom, Hinrichs, and Atamer
(2018) with minor adjustments. The eluent composition during analysis
is shown in Table 1, where eluent A was composed of 1% (v/v) aceto-
nitrile (ACN) and 0.1% (v/v) trifluoroacetic acid (TFA) in water and
eluent B of 1% (v/v) water and 0.072% (v/v) TFA in ACN. Only linear
gradients were used. The flow rate was set at 1.0 mL min ™}, the injection
volume at 10 pL, the column temperature at 30 °C, and the detection
wavelength at 214 nm. All analyses were performed in duplicate.
Micellar casein was calculated as the difference between the total and
supernatant casein.

2.2.8. Quantification of cations and anions

The concentration of cations (calcium, phosphorus, magnesium, so-
dium, and potassium) and anions (chloride, phosphate, and citrate) in
ACM and their ultracentrifugal supernatants were determined as
described in Antuma et al. (2024). Concentrations of ionic species in the
supernatants were corrected with a correction factor calculated ac-
cording to Pierre and Brule (1981). The micellar concentration of the
ionic species was then calculated as the difference between the total
concentration (Table 2) and the corrected supernatant concentration.

2.2.9. Small-angle X-ray scattering

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).

Table 1
Eluent composition during RP-HPLC analysis.

Time (min) Eluent A (%) Eluent B (%)
0.0 72.0 28.0

21.5 62.4 37.6

22.5 62.4 37.6

26.0 54.0 46.0

28.0 0.0 100.0

29.0 0.0 100.0

30.0 72.0 28.0

35.0 72.0 28.0
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Table 2
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Total and expected concentrations of casein and calcium (Ca), inorganic phosphorus (P;), magnesium (Mg), citrate (Cit), sodium (Na), potassium (K), and chloride (Cl)

in the prepared samples.

Sample Casein (g L71) Ca (mM) P; (mM) Mg (mM) Cit (mM) Na (mM) K (mM) Cl (mM)
S-ACM;—60 min 25.4 +£ 0.3 29.0 £ 0.2 21.1 £ 0.3 4.6 + 0.1 10.1 £ 0.1 55.7 £ 0.2 379 +£0.3 68.0 £+ 1.2
S-ACM (expected) 25.6 30.0 22.0 5.0 9.0 53.3 42.2 69.5
VE-ACM(-41 min 25.1 £0.1 28.5 £ 0.5 19.7 £ 0.1 4.3 +<0.1 8.2+0.1 66.6 + 0.9 20.8 £ 0.1 63.3 + 0.1
VE-ACM;_46 min 25.8 +£ <0.1 289 +£0.1 21.8 +£ <0.1 4.4 + <0.1 9.7 +£ <0.1 68.4 + 0.2 21.6 £ 0.3 68.3 £0.1
VE-ACM—60 min 24.8 +1.2 28.6 + 0.2 21.5+ 0.2 4.5+ 0.1 9.3+0.1 69.2 + 0.5 22.4 £ 0.5 68.3 +1.3
VE-ACM_g0 min 26.4 £ 0.5 28.3 + <0.1 21.7 £ 0.4 4.5 + <0.1 9.9 +0.2 70.0 + 0.5 22.2+0.1 69.2 + 0.8
VE-ACM{_105 min 26.5 + 0.2 28.6 + 0.4 21.2 + <0.1 45+0.1 9.6 + <0.1 68.3 + 1.2 22.5 + 0.7 66.5 + 0.1
FO-ACM(_28 min 25.2 + 0.4 23.4 + 0.4 22.3+0.1 4.3 +0.1 10.3 + <0.1 122.7 + 4.0 1.2 +0.1 103.5 + 0.6
FO-ACM:_38 min 28.1 £0.1 23.6 £ 0.3 23.3+0.1 4.3 +<0.1 10.6 + <0.1 124.8 + 0.7 0.9 +0.1 101.5 + 0.4
FO-ACM;-60 min 27.4 +£2.7 25.6 £ 0.5 222+ 24 45+0.1 10.1 £1.0 121.7 £ 2.6 1.1 +£0.6 1025+ 1.4
RO-ACM-22 h 23.0+£0.2 22.2 +£0.2 18.3+ 0.7 3.8+ <0.1 85+0.3 63.6 £ 1.0 159+ 0.2 56.6 + 2.0
VE/FO/RO-ACM (expected) 25.6 30.0 22.0 5.0 9.0 67.9 22.0 70.0

2.2.10. Scanning electron microscopy

Micellar morphology was visualised with scanning electron micro-
scopy (SEM). One drop of sample was pipetted onto 12 mm poly-L-lysine
glass slides (Corning Inc., Corning, NY, USA) and left to adhere for 30
min. Subsequently, the glass slides were washed twice with simulated
milk ultrafiltrate (SMUF) prepared according to Jenness and Koops
(1962). After removal of the SMUF, samples were fixed with 2.5%
glutaraldehyde in 0.1 M phosphate/citrate buffer at pH 7.2 for 1 h. Af-
terwards, the fixative was removed and the glass slides were washed six
times with SMUF. Samples were then fixed with a solution of 1%
osmium tetroxide in SMUF for 1 h. The fixative was removed again and
the slides were washed, dehydrated, critical point dried, sputter-coated,
and mounted on specimen stubs according to Antuma et al. (2023).
Images were taken at 100,000x magnification with a Magellan 400
microscope (FEI Company, Hillsboro, OR, USA) operating at a beam
energy of 2 kV and a beam current of 13 pA.

2.2.11. Particle size analysis

Samples were diluted 50-fold in SMUF in square polystyrene cuvettes
(67.742, Sarstedt AG & Co. KG, Niimbrecht, Germany), after which the
size and polydispersity of the ACM were analysed with dynamic light
scattering by using a Malvern Zetasizer Ultra (Malvern Panalytical Ltd.,
Worcestershire, UK). The device was equipped with a He—Ne laser with
a wavelength of 633 nm. The refractive index of the dispersant was set at
1.33, its viscosity at 0.8872 mPa s, and the refractive index of the casein
micelles at 1.57 (Antuma et al., 2024). Samples were first brought to
room temperature and then equilibrated at 25 °C for 60 s inside the
device before analysis. Measurements were carried out at 25 °C with a
fixed scattering angle of 173°. Each sample was measured in duplicate
and each replicate consisted of 5 sub-measurements, each of which
consisted of a number of runs controlled by the ZS Xplorer software
(version 2.3.1.4; minimum 25 runs). The harmonic intensity-weighted
average hydrodynamic diameter (referred to as Z-average) and poly-
dispersity index provided by the software were calculated by cumulant
analysis using the general purpose model. Although this is a common
method of analysing the size of casein micelles (Bijl, van Valenberg,
Huppertz, van Hooijdonk, & Bovenhuis, 2014; Day, Raynes, Leis, Liu, &
Williams, 2017; Lenton et al., 2016), it should be noted that the size of
the measured particles was larger than the inverse scattering vector at
the employed scattering angle, which yields an apparent Z-average
rather than the true Z-average. Furthermore, dynamic light scattering
should ideally be carried out over a range of scattering angles and in a
concentration-dependent manner (Zhuang, Ueda, Kulozik, & Gebhardt,
2018). However, the gathered data still provide a good estimate of the
relative differences in the sizes of the ACM between samples.

2.2.12. Rheological characterisation

ACM solutions were adjusted to pH 6.3 by means of acidification
below 10 °C with an 8.5% lactic acid solution in water and left to
equilibrate overnight at 4 °C. 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 by adding
0.02% (v/w) chymosin and immediately transferred to a rheometer
(MCR 302, Anton Paar, Graz, Austria) equipped with a double-gap de-
vice (DG26.7) to monitor the rennet-induced coagulation through
oscillatory rheometry. A strain amplitude of 0.001 and a frequency of 1
Hz were applied at a fixed temperature of 30 °C (controlled by a Peltier
element). The storage modulus G’ of the samples was recorded for 60
min. Samples were analysed in duplicate.

2.2.13. Statistical data analysis

Statistical analysis of the data obtained from analyses on duplicate
and triplicate samples was performed with OriginPro (version 2022,
OriginLab Corporation, Northampton, MA, USA). Significance levels
were assessed by one-way analysis of variance followed by Tukey's
Honest Significant Difference post hoc test at a 95% confidence interval.
Results are expressed as mean + standard deviation of three indepen-
dent triplicates. Results from analyses on samples prepared in singlicate
are expressed as mean =+ standard deviation of duplicate measurements
(the latter of which equals the difference between the two values divided

by v2).
3. Results

ACM solutions were prepared by using four different processes: 1)
mixing casein and salt solutions according to an adaption of the Schmidt
method and through volume reduction by means of 2) vacuum evapo-
ration, 3) forward osmosis, and 4) reverse osmosis. Furthermore, the
speed of micelle assembly was varied by varying the preparation time,
which was 60 min for S-ACM, 41-105 min for VE-ACM, 28-60 min for
FO-ACM and 22 h for RO-ACM. For ACM prepared through the volume
reduction methods, a fixed concentration factor of 6 was applied based
on preliminary experiments conducted with vacuum evaporation (Sup-
plementary material A).

3.1. Scanning electron microscopy

The ACM were imaged with SEM to confirm the presence of micelles
and enable visual comparison of ACM prepared with the different
methods (Fig. 1). It can be seen that all four methods yielded mostly
spherical particles in the size range of casein micelles and appeared to be
approximately of similar size and size distribution. However, these im-
ages should be interpreted with care due to artefacts originating from
invasive sample preparation (McMahon & McManus, 1998). With re-
gard to this, further analysis of the particles in these pictures was not
performed, also given the subjectivity of the analysis and dependence on
image quality and contrast. Furthermore, it has been shown that analysis
of particles in electron microscopy images results in a considerable
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Fig. 1. SEM images of (A) S-ACM;—_60 min, (B) VE-ACM;_¢0 min, (C) FO-ACM;_¢0 min, and (D) RO-ACM;_z> 1. Scale bar = 500 nm.

underestimation of the particle size (Holt, Kimber, Brooker, & Prentice,
1978). Instead, the particles were further analysed with dynamic light
scattering.

3.2. Sample compositions

We attempted to prepare ACM solutions with a similar composition
with respect to the total concentrations of casein and ionic species.
Table 2 shows the composition of the prepared ACM, which approxi-
mated the composition of bovine milk (Bijl, van Valenberg, Huppertz, &
van Hooijdonk, 2013; Gaucheron, 2010). For S-ACM and VE-ACM, only
the concentrations of sodium and chloride were significantly higher than
those in bovine milk (18.0 and 25.6 mM, respectively; Bijl et al., 2013)
due to the use of sodium caseinate, sodium hydroxide, and chloride salts
for the preparation of ACM.

FO-ACM were slightly overconcentrated regarding the casein con-
tent, but most ion concentrations, and most notably those of calcium and
potassium, were lower than the casein concentration suggested. The
concentrations of sodium and chloride in these ACM, on the other hand,
were considerably higher than in ACM prepared with other processes.
This can be attributed to the diffusion of ions both from the feed to the
draw solution (forward diffusion) and vice versa from the draw to the
feed solution (reverse diffusion) during FO. Hancock and Cath (2009)
found that forward and reverse diffusion of solutes depends on operating
conditions, such as the composition and concentration of the draw so-
lution and the cross-flow velocity. Monovalent ions, such as potassium,
generally show higher forward diffusion than divalent ions, such as
calcium (up to about 7 and 1.5 mmol m~2 h™?, respectively). For FO-
ACM;_60 min, We observed comparable values of, respectively, about 9
and 2 mmol m~2 h™1. These authors also reported reverse diffusion of
ions from sodium chloride draw solutions generally in the range of 10 to
75 mmol m~2 h™!, which is comparable to the value of about 30 mmol
m~2h™! that we found in our experiments for both sodium and chloride.
Increased levels of sodium and chloride were previously found not to
affect the composition and micelle properties of bovine casein micelles
(Lazzaro et al., 2020; Schmidt et al., 1977; Schmidt & Koops, 1977) and
we likewise expect limited effect of the increased levels of sodium and
chloride on the properties of FO-ACM.

Finally, the RO-ACM appeared underconcentrated since the casein
and ion concentrations were consistently lower than targeted (Table 2).
In our RO experiments, the feed solution had an initial volume of 3.6 L
and 3.0 L permeate was collected, in which no traces of casein or ions
were found (data not shown). This means that the target concentration
factor was reached and that the casein and ions were instead lost due to
organic fouling and the formation of inorganic precipitates on the
membrane (scaling). Nevertheless, ACM solutions with comparable
compositions were obtained, which allowed for a relevant evaluation of
the properties and functionality of the ACM.

3.3. Micelle properties

The size of the observed particles was characterised by using dy-
namic light scattering (Fig. 2). The diameter of S-ACM was measured at
156.3 £ 3.5 nm, which is considerably smaller than ACM prepared with
the Schmidt method at an identical preparation time of 60 min (197.7 +
4.1 nm) in our earlier work (Antuma et al., 2024). This can be explained
by the higher proportion of k-casein in the sodium caseinate used for the
preparation of ACM in this study (20% as opposed to 17%) and the
gradual pH decrease from 7.25 to 6.70 during ACM preparation.
Nonetheless, the S-ACM were similar in diameter to natural bovine
casein micelles, which generally range from 50 to 600 nm with an
average size of about 150 nm (de Kruif, 1998) and were measured at
167.0 + 0.8 nm with an almost identical method as in this work
(Antuma et al., 2024). When an equal preparation time of 60 min was
applied, the size of S-ACM (156.3 + 3.5 nm) and VE-ACM (161.0 + 7.6
nm) was not significantly different (p = 0.73). FO-ACM prepared within
the same amount of time, however, were significantly (p < 0.0001)
smaller at 121.9 + 12.9 nm. The diameter of VE-ACM strongly depended
on the preparation time, where increased preparation times yielded
smaller micelles (Fig. 2A). This relation is reminiscent of the time-
dependent assembly of ACM prepared with the Schmidt method as
described in Antuma et al. (2024). In accordance with this trend, RO-
ACM were significantly (p < 0.0001) smaller than S-ACM and VE-ACM
due to the long preparation time. The size of FO-ACM did not depend
on the preparation time.

Similarly, the polydispersity index (PDI) of VE-ACM decreased upon
extending the preparation time (Fig. 2B), similar to the dependency of
the PDI of S-ACM on the preparation time as observed by Antuma et al.
(2024). The polydispersity of FO-ACM did not show a dependency on the
preparation time and was significantly (p < 0.0001) lower than the 0.17
+ <0.01 for S-ACM. Thereby, the FO-ACM approximated the generally
low polydispersity found for casein micelles in bovine milk (Antuma
et al., 2024). VE-ACM prepared at an equal preparation time of 60 min
had an even higher PDI of 0.35 + 0.01, although this was not visually
apparent from the SEM images (Fig. 1B).

Alternatively, the size and polydispersity of ACM prepared with the
proposed methods based on volume reduction can be plotted against the
flux of removed water during their preparation (Fig. 3). This flux takes
into account both the preparation time as well as the volume of removed
water and the surface area of evaporation or permeation. Fig. 3 shows
that the fluxes were relatively low during the preparation of FO-ACM,
whereas VE-ACM and RO-ACM were prepared with higher fluxes. The
size and polydispersity of ACM increased with increasing flux and these
properties were only considerably affected at fluxes larger than about
15Lm 2h L

The fraction of the total amount of casein in the micellar phase was
analysed by RP-HPLC (Table 3). In S-ACM, 90.6 + 0.4% of the total
amount of casein pelleted upon ultracentrifugation and was therefore
assumed to represent the micellar phase. This is close to the level of
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Fig. 2. (A) diameter and (B) polydispersity index (PDI) of ACM prepared with four different processes at various preparation times.
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Fig. 3. (A) diameter and (B) polydispersity index (PDI) of ACM prepared with the proposed volume reduction methods plotted against the flux of removed water
during their preparation. Due to the lack of a flux during their preparation, the size and PDI of S-ACM;_¢ min are represented by the dashed reference lines.

Table 3

Micellar casein as a proportion of the total amount of casein and the apparent
hydration of the prepared ACM. Different superscript letters indicate signifi-
cantly different results (p < 0.0001) within columns.

Sample Micellar casein Apparent hydration (g water g~*
(%) micellar casein)
S-ACM—60 min 90.6 + 0.4° 2.9+ <0.1°
VE-ACM(-41 min 96.1 + <0.1 2.8 £ <0.1
VE-ACM;_46 min 95.8 £ 0.1 3.0 £ <0.1
VE-ACM—60 min 95.1 + 0.5 2.9+ 0.2°
VE-ACM;_80 min 95.8 +£ 0.4 3.0+ <0.1
VE-ACM{_105 min 96.0 + 0.2 2.9 + <0.1
FO-ACM;-28 min 91.4 + <0.1 4.2 £ <0.1
FO-ACM,_38 min 91.9+ 0.1 44401
FO-ACM;_60 min 95.1 + 1.4 3.8 +0.4°
RO-ACM—2 1 96.9 + 1.6% 3.1+ <01°

ACM, and RO-ACM was also similar at around 3 g water per g micellar
casein (Table 3) and comparable to earlier findings (Antuma et al., 2024,
2023) and similar to the hydration of natural bovine casein micelles
(Huppertz et al., 2017). FO-ACM were more hydrated and their hydra-
tion seemed to increase with shorter preparation times. The apparent
hydration of VE-ACM did not depend on the preparation time.

The ACM were further characterised through analysis of the micellar
concentration of ionic species (Table 4). S-ACM contained similar pro-
portions of the total concentration of ionic species as observed by

Table 4
Proportion of the total concentration of ionic species present in the micellar
phase of the ACM prepared with various methods.

micellar casein in bovine skim milk (Antuma et al., 2024). VE-ACM;—go
min» FO-ACM¢—60 min, and RO-ACM comprised a significantly (p <
0.0001) higher amount of casein at about 95-96% of the total casein,
which did not show a relation with the preparation time. FO-ACM pre-
pared at decreased preparation times contained lower amounts of
micellar casein at about 91-92%. The apparent hydration of S-ACM, VE-

Sample Ca (%) P; (%) Mg (%) Cit (%)

S-ACM;—60 min 71.5 + 0.2 52.7 £ 1.0 38.6 +£ 0.8 23.4+1.6
VE-ACM(—41 min 70.7 + 0.6 50.0 + 0.3 36.5 + 0.1 12.3 £ 0.5
VE-ACM(_46 min 70.1 + 0.5 52.0 + <0.1 36.9 £0.2 23.7 £0.1
VE-ACM;—60 min 68.7 + 1.0 48.1 £ 0.2 34.0 £ 0.8 17.4 + 1.4
VE-ACM:—g0 min 69.6 + 0.4 50.0 + 0.1 35.1 +1.7 22.7 £ 0.3
VE-ACM;-105 min 67.4 + 0.3 46.1 £0.1 34.0 £2.0 20.0 £0.1
FO-ACM;_28 min 66.8 + 0.8 39.4 £ 0.2 33.1 £0.2 16.2 + 0.4
FO-ACM(_38 min 68.6 + 0.3 41.7 £ 0.6 36.8 +£ 0.8 19.0 +£ 0.8
FO-ACM(—60 min 68.7 + 3.1 44.3 £3.2 35.9 £2.2 19.2 +£2.7
RO-ACM(-22 68.4 +£ 0.4 47.3 £3.2 34.7 £ 0.7 17.3 £ 4.8
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Antuma et al. (2023) and their mineralisation corresponded well to the
mineralisation of natural bovine casein micelles (Bijl et al., 2013). VE-
ACM, FO-ACM, and RO-ACM were mineralised to a similar extent,
although these ACM seemed to contain a slightly lower proportion of the
total concentration of ionic species than S-ACM. Little change in the
mineralisation of the micelles was observed when they were prepared at
various preparation times.

Next, SAXS measurements were carried out to compare the internal
structure of the ACM. The overall shape of the obtained scattering
profiles is typical for casein micelles (Fig. 4; Pedersen, Mgller, Raak, &
Corredig, 2022) with a strongly decreasing scattering intensity in a q-
range from 0.005 to 0.03 A~%, where the scattering from the interface of
casein micelles follows the power law I(q) ~ g~® with a equal or close to
4. In the intermediate g-range, we observed the characteristic plateau
where the scattering intensity decreases only slightly with increasing
scattering angle. This region is commonly recognised to represent the
substructure of casein micelles (i.e. calcium phosphate nanoclusters and
protein inhomogeneities). At a larger q-values, a slope of about q'>2 was
observed, which likely corresponds to the scattering of a semi-dilute
solution of protein chains. A simple comparison of the scattering
curves of the micelles prepared with different methods suggests only
negligible changes in the substructure of the micelles.

Together, these results confirm that the ACM prepared with the four
different methods all had a comparable substructure to natural bovine
casein micelles and show that the ACM contained comparable concen-
trations of ionic species. Therefore, it is reasonable to conclude that
calcium and phosphate were present in the form of nanoclusters of
similar size as in natural bovine casein micelles in the prepared ACM.

3.4. Coagulation behaviour

The ACM were incubated with chymosin and the induced
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coagulation was monitored over an hour with oscillatory rheometry
(Fig. 5). After a lag phase of a few minutes, the storage modulus
increased sharply as a result of the coagulation of the micelles. Within
60 min, S-ACM attained a storage modulus of 122.6 + 1.0 Pa, similar to
ACM prepared with the same method (Antuma et al., 2024) and com-
mercial skim milk diluted to the same casein concentration with SMUF
(117.6 £ 0.4 Pa) when coagulated under the same conditions. VE-ACM
and FO-ACM with an equal preparation time attained significantly (p <
0.01) higher storage moduli of 141.6 + 5.4 and 147.0 £ 12.2 Pa,
respectively. RO-ACM yielded a lower storage modulus of 113.6 + 0.1
Pa, relating to the lower concentrations of casein and calcium in these
solutions due to membrane fouling (Table 2).

The preparation time also influenced the coagulation behaviour of
VE-ACM (Fig. 6). The maximum attained storage modulus ranged from
117.3 + 1.1 Pa for VE-ACM;_41 min to 157.9 + 0.2 Pa for VE-ACM,_10s
min- The coagulation behaviour of FO-ACM appeared relatively unaf-
fected by the preparation time, although the onset of coagulation was
delayed. This is likely related to the lower calcium concentration in
these ACM, combined with increased concentrations of sodium and
chloride. Both are known to prolong the rennet coagulation time (Laz-
zaro et al., 2020; Zoon, van Vliet, & Walstra, 1988, 1989). Nevertheless,
no clear trend was observed in the attained maximum storage modulus
of FO-ACM, which ranged from 132.3 + 3.3 Pa for FO-ACM;_38 min to
147.0 + 12.2 Pa for FO-ACM;_gp min- The observed differences were
within experimental error and likely arose due to differences in the
composition of these systems (Table 2) rather than the influence of the
preparation time.
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Fig. 4. Scattering intensities of S-ACM, VE-ACM, and FO-ACM with a preparation time of 60 min and RO-ACM with a preparation time of 22 h.
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Fig. 5. Development of the storage modulus G' over time of ACM prepared with various methods incubated with chymosin.
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Fig. 6. Development of the storage modulus (G') of VE-ACM and FO-ACM with different preparation times over an hour of incubation with rennet.

4. Discussion
4.1. A novel method to prepare artificial casein micelles

Our results demonstrate that a controlled volume reduction (con-
centration) step was sufficient to induce casein micelle formation.
Concentration of dilute solutions of calcium, phosphate, and casein
through vacuum evaporation, forward osmosis, and reverse osmosis
yielded spherical particles (Fig. 1) of a few hundred nanometres in
diameter (Fig. 2A) with a similar internal structure (Fig. 4), which were

highly mineralised (Table 4) and hydrated (Table 3) and coagulated
upon incubation with chymosin (Fig. 5). From these results, we deduce
that these methods were successfully applied to prepare ACM. We
envision that, during the volume reduction step, the solutions were
gradually supersaturated with calcium and phosphate, which interacted
to form insoluble calcium phosphate nanoclusters. Caseins either
interacted with the preformed nanoclusters or acted as templates to
initiate nanocluster growth, which neutralised the negatively-charged
serine residues. This reduced the protein charge and allowed attrac-
tive interactions between caseins to dominate, which resulted in casein
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self-assembly to yield the casein micelle structure. Although the com-
mercial sodium caseinate of bovine origin that we used to create the
ACM contained a lower proportion of ag-caseins and a slightly higher
proportion of k-casein than typically found in bovine milk, we expect
that the described interactions also occur when starting with a milk-like
casein composition and that ACM will likewise be created upon applying
a volume reduction step.

At an equal preparation time of 60 min, S-ACM and VE-ACM were of
similar size (Fig. 2A) and hydration (Table 3). However, FO-ACM were
significantly smaller and more hydrated than S-ACM and VE-ACM when
prepared in equal preparation times. Since the proposed volume
reduction methods all started with solutions of equal initial concentra-
tions and yielded solutions of comparable final concentrations (Table 2),
the only other variable during these experiments was the area of evap-
oration or permeation. Thus, the different micelle sizes are likely related
to the large surface area available for permeation (i.e. the surface area
over which micelle formation occurred) in our FO experiments (2.3 mz),
which minimised local differences in the concentrations of calcium and
phosphate. These concentration differences can be expected to have
been larger during the preparation of ACM with the Schmidt method due
to the nature of the process and with RO and VE due to the smaller area
over which permeation and evaporation, and thus micelle formation,
occurred (0.9 dm? for RO and on average approximately 4.3 dm? for VE;
Supplementary material B). In Antuma et al. (2024), the magnitude of
such local differences in the concentrations of calcium and phosphate
was suggested to influence the micellar properties, where minimisation
of local concentration differences by extending the preparation time
yielded ACM of decreased size and polydispersity. Increasing the surface
area over which micelle formation occurs would have a similar mini-
mising effect on the local concentration differences as increasing the
preparation time.

Thus, the properties of ACM prepared through volume reduction are
better described by the flux of the removed water during their prepa-
ration, which takes into account both the surface area and preparation
time, as well as the volume of the removed water (Fig. 3). Due to the
larger surface area available for permeation, the flux during the prepa-
ration of FO-ACM was lower than that of VE-ACM and RO-ACM. This
low flux translated to smaller local concentration differences during the
preparation of FO-ACM, explaining their small size and low poly-
dispersity. The size and polydispersity of RO-ACM were lower than ex-
pected given the flux during the RO experiments, which may be
explained by lower concentrations of casein and ionic species in these
ACM (Table 2) due to membrane fouling.

ACM prepared through the proposed volume reduction methods
comprised a higher level of micellar casein of similar or increased hy-
dration (Table 3) and, presumably as a result of that, generally formed
firmer curds upon coagulation with rennet than micelles prepared with
the Schmidt method (Fig. 5). Yet, RO-ACM exerted a similar curd
firmness as S-ACM, presumably due to the lower casein and ion con-
centrations (Table 2). It is expected that RO-ACM would have yielded
curds of similar firmness as VE-ACM and FO-ACM at equal sample
compositions.

4.2. Effect of preparation rate on the properties of artificial casein
micelles

In previous work, we showed that the properties and functionality of
ACM prepared according to the Schmidt method were dependent on the
applied preparation rate (Antuma et al., 2024). A negative logarithmic
relation was found between the preparation time and the size and
polydispersity of the micelles, with a characteristic time 7 of about 18
min. At t >> 7, a steady state was reached where the size and poly-
dispersity levelled off. In this study, VE-ACM also showed this de-
pendency (Fig. 2). RO-ACM complied with this hypothesis since they
were prepared over an extended time (22 h) and fitted in the trend with
a decreased size of about 10 nm smaller. The size and PDI of FO-ACM,
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however, did not depend on the preparation time (Fig. 2). Due to the
previously discussed lower flux in these experiments (Fig. 3) and the
concomitant smaller local concentration differences, it can be expected
that the steady state shifted to shorter preparation times for FO-ACM.
Thus, the size and PDI of these micelles would only be affected at
preparation times shorter than assessed in this study. Assuming that
these properties are indeed only significantly affected at fluxes higher
than 15 L m ™2 h™! (Fig. 3), this suggests that the size and polydispersity
of FO-ACM prepared with our experimental setup would only have been
affected at preparation times shorter than 9 min. This conclusion is
relevant in light of the potential scalability towards high production
volumes.

By contrast, we here found that the size and polydispersity of VE-
ACM already increased sharply at a considerably longer preparation
time of around 40 min (Fig. 2), whereas they were previously found to
increase for ACM prepared with the Schmidt method when the prepa-
ration time approached zero (Antuma et al., 2024). This can be
explained by how the solution is concentrated during vacuum evapo-
ration. Due to the applied rotation, a thin film is created on the inside
wall of the evaporation flask, which increases the surface area over
which evaporation occurs. Evaporation of water locally increases the
concentration of the solutes more in this very thin film than it does in the
bulk of the solution, where concentration differences are immediately
compensated for by diffusion and the imposed flow. At the end of a
rotation, the concentrated film comes into contact with the bulk solution
and is effectively diluted by it, after which a new rotation starts. As a
consequence, the formation of ACM was faster than the overall prepa-
ration time implies because the micelles are formed relatively fast and
then diluted in the bulk solution. This caused the relation between the
preparation time and the size and PDI of VE-ACM to shift to increased
preparation times than previously established for ACM prepared with
the Schmidt method.

In those instances where the preparation conditions influenced the
properties of the ACM, this also resulted in differences in their coagu-
lation behaviour (Fig. 6). The coagulation behaviour of VE-ACM pre-
pared at shorter preparation times was impaired, presumably due to the
increased size and polydispersity of the micelles (Fig. 2). It was previ-
ously shown that smaller casein micelles yield firmer curds upon coag-
ulation (Niki & Arima, 1984) and ACM prepared with the Schmidt
method have been found to show slower curd firming rates when pre-
pared at shorter preparation times (Antuma et al., 2024). Since the
properties of FO-ACM were hardly affected by the applied range of
preparation times, their coagulation behaviour likewise remained rela-
tively unaffected (Fig. 6).

4.3. Industrial relevance and outlook

To allow commercial production of animal-free foods with ACM from
recombinant casein, both the expression of the casein and the prepara-
tion of ACM have to be realised on an industrial scale. In this section, we
will focus on the industrial relevance of the proposed ACM preparation
methods and place them in the context of the production of animal-free
cheese from recombinant casein from the expression of the caseins to the
coagulation of the ACM.

Vacuum evaporation, and especially forward osmosis and reverse
osmosis, are mild, resource-efficient, and easily scalable processes.
Vacuum evaporation is already used in the food industry for the pro-
duction of tomato paste and in the dairy industry specifically for the pre-
concentration of liquids during the production of dairy powders (Tanguy
et al., 2016). Moreover, mainly reverse osmosis, but also forward
osmosis, is commonly applied in the dairy industry, for example for the
pre-concentration of milk to increase cheese yield (Cassano, Rastogi, &
Basile, 2020). Therefore, the techniques and equipment to implement
the proposed ACM preparation methods are readily available. In fact,
preparing casein micelles artificially through volume reduction renders
a pre-concentration step superfluous, since it provides the flexibility to
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directly obtain solutions with the desired concentrations for
cheesemaking.

Preparing ACM through volume reduction by means of vacuum
evaporation, forward osmosis, or reverse osmosis has additional ad-
vantages over the existing method with regard to industrial application.
Firstly, the production of recombinant proteins generally yields protein
concentrations in the fermentation broth of several grams per litre or
less, depending on the expression system (Demain & Vaishnav, 2009).
Subsequent preparation of ACM with the Schmidt method would require
drying the caseins after downstream processing or strongly concen-
trating the casein in solution, after which the caseins are diluted by
mixing them with salt solutions and water during the preparation of the
micelles. In contrast, the proposed ACM preparation methods based on
concentration involve concentrating solutions with low initial casein
concentrations of up to 4-5 g L™, Thus, caseins produced through
precision fermentation can directly be assembled into micelles after
downstream processing of the fermentation broth and the addition of
salts, thereby avoiding a drying step (and its concomitant effects on
protein quality) or a heavy concentration followed by a dilution of the
proteins.

Furthermore, the proposed preparation processes based on volume
reduction offer an elegant way of minimising local concentration dif-
ferences during the preparation of ACM by increasing the surface area (i.
e. by decreasing the flux). This allows for fast ACM preparation pro-
cesses without affecting the properties and functionality of the micelles.
In contrast, minimising local concentration differences during the
preparation of ACM with the Schmidt method is more difficult due to the
nature of the process and decreases the efficiency of the process (i.e.
extended preparation times). In this study, we have estimated that our
FO setup could prepare ACM in as short as 9 min without impairing the
properties and functionality of the micelles, whereas Antuma et al.
(2024) have shown that ACM prepared with the Schmidt method had
increasingly poor functionalities when decreasing the preparation time
from 60 to 15 min. In this regard, membrane processes generally lend
more flexibility to increase the surface area than evaporation processes
(Lakerveld et al., 2010).

Lastly, unlike the batch character of the Schmidt method, vacuum
evaporation and membrane processes offer the potential for a contin-
uous ACM preparation process. Dilute feed streams can continuously be
pumped through an evaporator or membrane setup and concentrated
until the desired concentrations are reached, which yields a continuous
output stream containing the micellised casein. Other components, such
as fats, can then be added to the micelle solution to optimise the
formulation for the target food product. Next, this formulation can be
acidified and/or renneted to coagulate the micelles and initiate the
cheesemaking process. The condensate or permeate (pure water) origi-
nating from the concentration step and the ‘whey’ stream (comprising
non-micellar casein, non-micellar ionic species, and part of the added
components) originating from the coagulation step can be recycled to
formulate new fermentation broth or to dilute the feed stream before

Salts
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concentration. In the case of forward osmosis, the ‘permeate’ arises from
the regeneration of the draw solution. Fig. 7 presents a simplified
overview of the process.

There are also potential issues to consider when designing industrial-
scale membrane processes to prepare ACM. For one, membrane fouling
is a major issue in RO (Ahmed, Amin, & Mohamed, 2023), as we also
observed in our experiments (Table 2). Compared to RO, fouling in FO is
generally thought to be more reversible due to the different driving
forces for osmosis (osmotic pressure and hydrostatic pressure, respec-
tively), which is thought to result in a less compact fouling layer (Lee,
Boo, Elimelech, & Hong, 2010; Xie, Lee, Nghiem, & Elimelech, 2015).
Instead, our results show that reverse and forward diffusion of solutes
need to be considered when designing an FO process for the preparation
of ACM (Table 2). Future research could focus on the use of draw so-
lutions of calcium or phosphate salts to enrich feed solutions in desired
ions, thereby supporting micelle formation, rather than contaminating
the solutions with undesired ions or drawing desired ions from them.

5. Conclusions

This study showed that casein micelle formation is driven by calcium
phosphate phase separation in the presence of casein. Based on this
principle, novel processes to prepare artificial casein micelles were
proposed. These involve the concentration of dilute solutions of casein
and salts by means of volume reduction through vacuum evaporation,
forward osmosis, or reverse osmosis.

Artificial casein micelles prepared with these methods generally
showed similar properties as those prepared with the hitherto prevailing
method of Schmidt et al. (1977) at an equal preparation time. However,
the proposed methods yielded increased levels of micellar casein and
micelle hydration, which resulted in the formation of firmer curds upon
rennet-induced coagulation. The properties and functionality of the
micelles were affected by differences in the local concentrations of sol-
utes during their preparation, which may be diminished by extending
the preparation time or enlarging the surface area over which micelle
formation occurs (i.e. decreasing the flux).

Thus, this study provides a first proof of concept of novel processes
that allow the fast, efficient, and continuous production of artificial
casein micelles for use in future food products.
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