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Abstract

Although conditions favoring casein micelle aggregation are well known, factors promoting the
dissociation of the casein micelle are not fully understood. It was our objective to investigate the
ethanol-induced dissociation of micellar casein as affected by temperature and a wide range of pH,
along with the concentrations of calcium and casein. Two different concentrations of casein
micelles were dispersed in imidazole buffer with 0 to 80% ethanol (vol/vol) and 2 and 10 mM
calcium. Apparent micelle size was determined by dynamic light scattering at 5, 30, and 60°C. In
the absence of ethanol, casein precipitation occurred at pH 4.6 in imidazole buffer. Ten to forty
percent ethanol promoted casein aggregation (>1,000 nm) and higher temperature (30 and 60°C)
enhanced this effect. Higher ethanol concentrations at 50 to 80% induced the dissociation (<40
nm) of the casein micelle upon acidification (pH <5) and alkalization (pH >8) in imidazole buffer.
In addition, higher concentrations of casein (0.25 mg/mL) and calcium (20 mM) caused the
formation of larger aggregates (>1,000 nm) in the presence of ethanol when comparing with the
initial lower concentrations of casein (0.1 mg/mL) and calcium (2 mM). Casein micelle
dissociation can be achieved near the isoelectric pH by modifying the solvent composition and
temperature.
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INTRODUCTION

Milk proteins are fundamental functional constitutes for food manufacturing due to their
high nutritional benefits and unique structural and physicochemical properties (Elzoghby et
al., 2011; Ye, 2011). As the most abundant protein in bovine milk, caseins (as;-, asy-, p-,
and k-CN) are a group of proline-rich, intrinsically disordered phosphoproteins (de Kruif
and Holt, 2003). The determination of ethanol stability of milk was initially used as an
indirect rapid test to assess thermal stability (Horne and Parker, 1981a). Horne and Parker
(1981a,b,c,d, 1982) conducted extensive research on the effects of ethanol on fluid milk
stability and demonstrated a sigmoidal pH-dependent behavior within the 6 to 7 pH range
(Horne et al., 1986). Furthermore, the subject of ethanol-induced stability of milk is

Corresponding author: fede@utk.edu.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ye and Harte

Page 2

summarized in a review by Horne (2003). Of note, the study of the ethanol-induced
aggregation-dissociation of casein micelles is important to understand factors that control
micellar stability and to investigate novel casein micelle functionality. Casein micelles have
been shown to dissociate with combinations of high temperature (>40°C) and high ethanol
concentration (>40%; Zadow, 1993) and this effect is believed to be due to a change in
solvent quality as temperature increases (O’Connell et al., 2001). Recent studies have
explored the effect of high pressure on the heat- and ethanol-induced changes in milk and
Huppertz et al. (2004) showed that the ethanol stability of raw skim milk was reduced by
high hydrostatic pressure. Most recently, it was concluded that high ethanol content (>30%)
combined with high temperature (>40°C) dissociated the casein micelles but blocked sites
available for hydrophobic interaction (Trejo and Harte, 2010).

Micellar aggregation or dissociation into submicellar particles can be achieved by altering
environmental factors (e.g., pH, temperature, and ionic strength) that affect micelle stability
due to the absence of a rigid 3-dimensional tertiary conformation in casein micelles
(Walstra, 1990; Marchin et al., 2007; McMahon and Oommen, 2008; Beliciu and Moraru,
2009). A decrease in pH can induce low temperature-mediated micelle dissociation by
decreasing the stability of the x-CN layer and promoting migration of colloidal calcium
phosphate into the serum phase (Huppertz et al., 2004; Yong and Foegeding, 2010). The
dissociation of the casein micelle as the pH decreases is temperature dependent. Whereas
migration of micellar calcium phosphate to the serum occurs at pH 5.5, and 40% of casein is
liberated into the serum at 4°C, little disruption of micelles occurs at 30°C (Dalgleish and
Law, 1988), probably due to an increase in hydrophobic interactions. At alkaline pH (10.0),
the disruption and disassembly of casein micelles occurred in the absence of solvent and
subsequently micelles gradually reassembled by decreasing milk pH to 6.6 (Huppertz et al.,
2008).

The effect of calcium concentration, temperature, and pH on casein micelle stability in the
presence of various concentrations of ethanol remains unknown. The objectives of this study
were to determine aggregation and dissociation of casein micelles (casein micelle mapping)
as affected by ethanol concentration, calcium concentration, casein concentration, pH, and
temperature in a buffer solution. Potential applications of ethanol-induced modifications of
casein micelle include textural and stability enhancements of dairy products (Ausar et al.,
2005) and the use of casein micelles in cosmetic, pharmaceutical, and biomedical
applications (Mattiasson et al., 1998; de Kruif and Tuinier, 2001; Roux et al., 2002; Livney,
2010; Elzoghby et al., 2011; Matalanis et al., 2011; Neethirajan and Jayas, 2011).

MATERIALS AND METHODS

Micellar casein powder was purchased from American Casein Corporation (Burlington, NJ)
and used throughout the study. Micellar casein is free-flowing powder obtained by UF of
milk without acidification. The typical composition is 86% protein, 1.5% fat, 6.0% ash, 4%
carbohydrates, and 5% moisture content. Twenty millimolar Imidazole buffer (Fisher
Chemicals, Fair Lawn, NJ) containing 20 or 2 mM CacCl, (Fisher Chemicals, Fair Lawn, NJ)
was mixed with absolute ethanol (99.5%; Acros Organics, Fair Lawn, NJ) to yield ethanol
concentrations from 0 to 80% (vol/vol; 10% increments). The pH of buffer/ethanol mixtures
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was gently adjusted using 2 N HCI or NaOH (Fisher Chemicals) from 3 to 10. Casein was
diluted with the imidazole/ethanol mixture at 0.25 and 0.1 mg/mL, respectively. Afterward,
each sample was stored overnight at 4°C and analyzed for particle size at 5, 30, and 60°C,
respectively. Two independent replicate samples were performed.

Particle size analysis was conducted by photon correlation spectroscopy using a DelsaNano
C particle size analyzer (165° angle, 1.34 refractive index, 50-um pinhole; Beckman Coulter
Inc., Atlanta, GA). Calibration was checked with the standard sample provided by Beckman
Coulter Inc. and native casein micelles from raw skim milk diluted in protein-free milk
serum at atmospheric pressure and a pH of approximately 7.0. Samples continuously flowed
through a quartz measuring cell and the temperature was controlled by immersion of a
heating/cooling coil connected to a controlled temperature water bath (Isotemp 3006S;
Fisher Scientific, Pittsburgh, PA). The pH of the sample was modified using 2 N HCI or
NaOH (Fisher Chemicals) and monitored by direct immersion of a pH electrode (UB-10;
Denver Instrument Co., Denver, CO) into the sample reservoir. Nitrogen gas was used to
prevent condensation in the measuring cell at 4°C. The particle size (casein micelle apparent
diameter, D3 4) was calculated as the average of 70 autocorrelation functions. All
measurements were conducted in 2 replicates. Ethanol versus pH versus particle size contour
plots were constructed using SigmaPlot software (version 12; Systat Software Inc., San Jose,
CA). The upper limit for particle diameter in the contour plot was set at 10 um, as detailed
information on aggregates in the micron scale was not considered of interest.

For each temperature, experiments were analyzed as factorials of 2 factors, factor pH at 9
levels (3,4, 4.5,5, 6, 7, 8,9, and 10), and factor ethanol at 9 levels (0, 10, 20, 30, 40, 50, 60,
70, and 80%), in a completely randomized block design with 2 replications. Because a single
source of casein powder was used throughout the experiments, the coefficient of variation of
the variable under study (micelle diameter) was <4%, and the effect of pH and ethanol
content was highly significant (P < 0.001).

RESULTS AND DISCUSSION

In the absence of ethanol or at a low ethanol concentration (<10%), casein micelles
aggregated at their isoelectric point regardless of other factors including temperature,
calcium concentration, and initial casein concentration (Figures 1A, 2A, 3A, and 4a). This
was expected, as the reduction in micelle surface charge causes the collapse of the k-CN
layer as pH approaches approximately 4.6 (de Kruif and Tuinier, 2001) initiating
aggregation-coalescence of unstabilized micelles into submicron-sized aggregates. The
casein micelles formed larger aggregates as the ethanol concentration was promoted to 20 to
40% (Figures 4b and 4c). This behavior was more evident for samples with higher casein
concentration (0.25 mg/mL; Figures 1C, 2C, and 3C). Large-sized aggregation was observed
as the pH reached the 5.0 to 6.0 range (Figure 4). However, casein micelle aggregates
gradually decreased to the submicron range above 40 to 50% ethanol concentration, and
exhibited pH-dependent behavior that was different from that of casein micelles in milk.
Above 50% ethanol, the behavior of casein micelles was pH, temperature, and calcium and
casein concentration dependent (Figures 1-3). Dissociation of casein micelles below 40 nm
was observed at pH <4.5, regardless of calcium concentration when temperature was
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maintained at higher temperature 60°C at the 50 to 80% ethanol concentration level (Figure
3). Of note, the particle sizes of casein micelles decreased with the increase in pH above 8 in
the presence of ethanol, consistent with the results of some earlier studies reported in the
literature without the use of ethanol (Vaia et al., 2006; Zhong et al., 2007; Liu and Guo,
2008), as the structure of casein micelles is loose and dissociated at high pH (Liu and Guo,
2008).

The molecular mechanism of how ethanol affects the protein quaternary structure is still not
fully elucidated. Whereas initial studies found that ethanol interacts with polar amino acid
side chains in BSA (Lubas et al., 1979), Avdulov et al. (1996) showed that binding was
primarily explained by ethanol methyl groups interacting with hydrophobic pockets in the
protein. Colloidal calcium phosphate may also explain ethanol-induced dissociation of the
casein micelle. Because ethanol is less polar than water, it lowers the dielectric constant of
the medium, potentiating electrostatic interactions that play a key role in stabilizing the
casein micelle. The increased solubility of colloidal calcium phosphate during acidification
was also a contributor to micellar dissociation. The loss of this micellar electrostatic glue
may promote casein dissociation at elevated concentrations of ethanol and low pH.

In Figures 1B, 2B, and 3B, the size of the aggregation increased with the increase of the
calcium concentration, regardless of other factors (2 vs. 20 mM). The milk salts calcium and
phosphate have an important role in the structure of casein. The addition of calcium
enhanced the rennet coagulation of milk because it neutralized negatively charged residues
on the surface of casein, thereby causing the increase in the aggregation of casein micelles
(Lucey and Fox, 1993; Choi et al., 2007). In addition, the particle-stabilizing properties of
the hairy layer of k-CN surrounding the casein micelles and calcium-sensitive f-CN were
closely associated with the calcium concentration (Choi et al., 2007; Portnaya et al., 2008).

To determine the effect of casein concentration on the particle size of casein micelles at high
ethanol concentration at a broad range of pH, the concentration of casein was increased upon
0.25 mg/mL (2.5-fold higher than the previous sample at 0.1 mg/mL). Other conditions
remained the same. The particle sizes of samples with higher casein concentration were
increased, forming larger aggregates than the previous samples, regardless of pH value
(Figures 1C, 2C, and 3C). This finding expands the potential application of dissociated
casein micelle solutions, as protein concentration will greatly affect the physical properties
of the final product.

It is important to note that experiments were run in a tightly controlled system exhibiting
low experimental error. However, as several factors affect the structure and function of
casein micelles (e.g., season and processing condition), it is probable that other sources of
casein or milk powder show variations in their response to ethanol, pH, and temperature.
Despite this, our own exploratory tests showed that caseins from various sources showed
similar patterns of dissociation-aggregation in response to the same physical factors.
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CONCLUSIONS

The combined effects of the concentrations of calcium and casein, along with processing
temperature in the presence of different concentrations of ethanol, contributed in obtaining a
wide range of particle sizes of the casein micelle. It appears that 2 distinct phenomena occur
within the micelle: one that facilitates aggregation and one that induces dissociation. In fact,
it is well known that caseins precipitate at their isoelectric point of 4.6 and protein
aggregation is induced in the presence of ethanol. However, acidification (pH <5) or
alkalization (pH >8), or both, in the presence of elevated ethanol concentrations (>50%)
induces micelle dissociation at higher temperature (30 and 60°C). In addition, higher
concentrations of soluble calcium and casein lead to larger aggregates in the presence of
ethanol. Although the dissociative effects of the micelles is not fully clear, casein micelles
can be dissociated at low and high pH, high ethanol concentrations, and moderate to high
temperature combinations. It is hypothesized that the presence of a nonpolar solvent, such as
ethanol, promotes the solubility of the otherwise insoluble proteins during acidification or
alkalization through hydrophobic interactions of methyl groups with hydrophobic amino
acids. These findings indicate that it is possible to achieve targeted casein micelle size
populations based on a combination of pH, temperature, and ethanol concentrations.
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Figure 1.
Contour plots depicting the relationships between pH, ethanol concentration, and casein

micelle apparent diameter (D3 4, nm) in the presence of 20 mM imidazole at 5°C with (A) 2
mM CaCl, and 0.1 mg of casein/mL, (B) 20 mM CaCl, and 0.1 mg of casein/mL, (C) 2 mM
CaCl, and 0.25 mg of casein/mL. Data points represent the modal distribution of particle
size at the peak frequency distribution. The upper limit for contour plots is 10 pm.
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Figure2.

Contour plots depicting the relationships between pH, ethanol concentration, and casein
micelle apparent diameter (D3 4, nm) in the presence of 20 mM imidazole at 30°C with (A) 2
mM CaCl, and 0.1 mg of casein/mL, (B) 20 mM CaCl, and 0.1 mg of casein/mL, (C) 2 mM
CaCl, and 0.25 mg of casein/mL. Data points represent the modal distribution of particle
size at the peak frequency distribution. The upper limit for contour plots is 10 pm.
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Contour plots depicting the relationships between pH, ethanol concentration, and casein
micelle apparent diameter (D3 4, nm) in the presence of 20 mM imidazole at 60°C with (A) 2
mM CaCl, and 0.1 mg of casein/mL, (B) 20 mM CaCl, and 0.1 mg of casein/mL, (C) 2 mM
CaCl, and 0.25 mg of casein/mL. Data points represent the modal distribution of particle
size at the peak frequency distribution. The upper limit for contour plots is 10 pm.
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Figure4.
Visual images of 0.1 mg of casein micelle/mL in the presence of 20 mM imidazole and 2

mM CacCl, at 60°C with (a) 0% ethanol, (b) 10% ethanol, (c) 30% ethanol, or (d) 50%
ethanol. Color version available in the online PDF.
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