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A B S T R A C T

This study investigated the effect of bovine casein (CN) phosphorylation degree on micelle reassembly, stability, 
calcium-binding, and acid-induced gelation or precipitation, with the aim of assessing the feasibility of utilising 
microbial CNs in future dairy production. The four CNs (αS1-, αS2-, β-, and κ-CN) were purified from bovine milk 
and subjected to enzymatic dephosphorylation, resulting in three pools – fully and partially phosphorylated and 
fully dephosphorylated. Nine reassembled CN micelle solutions (RCMS) were investigated, consisting of three 
systems (two of four-CN, and one of β/κ-CN) and three phosphorylation degrees of the corresponding CNs. The 
distribution of different components (protein, calcium, and phosphorus) into micellar, serum, and insoluble 
fractions after two centrifugation steps was studied. The pH stability relative to acid-gelation or precipitation of 
the formed RCMS was further investigated. Results showed that the micelle reassembly ability of RCMS con
taining all four CNs was proportional to the phosphorylation degree; CNs with higher phosphorylation degrees 
contained a higher proportion of micelles and exhibited greater calcium-binding ability, whereas fully dephos
phorylated CNs hardly formed CN micelle structures. The gelation pH of RCMS increased with decreasing 
phosphorylation degree, whereas the fully dephosphorylated CNs completely failed in gelation but precipitated 
when reaching their isoelectric point at pH 5.5. Moreover, RCMS containing only β/κ-CN at their native full 
phosphorylation were unstable at the salt concentrations applied, with more than half of the CNs self-associating 
to flocculate. Our study confirms the essential role of phosphorylation degree in micelle reassembly and stability, 
providing important information for potential future applications of microbial CNs that are expected to exhibit 
non-native phosphorylation levels.

1. Introduction

Bovine milk plays a fundamental role in human nutrition, with its 
proteins being widely consumed not only as dairy products but also as 
functional ingredients in a wide range of foods. However, bovine milk 
production has been criticised for its negative environmental impacts 
(Tubiello et al., 2013). Aiming for more climate-friendly milk produc
tion, various strategies are being explored, including animal-free pro
duction of milk constituents. A key criterion for these milk substitutes to 
mimic bovine milk functionality is having similar microstructures to 

milk, essentially casein (CN) micelle structure. CNs, making up 80% of 
proteins, assemble with salts (mainly calcium and phosphate) and water 
into micelles in bovine milk (De Kruif & Holt, 2003). These micelles are 
crucial in dairy production, particularly in processes like milk coagu
lation and gelation, which are fundamental to yoghurt and cheese 
manufacturing (Dalgleish & Corredig, 2012; Wang & Zhao, 2022). 
Therefore, assembling CN micelles that resemble those in milk is a 
critical step towards the production of animal-free dairy products. It is 
known that the formation of CN micelles is significantly influenced by 
post-translational modifications (PTMs), especially phosphorylation, 
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which is pivotal for preventing calcification in the mammary gland (Bijl 
et al., 2020; Holt, 1992). Therefore, phosphorylation is indispensable for 
preserving the nutritional and functional properties of animal-free dairy 
products.

Among these animal-free strategies, microbial-produced CNs 
through precision fermentation may offer a viable option for securing 
the nutritional profile of milk substitutes (Hettinga & Bijl, 2022). 
Although microbial CNs exhibit amino acid sequences similar to those of 
bovine CNs, their PTMs may vary - the phosphorylation level of mi
crobial CNs from precision fermentation has been reported to be much 
lower compared with that of bovine CNs (Hansson et al., 1993; Hettinga 
et al., 2022). Therefore, to understand the micelle assembly of microbial 
CNs, it is critical to study the effect of phosphorylation degree on CN 
micelle formation.

To mimic CN micelle formation and better understand the role of 
phosphorylation, assembling micelles in vitro using dephosphorylated 
(DP) sodium caseinate (NaCN) or purified CNs together with salts has 
proved to be a useful approach (Schmidt et al., 1977). This type of CN 
micelles is called artificial CN micelles (Antuma et al., 2023; Schmidt 
et al., 1977) or reassembled CN micelles (RCM) (Fan et al., 2024). Earlier 
studies using this approach demonstrated the importance of phosphor
ylation in micelle assembly (Antuma et al., 2023; Schmidt & Poll, 1989). 
However, the effect of lowering the degree of phosphorylation on 
micelle reassembly and calcium-binding ability has not been extensively 
studied. In addition, RCM solutions (RCMS) formed using DP CNs 
showed potential post-production stability issues, with precipitation 
observed after preparation or during subsequent storage (Schmidt et al., 
1989). Therefore, a comprehensive investigation of the different frac
tions (insoluble, micellar, and serum) of RCMS reassembled by CNs with 
various degrees of phosphorylation is necessary.

This study aimed to investigate the effect of phosphorylation degree 
of purified bovine CNs on micelle reassembly, solution stability, 
calcium-binding ability, and acid-induced gelation or precipitation 
properties for the evaluation of microbial CNs as future dairy proteins. 
This was carried out using native fully phosphorylated (FP), partially 
phosphorylated (PP), and fully DP CNs in three different systems, 
comprising i) NaCN, ii) purified αS1+αS2/β/κ-CN (αβκ), and iii) purified 
β/κ-CN (βκ). Two centrifugation steps were applied to separate the 
insoluble (mild centrifugation), and micellar and serum fractions (ul
tracentrifugation). The distributions of CNs, calcium, and phosphorus in 
the obtained fractions at varying degrees of phosphorylation were 
analysed to assess the compositional aspects of the RCMS and provide 
insights into the differences in micelle reassembly abilities. Moreover, 
pH stability relative to acid-gelation or precipitation behaviours of the 
RCMS was investigated. The knowledge obtained from this study pro
vides a better understanding of the impact of the degree of CN phos
phorylation on micelle assembly and functionality, paving the way for 
the future use of microbial CNs as dairy protein substitutes.

2. Material and methods

2.1. Extraction of CNs

As a model for microbial-produced CNs, bovine CN fractions were 
isolated from milk using the method described by Sheng et al. (2022), 
resulting in pools of purified α-CN (αS1+αS2-CN), β-CN, and β+κ-CN. 
Briefly, 500 mL of unpasteurised bovine skim milk was obtained from 
the Arla Innovation Centre (Arla Foods, Aarhus N, Denmark) and 
transferred on ice to the Department of Food Science, Aarhus University. 
Microbial growth was prevented by adding 0.02% sodium azide. 
Following the isoelectric precipitation of CNs using 10% CH3COOH and 
1 M CH3COONa at pH 4.6, the obtained CN precipitate was washed 
twice with ultrapure water (MilliQ system, Merck KGaA, Darmstadt, 
Germany). Subsequently, the precipitate was resuspended in 500 mL of 
ultrapure water with the pH adjusted to 7.0–7.5 and then extensively 
dialysed against buffer A (20 mM bis-tris propane, 3.3 M urea, 1 mM 1, 

4-dithioerythritol, pH 7.0 by HCl) using a dialysis tube with a molecular 
weight cut-off of 6–8 kDa (Millipore, MA, USA).

Purified α-, β-, and β+κ-CN fractions were obtained by anion ex
change fast protein liquid chromatography (FPLC) using GE ÄKTA 
FPLC™ preparative ion exchange chromatography equipped with UNI
CORN™ operating system (GE Healthcare/Cytiva) (Sheng et al., 2022). 
Elution fractions (14 mL) were collected using a Frag-900 fraction col
lector (GE Healthcare) and monitored under UV light at 214 nm. The 
purity of each fraction was analysed by SDS-PAGE under reducing 
conditions, and the fractions were subsequently pooled according to the 
SDS-PAGE profiles and dialysed against ultrapure water. The resulting 
α-, β-, and β+κ-CN fractions were further ultra-filtrated to 100 mL and 
washed five times with ultrapure water (refilled to 400 mL and 
ultra-filtrated to 100 mL) using Millipore Amicon stirred cells equipped 
with Ultracel membranes (5 kDa molecular weight cut-off) to remove 
residual salts, followed by freeze-drying, weighing, and storage at 
− 20 ◦C until further use.

2.2. Proteomic profiling

The protein contents in the purified CNs as well as in the further 
RCMS fractions after mild centrifugation and ultracentrifugation (con
ditions described in Section 2.6) were determined by the Dumas com
bustion method (DUMAS, Rapid N exceed®, Elementar 
Analysensysteme GmbH, Langenselbold, Germany) using a protein 
conversion factor of 6.38.

The proteomic profiles of the CNs and RCMS fractions were analysed 
by a reverse-phase LC-ESI/MS Single Q system equipped with a Jupiter 
C4 column (250 × 2 mm, 5 μm particle size, 300 Å pore size; Phenom
enex), as described earlier (Poulsen et al., 2016; Sheng et al., 2022). 
Using ChemStation software (Rev.C.01.10, Agilent Technologies), the 
deconvoluted average masses were matched against an in-house milk 
protein database to identify the protein isoforms. The relative quanti
fication of specific CNs to the total protein was calculated based on the 
integration of the specific peak area of the UV signals at 214 nm to the 
total peak area. As a result, purified α-CN consisted of 75.1% αS1-CN and 
18.2% αS2-CN; β-CN had a purity of 89.9%; β+κ-CN was composed of 
59.2% β-CN and 38.1% κ-CN (Table S1).

2.3. Enzymatic dephosphorylation of CNs

Dephosphorylation using bovine alkaline phosphatase (BAP, from 
bovine intestinal mucosa, ≥10 DEA units/mg, Sigma-Aldrich) was 
conducted according to the method described by Li-Chan and Nakai 
(1989), with modifications. Briefly, dephosphorylation was performed 
by dissolving purified CNs in 50 mM Tris-HCl buffers, followed by 
mixing with an equal volume of the same buffer containing BAP at a 
protein-to-enzyme ratio of 20 (w/w) for 30 s. Varying phosphorylation 
degrees were obtained by incubating for different durations at 37 ◦C. To 
terminate the reaction, the solution was heated at 80 ◦C for 10 min.

For CN micelle reassembly, FP, PP (i.e., partially dephosphorylated), 
and DP CNs were prepared. Specifically, PP NaCN and α-CN were ob
tained by incubating for 10 min following the addition of BAP, while 
their DP forms were obtained after 5 h of incubation, both at pH 8.5. For 
both β-CN and β+κ-CN, incubations of 2 min and 3 h were used to obtain 
their PP and DP forms, respectively, at pH 7.0. To control for tempera
ture effects, the FP CNs were also heated at 80 ◦C for 10 min without BAP 
addition.

2.4. Characterization of phosphorylation degree

Phosphorylation profiles of the samples were further characterised 
using a reverse-phase LC-ESI/MS Single Q system as described in Section 
2.2. The area under curve (AUC) of the total ion current (TIC) chro
matograms with deconvoluted masses was obtained using Agilent 
MassHunter BioConfirm software (version 10.0). The major 
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phosphorylation degree of each CN was calculated based on the ratio of 
the largest AUC of individual phosphorylation degree relative to total 
phosphorylation degrees.

2.5. CN micelle reassembly

To explore the potential of using microbial CNs in future dairy 
manufacturing, three RCMS systems modelled with bovine CNs were 
prepared. Commercial bovine NaCN (90.1% protein; Sigma-Aldrich) 
was used to form a standard RCMS system to validate our micelle 
reassembly method. Additionally, αβκ and βκ systems, reassembled from 
purified CNs, were employed as models for microbial CNs to assess their 
functional properties. The three formed RCMS systems with different 
compositions are shown in Table 1. The CN composition of each system 
was calculated as the corresponding relative peak area at 214 nm by 
analysing the whole RCMS using a reverse-phase LC-ESI/MS Single Q 
system.

Specific amounts of the relevant materials were calculated based on 
both purity and composition and then weighed to contain a total of 
188.5 mg of pure CNs with the corresponding composition. For 
dephosphorylation, NaCN, purified β-CN, and β+κ-CN were dissolved in 
50 mM Tris-HCl buffer at pH 7.0, whereas purified α-CN was dissolved in 
the same buffer at pH 8.5. In total 188.5 mg of CNs was prepared and 
dissolved in 2.9 mL of 50 mM Tris-HCl buffer to obtain the final RCMS 
with 2.6% (w/v) CNs in 20 mM Tris-HCl buffer. Treatments to achieve 
three degrees of phosphorylation, including FP, PP, and DP CNs, were 
applied prior to making RCMS.

CN micelles were assembled according to previous studies (Fan et al., 
2024; Schmidt et al., 1977) with the following modifications. The CN 
micelles were reassembled by mixing CN solutions with calcium and 
phosphate salt under controlled conditions using syringe pumps 
(NE-300, USA) and SI Analytics Titrator (TitroLine® 7000 Automatic 
titrator, Germany) for 1 h. The final volume of each RCMS was 7.25 mL, 
and the concentration of the CN and salt was calculated to be 2.6%, 29.6 
mM of CaCl2, 4 mM of MgCl2, 12.1 mM of KH2PO4, and 12.1 mM of 
Na2HPO4. Micelle assembly was performed at pH 6.7 at room 
temperature.

2.6. RCMS fractionation

After micelle reassembly, two centrifugation steps were applied to 
achieve better separation of the micelles from the insoluble fraction. 

Specifically, mild centrifugation (4000×g, 20 min, 22 ◦C) was performed 
to remove the insoluble materials. Subsequently, the mildly centrifuged 
supernatant was subjected to ultracentrifugation (150,000×g, 1 h, 
22 ◦C) to separate micelles and serum.

The obtained RCMS fractions, including whole RCMS, mildly 
centrifuged supernatant, and ultracentrifuged serum, were analysed. 
The value of insoluble fraction was calculated as the difference between 
the whole solution and the mildly centrifuged supernatant. Similarly, 
the value of micellar fraction was calculated as the difference between 
the mildly centrifuged supernatant and the ultracentrifuged serum.

2.7. Zeta potential and hydrodynamic diameter (dH)

Electrophoretic light scattering (ELS) and dynamic light scattering 
(DLS) were employed to measure the zeta potential of the whole sample 
and to determine the apparent dH of the mildly centrifuged supernatant 
from the RCMS, respectively, using a Malvern Zetasizer Ultra (Malvern 
Panalytical Ltd., Worcestershire, UK). The samples were diluted 20- or 
50-fold (to have an attenuator in the range of 5–8) with ultrapure water 
(refractive index: 1.33; viscosity: 0.8872 mPa s) immediately before the 
measurement and were analysed in a DTS1070 capillary cell at 25 ◦C 
with backscattering. Measurements were performed in triplicate for 
each sample. The recorded zeta potential and Z-average dH were pro
vided by the ZS Xplorer software (version 2.3.1.4).

2.8. Protein and ion distribution analyses

The protein contents of the different fractions (whole solution, su
pernatant of mild centrifugation, and serum of ultracentrifugation) after 
RCMS reassembly were determined using DUMAS, as described in Sec
tion 2.2. The ion concentrations in these fractions were determined using 
a previously described method (Fan et al., 2024). The total concentra
tions of calcium, magnesium, phosphorus, sodium, and potassium 
(Ca2+, Mg2+, P5+, Na+, and K+) were measured using Inductively 
Coupled Plasma Optical Emission Spectroscopy (ICP-OES) with an Avio 
500 ICP-OES system (PerkinElmer, USA). The inorganic anions citrate, 
phosphate, and chloride (C6H5O7

3− , PO4
3− , and Cl− ) were analysed using 

ion chromatography (IC; IonPac AS19 column, 4 × 250 mm, Dionex; 
Thermo Scientific, Sunnyvale). The protein and ion distributions of each 
fraction were calculated by dividing the value of that fraction by the 
value of corresponding whole solution.

2.9. Transmission electron microscope (TEM)

Visualisation of the RCM was conducted using negative-stain TEM 
operating at the Centre for Cellular Imaging at the University of Goth
enburg, part of the National Microscopy Infrastructure. Sample prepa
ration for TEM was adapted from Booth et al. (2011) with modifications. 
In brief, the mildly centrifuged RCMS supernatants were diluted 1:40 
with 20 mM Tris-HCl buffer (pH 6.7), and 5 μL were loaded to 
glow-discharged, carbon-coated copper grids, 300 mesh (Electron Mi
croscopy Sciences, Hatfield, PA, USA, #CF-300Cu). The sample was 
blotted off after 1 min before being washed twice with 25 μL ultrapure 
water and stained with 25 μL uranyl formate 0.75% (pH 4.0) for 30 s. 
The grids containing the samples were imaged using Talos L120C 
(Thermo Fisher Scientific, Waltham, MA, USA) at 120 kV. Images were 
acquired at focus using a 4k × 4k BM-Ceta CMOS camera (Thermo Fisher 
Scientific, Waltham, MA, USA) at a nominal magnification of 8,500x 
(1.65 nm/pixel).

The average diameter of the CN micelles in each RCMS was calcu
lated using ImageJ software (http://rsb.info.nih.gov/ij/) by manually 
selecting 200 individual spherical particles.

Table 1 
Relative protein composition as determined by LC-ESI/MS of RCMS representing 
FPa, PPb, and DPc of three different systems (NaCNd, αβκe, and βκf) before 
centrifugation.

RCMS α-CN (%) β-CN (%) κ-CN (%)

NaCN-FP 43.8 ± 0.0 45.7 ± 0.0 10.4 ± 0.0
NaCN-PP
NaCN-DP

αβκ-FP 42.2 ± 0.1 47.7 ± 0.1 10.1 ± 0.1
αβκ-PP
αβκ-DP

βκ-FP 4.8 ± 0.2 84.1 ± 0.1 11.1 ± 0.1
βκ-PP
βκ-DP

a FP: the caseins were fully phosphorylated in their native form before micelle 
reassembly.

b PP: the caseins were partially dephosphorylated before micelle reassembly.
c DP: the caseins were fully dephosphorylated before micelle reassembly.
d NaCN: micelles were reassembled using sodium caseinate, comprising αS1-, 

αS2-, β-, and κ-CNs.
e αβκ: micelles were reassembled using a mixture of purified αS1-, αS2-, β-, and 

κ-CNs.
f βκ: micelles were reassembled using a mixture of purified β- and κ-CNs.

J. Che et al.                                                                                                                                                                                                                                      Food Hydrocolloids 159 (2025) 110615 

3 

http://rsb.info.nih.gov/ij/


2.10. Evolution of storage modulus as a function of phosphorylation 
degree during acidification

A rheometer (MCR 302, Anton Paar, Graz, Austria) was used for the 
rheological measurements using a concentric cylinder system (CC10/ 
Ti). Samples (1.3 mL of whole RCMS) were mixed with glucono- 
δ-lactone (GDL; Merck, Darmstadt, Germany) to a final content of 3.0% 
(w/v) to decrease the pH in a controlled manner to 4.6 within 60 min. 
Upon GDL addition, the solution was shaken gently for 30 s before being 
transferred (1.0 mL) to the rheometer. To monitor the gelation process, a 
strain of 1%, frequency of 1 Hz, and constant temperature of 30 ◦C were 
applied. Measurements were taken every 10 s for 1 h. Meanwhile, the pH 
of the remaining 0.3 mL solution was continuously measured by a pH 
meter for 1 h, and recorded every 5 min. The gelation or precipitation 
time was defined as the point when the storage modulus (G’) exceeded 1 
Pa. The corresponding pH at this point, defined as gelation or precipi
tation pH, was calculated based on the logarithmic relationship between 
pH and time (R2 > 0.99).

2.11. Data analysis

Descriptive statistics were computed using Microsoft Excel (Micro
soft, Redmond, WA, USA). Results are presented as the mean ± standard 
deviation of duplicate samples. Data visualisation and ANOVA analysis 
were performed using OriginPro version 2023b (OriginLab Corp., 
Northampton, MA, USA). Significant differences for multiple compari
sons were determined by one-way or two-way ANOVA with Tukey’s test 
(p < 0.05) as indicated in the figure legends. For two-way ANOVA, 
factor A was RCMS system and factor B was phosphorylation degree. 
Asterisks indicate levels of statistical significance: p < 0.05 (*), p < 0.01 
(**), p < 0.001 (***), p < 0.0001 (****). In the figures, data points that 
do not share a same letter indicate significant differences (p < 0.05).

3. Results and discussion

3.1. Determination of phosphorylation degrees after enzymatic 
dephosphorylations

As shown in Table S1, the protein contents of the purified α-, β-, and 
β+κ-CN were in the range of 85–88%, with the specified CN constituting 
at least 90% of the total protein. The initial degree of phosphorylation of 
purified native CNs was determined using LC-ESI/MS analysis (Fig. 1). 
The results showed that the purified αS1-CN was mainly of variant B with 
eight phosphate groups (8P); αS2-CN was mainly of variant A with 12 
and 11P; β-CN was mainly of variant A2 with 5P; κ-CN was mainly of 
variant B with 1P.

Subsequently, enzymatic dephosphorylation of the purified α- and 
β-CN was performed with BAP incubation. As shown in Fig. 2a, by 0.2 h 
of incubation at pH 8.5, PP α-CN was obtained with αS1-CN having 3P as 
the major peak, though also containing 1–5P, and αS2-CN mainly being 
present in its 4P and 5P forms. Similarly, PP β-CN was obtained after 
incubation with BAP for 30 s of mixing time at pH 7.0, with 2P being the 
major peak apart from the 0–3P identified (Fig. 2a’). Furthermore, TIC 
chromatograms of α-CN at 5 h and β-CN at 3 h confirmed almost com
plete dephosphorylation (Fig. 2b and b’), with major peaks of 0P and 
some minor 1–2P peaks remaining for αS2-CN.

Regarding κ-CN, it is well-known that its main form is with 1P 
(confirmed in Fig. 1b, inset figure), having no calcium-binding ability, 
and functions mainly as a hairy surface layer of the CN micelle (Dal
gleish et al., 2012). Accordingly, the effect of dephosphorylation of κ-CN 
was not included in the study.

3.2. Confirmation of phosphorylation degree in RCMS and its effect on 
zeta potential

RCM formations were induced using FP, PP, and DP CNs with 

progressive addition of calcium and phosphate salts. The degrees of 
phosphorylation of the CNs in RCMS were assessed using LC-ESI/MS 
(data not shown). The major phosphorylation profile of the RCMS of 
NaCN-FP was determined as αS1-CN 75.9% 8P (among 7–9P identified, 
variant B), αS2-CN 65.6% 12P (11–12P, variant A), β-CN 94.2% 5P 
(4–5P, mainly variant A2), and 90.5% κ-CN 1P (1–2P, mainly variant A). 
NaCN-PP was determined as αS1-CN 38.5% 3P (2–6P), αS2-CN 39.8% 4P 
(4–11P), β-CN 36.8% 1P (0–2P), and 86.3% κ-CN 0P (0–1P). NaCN-DP 
was determined as αS1-CN 65.8% 1P (0–2P), αS2-CN 56.6% 1P (1, 8, 
9P), β-CN 93.7% 0P (0–1P), and κ-CN 100% 0P. These results corre
sponded with those of the purified CNs.

Zeta potential is an indicator of the surface charge of colloidal par
ticles (Patel et al., 2018), which is often related to the stability of 
colloidal systems. Zeta potential measurements of the RCMS (Fig. 3) 
showed that the zeta potential significantly increased with a decreasing 
degree of phosphorylation in all systems, reflecting decreased electro
static repulsion between adjacent charged particles by dephosphoryla
tion, suggesting that the stability of RCMS might be affected by the 
degree of phosphorylation. To further study this, we investigated the 
distribution of protein, calcium, and salts after two different centrifu
gation steps, involving first mild centrifugation to remove precipitates, 
followed by ultracentrifugation of the soluble phase to separate RCM 
and serum.

Fig. 1. TIC chromatograms with the deconvoluted masses of purified native 
fully phosphorylated (FP) a) α-CN and b) β-CN and κ-CN (inset figure), assessed 
by LC-ESI/MS single Q analyses and monitored by UV peak area at 214 nm.
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3.3. Effect of phosphorylation degree on the stability of RCMS

Although the structure of CN micelles has not yet been fully eluci
dated, based on existing research and model discussions, widely 
acknowledged models involve protein-protein interactions, such as hy
drophobic interaction, as well as the bridging of CN and colloidal cal
cium phosphate (CCP) nanoclusters (CN-CaP interaction) (De Kruif 
et al., 2012; Horne, 2020). In CN micelles, CCP was sequestered by CN, 
preventing its growth and forming a stable system together (Holt et al., 
2013). Therefore, similar to native CN micelles, the stability of the 
RCMS is determined by the stability of both CNs and CCP in the micellar 
fraction. Specifically, CNs should remain stable without precipitating; 
meanwhile, they should sequester CaP, preventing it from precipitating.

Additionally, in our preliminary experiment, the formation of pre
cipitates in the DP RCMS was observed a few hours after preparation. 
The composition of these precipitates remained unclear, as literature 
(Antuma et al., 2023; Fan et al., 2024; Schmidt et al., 1977) typically 
applied only one centrifugation speed (above 100,000×g), resulting in 
the co-precipitation of the insoluble materials and stable micelles. 

Therefore, compositional analysis of the precipitates is vital for better 
understanding their formation mechanism, which could then serve as an 
indicator of RCMS stability and provide novel insights into the modu
lation of the assembly process.

Therefore, to investigate RCMS stability, protein and ion distribu
tions among the serum, insoluble, and micellar fractions were analysed, 
as shown in Fig. 4. The total protein contents of all the RCMS were 2.7 ±
0.1%, and the total concentrations of Ca2+ and P5+ were 32.2 ± 2.5 mM 
and 30.1 ± 1.4 mM, respectively.

3.3.1. Protein contents and distribution in centrifugal fractions of RCMS
The protein content and composition of the serum, insoluble, and 

micellar fractions were determined using DUMAS and are shown in 
Fig. 4a. In the FP RCMS of all three systems, ~87% of the total proteins 
were sedimentable (sum of insoluble and micellar proteins) by sequen
tial use of the two centrifugation speeds. This is consistent with previous 
studies where only ultracentrifugation was performed (Antuma et al., 
2023; Fan et al., 2024; Schmidt et al., 1977). However, the protein 
distributions of insoluble and micellar fractions in the sedimentable 

Fig. 2. TIC chromatograms of a) α-CN and a’) β-CN at partially phosphorylated (PP) degree, and b) α-CN and b’) β-CN at fully dephosphorylated (DP) degree, 
respectively, assessed by LC-ESI/MS single Q analyses and monitored by UV peak area at 214 nm.

Fig. 3. Zeta potential of the reassembled casein micelle solutions (RCMS) for sodium caseinate (NaCN), α/β/κ-CN (αβκ), and β/κ-CN (βκ) systems at FP, PP, and DP 
degrees: comparisons across the three RCMS systems (p = 0.002, n = 18), the three phosphorylation degrees (p < 0.0001, n = 18), and the interaction effects of 
RCMS system and phosphorylation degree on zeta potential (p = 0.038, n = 6). Statistical analysis was performed using two-way ANOVA with Tukey’s test.
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phase differed between the four-CN and βκ systems.
It is noted that, for FP RCMS of the four-CN systems (both NaCN and 

αβκ systems), ~67% of total proteins were in the micellar fraction, with 
~20% being insoluble and ~12% being in the serum. However, in both 
PP and DP RCMS, the protein contents in the micellar fraction decreased 
notably (to ~18% and ~3%, respectively), while the majority of pro
teins shifted to the serum fraction (~75 and ~81%, respectively). The 
protein content and proportion of insoluble proteins did not change 
considerably with dephosphorylation. These results indicate changes in 
the distribution of proteins in PP and DP RCMS.

In contrast, the βκ-FP RCMS were found to represent a more unstable 
system at the employed conditions, with only ~21% of the total protein 
being micellar while ~64% insoluble apart from ~15% in serum. One 
explanation for this may be that the lower phosphorylation level of β-CN 
(mainly 5P) compared with αS1-CN (mainly 8P) and αS2-CN (11–12P) 
may contribute to the RCMS of only β/κ-CN being less stable, suggested 
by the similar share of the protein contents of αβκ-PP (possessing mainly 
3–5P) and βκ-FP accumulating in the micellar fraction. Interestingly, in 
βκ-PP and βκ-DP RCMS, the serum protein content increased consider
ably to ~83%, while much less insoluble protein (~6% of total protein) 
was formed compared to the βκ-FP. This suggests that the dephosphor
ylation process improves the CN solubility of βκ RCMS and prevents the 
CNs from precipitating in the applied system. The possible mechanisms 
that explain these observations are discussed in Section 3.3.3.

3.3.2. Calcium phosphate (CaP) distribution and within-micelle 
interactions of four-CN systems

To investigate the effect of phosphorylation degree on CaP stability, 
the distributions of Ca2+, P5+, and PO4

3− were studied. As shown in 
Fig. 4b and c, in all nine RCMS with varying degrees of phosphorylation, 
~61% of Ca2+ and ~51% of P5+ were sedimentable, which is in 
accordance with previous studies on both RCMS and natural milk 
(Antuma et al., 2023; Bijl et al., 2013; Fan et al., 2024; Schmidt et al., 
1977). However, CaP distribution and stability differed among the FP, 

PP, and DP RCMS.
For the FP RCMS of the four-CN systems, ~54% and ~45% of the 

total Ca2+ and P5+ were in the micellar fraction, respectively, whereas 
the insoluble fraction accounted for only a minor proportion of ~6% for 
both Ca2+ and P5+. However, in the DP RCMS, micellar Ca2+ and P5+

(~10% and ~8%, respectively) were markedly lower than those for FP 
and PP RCMS, whereas considerably increased levels of insoluble Ca2+

and P5+ were observed (~53% and ~46%, respectively). These results 
indicate that in the DP RCMS of the four-CN systems, CaP is more prone 
to be allocated to the insoluble fraction by mild centrifugation than FP or 
PP. This confirmed a reduced CN-CaP interaction for micelle formation 
with a decreasing degree of phosphorylation.

Taken together, it can be concluded that in RCMS consisting of the 
four CNs, as expected, the removal of phosphate groups from the CNs 
reduces their ability to stabilise CaP and form micelles, leading to easier 
precipitation of CaP, while the majority of CNs accumulate in the 
ultracentrifuged serum.

3.3.3. Calcium phosphate (CaP) distribution and within-micelle 
interactions of βκ system

As shown in Fig. 4b and c, in the RCMS of the βκ-FP, the levels of 
insoluble Ca2+ and P5+ (~56% and 45%, respectively) were much 
higher than those observed in the four-CN systems with FP (~6%), and 
~7% of both Ca2+ and P5+ were in the micellar fraction. As described in 
Section 3.3.1, a large portion of CN (~64%) was insoluble, indicating 
instability of the entire system of βκ-FP. However, the precise reason for 
this instability remains to be further explored.

Interestingly, when the salt concentration continued to increase 
during micelle reassembly, the solution was stable for approximately the 
first half hour (with ~15 mM of Ca2+ and PO4

3− ) and subsequently 
formed large chunky flocs during the continuous addition of the salt 
solutions. This phenomenon suggested that the unstable behaviour of 
the βκ-FP system may correlate with its lower calcium sequestration 
capacity (Bijl et al., 2019), likely due to the lower phosphorylation 

Fig. 4. Protein and salt concentrations and distributions of the indicated RCMS into serum, insoluble, and micellar fractions: a) protein content, b) Ca2+ concen
tration, c) P5+ concentration, and d) PO4

3− concentration.
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degree of β-CN compared with α-CNs. In βκ-FP RCMS, the self-associated 
β/κ-CN (through hydrophobic interaction) are diffused under the 
long-range electrostatic repulsion from negatively charged phosphate 
and carboxyl groups. With the progressive addition of Ca2+ and PO4

3− , 
this negative charge is gradually neutralised by binding CaP through 
phosphoserine residues of β-CN. Micelle structures are formed under the 
balance of hydrophobic interaction and electrostatic repulsion (Horne, 
2020). Therefore, at a critical time, hydrophobic interactions prevail 
over electrostatic repulsion, and individual micelles start to interact 
with each other, forming aggregates that may flocculate. This further 
indicates that in order to create a system that avoids intensive CN 
flocculation, it is critical to determine the optimal salt concentrations. 
However, the phosphorylation degree may not be the single relevant 
factor for the instability of βκ-FP RCMS. Another possible factor could be 
increased hydrophobic interactions due to the enrichment of β-CN, the 
most hydrophobic CN (Fox & Brodkorb, 2008), facilitating enhanced 
self-association of the βκ-FP system. These factors may contribute to the 
excessive association within and between the CN micelles and further 
flocculation.

Additionally, the CaP stability of the βκ system was also influenced 
by the phosphorylation degree. Considerably increased proportions of 
micellar Ca2+ and P5+ of βκ-PP were observed (~48% and 37%, 
respectively) compared with βκ-FP (~7%), suggesting that a decreased 
CN-CaP interaction may sometimes limit the micelle excessive growth 
and hence increase micelle stability at certain conditions (in this case, 
when there are strong hydrophobic interactions). Moreover, similar to 

the four-CN systems, full dephosphorylation of the βκ-DP RCMS 
decreased the proportion of micellar CaP, resulting in the formation of 
CaP precipitates (~56% and ~40% of insoluble Ca2+ and P5+, respec
tively) compared with βκ-PP (~16% of both insoluble Ca2+ and P5+). 
These results combined indicate that decreasing the salts concentration 
and the phosphorylation degree to a desired level could help limit the 
excessive growth of micelles in the βκ system, thereby increasing CN and 
CaP stability.

3.4. Effect of phosphorylation degree on RCM size and structure

To initially estimate the size of the formed RCM, the average dH 
values of the mildly centrifuged supernatants of the FP, PP, and DP 
RCMS were determined using DLS. As shown in Fig. S1, FP RCMS of all 
three systems had dH values in the range of 139.0–156.3 nm, in accor
dance with CN micelle size reported in both skim milk and earlier RCMS 
studies (De Kruif & Huppertz, 2012; Fan et al., 2024). This value range 
appeared to be lower than those obtained for αβκ-DP and βκ-DP systems 
(173.6 ± 3.4 and 236.4 ± 8.5 nm, respectively). However, it is chal
lenging to compare the particle sizes of RCM with varying degrees of 
phosphorylation based solely on dH, owing to different particle distri
butions; the majority of DP CNs are in the serum fraction and likely to 
self-associate into complexes, whereas the major FP CNs form micelles 
together with CaP within the micellar fraction.

Therefore, to visualise changes in micellar structure in relation to 
phosphorylation degree, the mildly centrifuged supernatants of more 

Fig. 5. Transmission electron microscope (TEM) images of the mildly centrifuged supernatant of αβκ-RCMS: a) FP, b) PP, and c) DP. Each image represents at least 
five observations. Scale bar = 1 μm. d) Comparison of average diameters of the RCM particles. Statistical analysis was performed using one-way ANOVA with 
Tukey’s test.
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stable αβκ RCMS were subjected to TEM. As shown in Fig. 5, the colour 
intensity observed in the images correlates with variations in the elec
tron cloud density, where darker shades signify higher electron cloud 
densities (Reimer, 2013), corresponding to a higher density of aggre
gated CNs (Portnaya et al., 2006). The RCM of αβκ-FP showed a rela
tively homogenous distribution of micelles which seem to be spherical 
with an average diameter of 52.2 ± 13.5 nm. The smaller size compared 
with the DLS results could be attributed to micelle disruption and 
shrinkage resulting from i) temperature changes during sample storage 
and transportation (Marchin et al., 2007); ii) concentration changes 
during sample dilution (Hussain et al., 2011; Shukla et al., 2009); and 
iii) decreased hydration during the drying process (Huppertz et al., 
2017; McMahon & McManus, 1998). Moreover, it is known that the 
visualisation of CN micelles by TEM is also challenged by artefacts 
introduced by the fixing and staining steps (Auty et al., 2005; McMahon 
et al., 1998).

Nevertheless, under the same sample preparation conditions, DP 
RCMS were prone to form smaller sporadic micelle structures with an 
average diameter of 21.2 ± 6.1 nm. The DP RCM was probably formed 
by the small remaining portion of PP CNs that survived dephosphory
lation. The decreased particle size was presumably due to the reduced 
CN-CaP interaction, which was insufficient to facilitate CNs assembling 
into the normal micelle structures, along with size control by the rela
tively increased proportion of κ-CN. The major fully DP CNs, on the 
other hand, were self-associated in the serum fraction but disassociated 
at this dilution and thus were invisible by TEM. These results reaffirm 
that the lack of CN phosphorylation limits micelle formation.

3.5. Summary model of distribution and structural alterations of four-CN 
RCM due to CN dephosphorylation

To summarise, we speculated the model of distribution and struc
tural alterations of four-CN RCM subjected to CN dephosphorylation, as 
illustrated in Fig. 6. In detail, compared with FP RCMS, i) the DP RCMS 
formed a similar proportion of insoluble CNs, whereas insoluble CaP 
increased remarkably; ii) the proportion of the micellar fraction of DP 
RCMS considerably decreased, with a small amount of CN and CCP 

remained; iii) the RCM structure formed by the remaining PP CNs within 
DP RCMS had decreased particle sizes; iv) the majority of DP CNs were 
in the serum and self-associated into complexes.

3.6. Effect of phosphorylation degree on RCMS acid-gelation ability

To study the pH stability relative to acid-gelation or precipitation of 
the RCMS in relation to the degree of phosphorylation, the rheology of 
the four-CN systems was investigated (Fig. 7a). For FP and PP RCMS, the 
G’ was below 5 Pa at 60 min after GDL addition, indicating a very weak 
gel was formed at this condition. This is in accordance with the acid 
gelation study of skim milk without prior treatment (Horne, 2003; Li & 
Dalgleish, 2006), and the weak network was due to the highly hydrated 
interfaces and weak bonding between neighbouring particles (Dalgleish 
et al., 2012; Horne, 2020; Li et al., 2006).

However, the G’ of DP RCMS at 60 min was considerably higher than 
those of FP and PP RCMS. From the correlation between pH and time, 
the onset of gelation or precipitation pH increases with decreasing 
phosphorylation degree (Fig. 7b), from an acid condition (~pH 5.0) to a 
more neutral condition (~pH 5.2 for PP and pH 5.5 for DP). This sug
gests a correlation with an increased isoelectric point (pI) after 
dephosphorylation (Sun et al., 2023). As the majority of CNs in DP RCMS 
remain in the serum fraction, the few micelles that form are unable to 
equilibrate and rearrange their structures like those in FP RCMS. This 
may have resulted in a higher elasticity at 60 min because of CN pre
cipitation. Moreover, observation of the formed material with a 
continued pH drop for 3 h showed that the DP RCMS failed in gelation – 
the precipitates formed by DP RCMS remained unchanged after 1 h, 
whereas the gel formed by FP RCMS was firmer at 3 h than at 1 h (data 
not shown).

Combining these results, it is suggested that the DP CNs are unable to 
form CN micelle structures and thus fail in the sol-gel transition during 
acidification, instead precipitating into lumpy structures upon reaching 
the pI. Therefore, it is important to consider phosphorylation in yoghurt 
and cheese manufacturing of microbial CNs, and their acid- and rennet- 
coagulation behaviour in relation to the degree of phosphorylation 
warrants further investigation when compared to FP RCMS and skim 

Fig. 6. Illustration of RCMS models of four-CN systems with FP and DP CNs showing the variation in content across fractions and the micelle structure. The increased 
CCP nanocluster size of DP RCM compared to FP was speculated based on the work of Antuma et al. (2023), which assumed that all CNs interacted with CaP in SAXS 
modelling. Created with BioRender.com. Not to scale.
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milk.

3.7. Implication for future dairy production using microbial CNs

Moving forward, since the general stability, calcium-binding ability, 
and acid-gelation ability of the DP RCMS were considerably lower than 
those of FP RCMS, additional in vitro phosphorylation processes may be 
necessary to utilise microbial CNs in future dairy products. Moreover, 
the best functionalities of the RCMS in this study were obtained using 
the four CNs with native phosphorylation degrees. However, using ki
nases to achieve ‘ultrahigh’ phosphorylation degrees in microbial CNs 
may be possible, and it would be interesting to explore their RCMS 
stability and functionality as a potentially superior functional dairy 
alternative product compared to those currently available.

Additionally, further investigations are required to facilitate a better 
understanding of the functionalities of these microbial CNs in many 
aspects: i) investigating functional properties such as acid- and rennet- 
coagulation, digestibility, emulsifying properties, water-holding capac
ity, and drug delivery and release; ii) studying the RCM structure and 
functionality when supplied with other ingredients, such as whey pro
teins, fat, and lactose; iii) investigating the RCMS stability and corre
sponding byproducts during various processing treatments, such as 
heating, cooling, and high pressures; iv) exploring the additional PTMs 
(e.g. glycosylation) and impact of disulfide bonds and studying the effect 
of these modifications especially if they differ from that of bovine CNs; 
v) investigating the feasibility of recombining bovine genes with known 
functional properties, such as β-CN A2 variants, into microbials and 
assessing their impact on functionality of the products.

4. Conclusions

In this study, the effect of phosphorylation degree of purified bovine 
CNs on micelle reassembly and stability under neutral and acidic con
ditions was studied using FP, PP, and DP CNs. To the best of our 
knowledge, this study is the first to evaluate the detailed composition 
and stability of RCMS by separating the insoluble components from 
micellar and serum fractions. We confirmed the essential role of CN 
phosphorylation in micelle reassembly, and observed a positive corre
lation between the degree of phosphorylation and the proportion of 
micellar fraction, as well as RCMS stability. The fully DP CNs were un
able to stabilise CaP and form a CN micelle structure, but were self- 
associated in the serum fraction. The acid-gelation ability was found 
to be influenced by phosphorylation, with fully DP CNs failing in gela
tion but rather precipitating at a higher pH (5.5) than the gelation pH of 
FP CNs (5.0) or PP CNs (5.2). In addition, the RCMS containing only 
β/κ-CN at their native full phosphorylation degree was unstable at the 
salt concentrations applied, with more than half of the CNs self- 
associating to flocculate. These results highlighted the potential func
tionality of PP CNs while also underscoring the necessity for additional 
in vitro phosphorylation of microbial CNs, as FP CNs provided optimal 
properties such as calcium-binding and gelation. This process is crucial 
for ensuring their suitability in dairy manufacturing, particularly given 
the lower phosphorylation levels of CNs produced by precision 
fermentation.
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