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Abstract

Maintaining the solubility of micellar casein (MC) powder during storage is a major prac-
tical challenge. This study investigated the effects of storage temperature (—20 to 37 °C) on
solubility and structure of MC powder. Results showed that solubility of MC powder was
well preserved at 4 °C and -20 °C over 30 d, whereas higher storage temperatures led to
a marked decline. Correspondingly, particle size and stability of rehydrated solution from
powders stored at lower temperatures remained unchanged but increased significantly at
elevated temperatures, alongside visible precipitation. Structural analysis indicated that
surface cross-linking and reduced porosity occurred during storage, resulting in de-
creased solubility, which were effectively suppressed at 4 °C and -20 °C. These findings
demonstrate that refrigerated storage at 4 °C is sufficient to maintain the solubility of MC
powder, with no clear additional advantage observed at —20 °C under the tested condi-
tions. This work provides practical guidance for optimizing MC powder storage.

Keywords: micellar casein powder; storage temperature; solubility

1. Introduction

Micellar casein (MC) powder is produced from milk through membrane filtration
and drying; its composition and physicochemical properties closely resemble those of nat-
ural casein micelles [1]. As a dairy protein ingredient, this native micellar structure makes
it suitable for applications in cheese, yogurt, and protein-fortified beverages, where it im-
parts enhanced viscosity, texture, water binding capacity, and stability to food systems
[2,3]. Furthermore, MC powder can serve as a dietary source of essential amino acids,
such as leucine, isoleucine, and valine [3]. Compared with whey protein, which is rapidly
digested [4], MC is characterized by slow digestibility, resulting in a more moderate and
prolonged elevation of plasma amino acid levels post-ingestion [4,5]. This sustained ami-
noacidemia enables MC to support muscle protein synthesis over an extended period [6].
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Consequently, MC powder serves as a novel functional protein ingredient for improving
both the quality and nutritional performance of food products.

Rehydration in an aqueous medium is essential for MC powder to exert its functional
properties [7,8]. However, the poor solubility of MC powder limits its practical applica-
tion, particularly in food systems [9,10]. To address this issue, various strategies have been
developed. For instance, injecting gas (e.g., CO:z or N2) into the casein micelle concentrate
prior to drying can effectively improve the solubility and dispersibility of the MC powder
by modifying its chemical composition and powder structure (e.g., increasing porosity,
reducing bulk density) [11,12]. Additionally, partial removal of calcium ions via electro-
dialysis enhances both the solubility of the MC powder, and the stability of the reconsti-
tuted solution, with the extent of improvement positively correlated with the electrodial-
ysis treatment time [1]. The drying method also plays a critical role [13]. MC powder pro-
duced by freeze spray drying exhibits significantly higher solubility than that from freeze
drying or spray drying, attributable to higher calcium ion release and higher porosity [14].
For already dried MC powder, ultrasound treatment has been shown to enhance solubil-
ity without altering the native micellar structure or composition [15]. However, there re-
mains a lack of strategies that can improve the rehydration of MC powder without alter-
ing its structure and composition or requiring specialized equipment for the end-user [16].

It has been shown that freshly prepared MC powder exhibits excellent solubility
[17,18]. However, even when the initial solubility of MC powder is enhanced through
various strategies, a gradual decline during storage is commonly observed [19,20]. This
implies that maintaining the high solubility of MC powder essentially depends on pre-
venting its deterioration during storage. The decline in solubility of MC powder may be
attributed to the Maillard reaction, the formation of a surface network via non-covalent
bonds, and the migration of lipids from the bulk to the surface [21,22]. Although the pre-
cise mechanisms remain partly contradictory, it is evident that interactions within MC
powder change during storage [16]. Therefore, inhibiting these changes in interaction
could be an effective approach to preserving the high solubility of MC powder.

The storage temperature is recognized as a critical extrinsic factor that profoundly
influences the solubility of MC powder during storage [19]. Higher storage temperatures
accelerate solubility loss by promoting the lipid migration to the powder surface, increas-
ing the resistance of the surface layer, thereby hindering the release of casein from micelles
[18,23]. Furthermore, the observed catch-up effect across a temperature gradient indicates
that MC powder follows a consistent aging evolution curve, with lower temperatures sig-
nificantly decelerating this process [18]. However, existing studies have predominantly
focused on temperatures within the 4-60 °C range. It remains unclear whether lowering
the storage temperature below conventional refrigeration levels provides any additional
protective benefit for solubility. Clarifying this point is essential for optimizing the storage
conditions and maintaining the quality of MC powder.

This study aimed to elucidate the influence of the storage temperature on the solu-
bility of MC powder. Beyond measuring the solubility, the stability and variations in ca-
sein micelle size of the hydrated casein micelles solutions were also evaluated, which are
crucial for its functional performance in applications. The results of this study offer in-
sights for optimizing the storage conditions of MC powder.

2. Materials and Methods
2.1. Materials

Micellar casein concentrate (total solids 19.4%, casein purity 92.6%) was kindly pro-
vided by Mengniu Dairy (Group) Co., Ltd. (Hohhot, China).
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2.2. Sample Preparation

The micellar casein concentrate was pre-frozen at =80 °C for 24 h. Then, the sample
was lyophilized for 48 h using a freeze-dryer (LGJ-10, Beijing, China) to obtain MC pow-
der. The resulting powder had a moisture content of 1.26 + 0.09%, comprising bound wa-
ter (83.43 + 0.08%), immobilized water (16.39 + 0.23%), and free water (0.18 +0.16%). It was
first vacuum-sealed in a PA/PE bag and then placed inside a sealed EVOH high-barrier
vacuum bag. This double-bagged sample was stored in a desiccator to prevent moisture
absorption. The desiccators with MC powders were stored at -20, 4, 25 and 37 °C for 30 d,
respectively.

2.3. Solubility Measurement of MC Powder

Solubility was defined as the percentage of casein remaining in suspension after cen-
trifugation. The solubility measurement was carried out according to the reported method
with some modifications [1]. Specifically, MC powders stored under different tempera-
tures were dispersed in deionized water at room temperature to a final concentration of
2% (w/v) under continuous stirring at 550 rpm. Samples were collected at predetermined
time intervals (0.5-8 h) and centrifuged (3000x g, 10 min) to determine the solubility using
the following equation:

Solubility (%) = (m - ms)/m x 100%

Here, m is the mass of the total MC powder, and ms is the mass of the casein sediment.

2.4. Particle Size Measurement of Casein Micelle in MC Solutions

The particle size of casein micelle in MC solutions was determined using a Nano-
753600 Zetasizer instrument (Malvern, UK) [24]. A 2% (w/v) of MC solution was contin-
uously stirred and sampled at specified intervals for size measurement. Before the meas-
urement, each sample was diluted 100-fold with distilled water and transferred into a cu-
vette. Measurements were performed at a backscatter detection angle of 173°, with the
refractive indices set at 1.45 for casein and 1.33 for the dispersant. The Z-average hydro-
dynamic diameter was obtained from the correlation function using the cumulant analysis
model.

2.5. Stability Measurement of MC Solutions

Turbiscan LAB (Formulation, Toulouse, France) was used to assess the stability of
the dispersed MC solutions based on multiple light scattering [25]. After being stirred for
6 h, about 20 mL of each MC solution was transferred into a cylindrical test tube and
scanned every 10 min for 18 h. The variation in the backscattered light curve over time
was recorded to determine the stability. The visual changes in the appearance of the MC
solution were also photographed and recorded.

2.6. Microstructure Observation of Casein Micelle in MC Solutions

Scanning electron microscopy (SEM) was used to observe the microstructure of ca-
sein micelles in rehydrated MC powders. Powders stored for 1 d and 30 d were reconsti-
tuted as described in Section 2.3. The resulting casein solutions were fixed with glutaral-
dehyde and dried for observation, according to the method described by Ren et al. [14].

2.7. FTIR Spectra of MC Powder

FTIR spectroscopic analysis of the MC powder was performed using a INVENIO S
spectrometer (Bruker, Germany) to assess the changes in intermolecular interactions in-
duced by storage temperature. The measurement was carried out in ATR mode with a
spectral range of 4000-400 cm™.
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2.8. Statistical Analysis

Experiments were carried out in triplicate, and the results were expressed as the
mean + standard deviation. Statistical significance was assessed using one-way ANOVA
with Duncan’s test. Differences were considered significant at p <0.05.

3. Results and Discussion

3.1. Solubility of MC Powder

The solubility of MC powder stored at different temperatures is shown in Figure 1.
The freshly prepared MC powder exhibited good solubility, with over 80% of casein dis-
solving, which is consistent with the previously reported results [17]. During storage, the
solubility of the MC powder stored at 37 °C declined sharply by day 7 and dropped to
approximately 20% by day 30. Extending the hydration time did not enhance the solubil-
ity further. The MC powder stored at 25 °C showed a slower decrease in solubility than
that at 37 °C; however, its solubility was significantly lower than that of powders stored
at 4 °C and -20 °C. These results indicate that lower storage temperatures effectively de-
celerate the solubility loss, which is similar to the previous findings [18]. Notably, the MC
powders stored at 4 °C and -20 °C demonstrated comparable solubility, suggesting that
reducing the temperature below 4 °C provides no additional protection against solubility
decline. Therefore, storing MC powder at refrigerated temperature is sufficient to main-
tain its high solubility.
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Figure 1. The solubility of MC powders stored at different temperatures for 7 d (A) and 30 d (B).

3.2. Particle Size of Casein Micelle in MC Solutions

Figure 2 shows the variation in the size of the casein micelles during the dissolution
of MC powders. The particle size of casein micelles in freshly prepared MC solutions was
approximately 180 nm, close to that of native casein micelles [26]. No significant difference
in the particle size of casein micelle was observed between the solutions prepared from
MC powders stored at 4 °C and —20 °C. Furthermore, the particle size for these low-tem-
perature samples remained stable throughout storage, aligning with their high solubility.
A slight increase in particle size was detected for the powder stored at 25 °C. In contrast,
after storage at 37 °C, the casein micelles showed a pronounced increase in size. This can
be attributed to the formation of a cross-linked network on the MC powder surface during
high-temperature storage, which hinders casein release during dissolution, thereby re-
ducing the solubility and increasing the particle size [23]. Given that the casein micelle
size is closely related to its functional properties (e.g., gelation property, emulsifying ca-
pacity) [27], the increase in casein size during storage is expected to significantly impair
functionality. Consequently, low-temperature storage is beneficial for preserving the
functional characteristics of MC powder.
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Figure 2. The particle size of casein micelles in solutions prepared from MC powders stored at dif-
ferent temperatures for 7 d (A) and 30 d (B).

3.3. Stability of MC Solutions

The stability of the MC solution is a key quality parameter affecting the application
of MC powder in dairy processing and functional foods [28]. Therefore, the stability of the
solutions prepared from MC powders stored at different temperatures was analyzed and
presented in Figure 3. The backscattering (BS) profiles reflect particle migration (creaming
or sedimentation) and flocculation phenomena [29]. The backscattering profile of the
freshly prepared MC solution remained largely unchanged over 18 h, indicating a homo-
geneous and stable state, as stable dispersions typically exhibit flat BS curves over time
[25]. Similarly, solutions from MC powders stored at 4 °C and -20 °C for 7 and 30 d
showed backscattering curves comparable to the fresh sample, with no notable variation
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over time. For the MC powder stored at 25 °C for 7 d, the backscattering curve of MC
solution showed little change, but a significant increase in backscattering intensity at the
bottom, accompanied by a slight decrease in the upper region was observed for the pow-
der stored for 30 d. The increase in backscattering at the bottom indicates sedimentation
(Figure 4), as the backscattering intensity is directly proportional to the particle concen-
tration [1,30]. For the MC powder stored at 37 °C, visible sedimentation of casein occurred
in the MC solutions after just 7 d (Figure 4), and the sedimentation rate of the casein ac-
celerated with storage time up to 30 d, as a sharp rise in BS profiles at the bottom and a
corresponding depletion in the top were observed. These results are consistent with the
maintained small particle size and high solubility, confirming that low-temperature stor-
age effectively preserves the colloidal stability of reconstituted casein micelles.
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Figure 3. The stability of solutions prepared from MC powders stored at different temperatures.
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Figure 4. The appearance of solutions prepared from MC powders stored at different temperatures.
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Fresh MC

3.4. Microstructure Changes of MC Powder During Storage

Figure 5 shows the microstructure of MC powders after 1 h of rehydration. The
freshly prepared MC powder exhibited a porous structure, with spherical clusters of ca-
sein particles dispersed within pores of various sizes. These casein particles were inter-
connected through direct contact or via surface-extended segments, forming a coarse net-
work, consistent with previously reported results for spray-dried MC powder [31]. Com-
pared to the fresh sample, MC powders stored at 4 °C and -20 °C for 30 d displayed a
relatively denser surface structure and reduced inter-particle porosity, which was similar
to the previous study [9]. However, the overall network structure was largely retained.
As the storage temperature increased, the spherical casein particles appeared tightly
packed with minimal interstitial space, and the characteristic open gel network was lost.
The higher storage temperature induced a decrease in porosity and an increase in the
compactness of MC powder surface structure. Moreover, the spherical casein particles in
MC powder stored at 37 °C were slightly smaller than those in other groups, indicating
lower hydration and swelling, which is detrimental to powder dissolution [31]. These dif-
ferences in the microstructure of MC powders suggest that surface cross-linking occurs
during storage and is highly correlated with the storage temperature. Higher storage tem-
perature promotes the formation of a dense surface film that hinders water penetration
and casein release, thereby reducing the solubility [23,32]. Therefore, lowering the storage
temperature effectively suppresses surface cross-linking, helping to maintain the solubil-
ity of MC powder.

-20°C 4°C 25°C 37°C

Figure 5. The microstructure of MC powder after 1 h of rehydration.

3.5. FTIR Spectra Changes of MC Powder During Storage

The FTIR spectra of the MC powders are presented in Figure 6. The peaks of freshly
prepared MC powder at 2964 cm™ and 2934 cm™, assigned to the stretching of C-H and
bending of -CHs groups, were weakened or shifted to a lower wavenumber after storage,
suggesting the possible exposure of hydrophobic groups. Furthermore, the characteristic
amide bands of freshly prepared MC powder shifted to lower wavenumbers after storing
at different temperatures, indicating conformational changes in the peptide backbone of
the casein. These conformational changes possibly indicated an increase in B-sheet-like
structures, consistent with protein aggregation during storage (Figure 5) [22]. Notably, the
FTIR spectra showed minimal variation across MC powders stored at different tempera-
tures, implying that similar types of structural alteration occurred in all samples. This ob-
servation appears inconsistent with the results of the solubility. This discrepancy arises
because FTIR is primarily a qualitative technique, and relying on amide band shifts to
interpret solubility differences is insufficient [17]. Although FTIR cannot precisely quan-
tify the extent of molecular interactions, the spectral changes support that low-

https://doi.org/10.3390/polym18040506



Polymers 2026, 18, 506

9 of 12

temperature storage effectively suppresses cross-linking, helping to maintain solubility of
MC powder.
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Figure 6. The FTIR spectra of the MC powders.

4. Conclusions

This study investigated the effects of storage temperature on the solubility of MC
powder. The freshly prepared MC powder exhibited good solubility; this property de-
clined during storage, with the rate of decline accelerating at higher temperatures. Lower
storage temperatures (4 °C) effectively decelerated the deterioration of solubility, and a
further reduction in storage temperature below 4 °C did not provide additional protective
benefits against solubility loss under the tested conditions. The storage temperature also
significantly impacted the properties of the reconstituted solution. Powder stored at low
temperatures maintained stable micelle size and formed stable dispersions, whereas pow-
der stored at elevated temperatures yielded solutions with significantly larger micelles
and visible protein precipitation. SEM and FTIR analyses revealed that surface crosslink-
ing occurred on MC powder during storage; lowering the storage temperature helps to
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promote casein release from powder, thereby enhancing the solubility. These findings elu-
cidate the impact of storage temperature on both the solubility and structural properties
of MC powder, providing a theoretical basis for optimizing its storage conditions. Given
the relatively short storage period examined in this study, future research will focus on
longer-term storage to further evaluate its effects on the solubility and functional proper-
ties (e.g., gelation property, emulsifying capacity) of MC powder.
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