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a b s t r a c t

Characteristics of re-assembled casein micelles were investigated over a broad pH range from 6.35 to
11.4. Turbidity of casein solution decreased as pH increased. The higher the pH, the lower was the tur-
bidity value. This decrease in turbidity was concomitant with the increased diameter of micelles which
is attributed to the increased electrostatic repulsion amongst casein molecules and the solvent quality of
serum phase. It is hypothesised that looser expanded structure of casein micelles with smaller specific
surface area available for light scattering led to a decrease in the observed turbidity of casein solutions
with increasing pH. Swelling of re-assembled casein micelles at higher pH values increased the consis-
tency coefficient of casein solutions, indicating an increase in their apparent viscosity.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Casein micelles, self associated colloids in milk (Horne, 2002),
although stable (de Kruif, 1999; Walstra, 1990), but are not fixed
structures. Changes in temperature, pH, ionic strength and water
activity and imposition of high pressures lead to changes in casein
micelles size distribution (de Kruif, 1999; Walstra, 1999) and prob-
ably the proportion of sub-structures. This is attributed to their
lack of a rigid 3-dimensional tertiary conformation (McMahon &
Oommen, 2008). Amongst the various models proposed for the
internal structure of casein micelle, sub-micelle model supposes
a particulate structure in which the individual caseins form small
sub-units via hydrophobic interactions that further cluster to-
gether by colloidal calcium phosphate as cement between them
(Rollema, 1992; Walstra, 1990, 1999; Horne, 2006). In homoge-
nous internal structure models (Holt, 1992; Horne, 1998; Tuinier
& de Kruif, 2002) the micelle is regarded as a self-assembling pro-
tein network in which casein chains are cross-linked by colloidal
calcium phosphate nanoclusters as building blocks. The interaction
sites on casein chains are the phosphoseryl sectors of calcium-sen-
sitive caseins (Horne, 2006). Recently, McMahon and Oommen
(2008) proposed an interlocked lattice model in which proteins
both surround the calcium phosphate nanoclusters and extend as
short chains. This model therefore, views that internal structure
of casein micelles contains both globular and linear aggregates of
proteins.
ll rights reserved.
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Casein micelles can also be re-assembled in vitro from caseinate
and casein (Liu & Guo, 2008; Semo, Kesselman, Danino, & Livney,
2007; Mounsey, O’kennedy, & Kelly, 2005) even in the absence of
calcium (Payens, 1966). This is because of self-assembly tendency
of casein monomers (Farrer & Lips, 1999). The overall morphology
and size of the re-assembled micelles are neither likely nor ex-
pected to be identical to native casein micelles (Huppertz, Vaia,
& Smiddy, 2008; Mounsey et al., 2005). They are, however, similar
to those of naturally occurring micelles (Semo et al., 2007). For sev-
eral decades, it has been widely accepted that alkaline pH disrupts
casein micelles (Huppertz et al., 2008; Odagiri & Nickerson, 1965).
However, recently, Liu and Guo (2008) demonstrated that casein
nanoparticles re-assembled from casein are not disrupted by alka-
line pH. These conflicting reports persuaded us to carry out a sys-
tematic study to explore the influence of pH on casein micelles
integrity.

2. Materials and methods

2.1. Materials and sample preparation

Casein and phosphate buffer pH 7.0 (disodium hydrogen phos-
phate/potassium dihydrogen phosphate) were purchased from
Merck (Darmstadt, Germany).

Casein solutions (3%) was prepared by adding 12 g casein
powder to 0.5 M phosphate buffer (pH 7.0 prepared by deionised
water), stirring at 4600 rpm for 60 min at room temperature and
making it up to a final volume of 400 mL; sodium azide
(100 mg L�1) was added to prevent microbial growth. The solu-
tion was stored at 4 �C for 10 h to allow complete hydration
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Fig. 1. Turbidity of casein solution (left hand) and particle size of re-assembled
casein micelles (right hand) as a result of pH value. All means are statistically
different (p < 0.05). Error bars indicate standard deviations for each treatment.
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(Liu & Guo, 2008). Solution (100 mL) was transferred to a 250 mL
Erlenmeyer at its original pH value (6.35 ± 0.05). The pH value of
the remainder was then adjusted to 8.0 ± 0.05, 9.7 ± 0.05 and
11.4 ± 0.05 by slow addition of 15 M sodium hydroxide solution
to a well-stirred solution. Each time, immediately after the de-
sired pH was reached, 100 mL of solution were transferred to a
250 mL Erlenmeyer. Very strong sodium hydroxide was used
for increasing pH value in order to prevent casein solution
dilution.

2.2. Turbidity and electric conductivity measurements

Turbidity measurements were carried out using a turbidimeter
(WTW, 350 IR., West Chester, PA, USA) and three readings for each
sample at 30 �C after 6 h. Banon and Hardy (1992) used a similar
method for turbidity measurement of milk samples.

Electrical conductivity of casein solutions was determined after
6 h using a digital conductivity meter (Hanna, model HI 8633, Han-
na Instruments Inc., Bedfordshire, UK).

2.3. Particle analysis

Mean particle diameter and size distribution of casein solu-
tions were measured with a laser-diffraction based particle size
analyzer (Malvern Master Sizer Hydro 2000 S, Malvern Instru-
ments Ltd., Malvern, UK) operated with program Mastersizer
2000 version 5.22. In this instrument, the angular dependence
of the obstruction of a continuous laser beam by particles is used
for size measurement (Banavara, Anupama, & Rankin, 2003;
Thanasukarn, Pongsawatmanit, & McClements, 2006). Experi-
ments were performed on 5-fold diluted solutions over the range
20 nm–15 lm. Just before measurements, samples were diluted
with deionised water having the same pH of sample (adjusted
by sodium hydroxide addition) to prevent their foaming during
stirring and pumping in the instrument. Water was used as the
dispersant with a refractive index was set at 1.330. Particle char-
acteristics of solutions are reported by volume-weighted mean
(D4,3), specific surface area and span. The latter is an index of par-
ticle polydispersity (Tan & Nakajima, 2005) and as expressed by
the following equation:

Span ¼ ðd0:9 � d0:1Þ=d0:5 ð1Þ

where d0.9, d0.1 and d0.5 are the diameters at 90%, 10% and 50%
cumulative volume of particles, respectively.

2.4. Flow behaviour

Viscosity measurements were performed using a rotational vis-
cometer (model DV-II+ pro Brookfield Engineering Lab. Instru-
ments, Middleboro, MA, USA). Samples were sheared from a rate
56.43 s�1 to 140.03 s�1 and the relevant shear stresses (N m�2)
were recorded at 14 time intervals of 6 s. Data were collected by
Rheocalc version 3.1-1 Demo application and analysed by Curve
Expert version 1.34 (Microsoft Corporation). Consistency (k) and
flow (n) indices were calculated by fitting shear rate and shear
stress data on power law model.

2.5. Statistical analysis

The experiment was replicated three times in a complete ran-
domised design. The effect of pH value on tested parameters was
determined by analysis of variance (ANOVA) using GraphPad Prism
5.0 for windows version 5.00 (GraphPad Software Inc., CA, USA).
One-way ANOVA at 5% significant level (a = 0.05) was carried out
to assess whether different treatments resulted in statistically sig-
nificant differences in variables evaluated.
3. Results and discussion

Casein solution turbidity decreased rapidly as pH was increased
from 6.35 to 8.0 with a marked but more modest linear-like de-
crease with increasing pH above 8.0. The higher the pH, the lower
was the turbidity value (Fig. 1, left axis). Turbidity has been found
to be an extremely sensitive, repeatable and noninvasive way of
monitoring changes to casein micelles (Martin, Williams, & Dun-
stan, 2007). Vaia, Smiddy, Kelly, and Huppertz (2006) similarly re-
ported that the extent of decrease in turbidity of reconstituted
skim bovine milk at alkaline pH (8.0–11.0) increased with increas-
ing pH. They attributed this to the disruption of casein micelles
although they provided no direct evidence for this hypothesis. In
another study, increasing milk pH to 10.0 reduced its turbidity to
a value close to that of milk serum, indicating complete disintegra-
tion of casein micelles. Again they provided no direct evidence for
the suggested disintegration phenomenon (Huppertz et al., 2008).

It is reasonable to expect that casein micelles dissociation and
disruption would lead to progressively smaller particles. However,
particle size measurements in the present study (Fig. 1, right axis)
demonstrate a noticeable increase in casein particle diameter as
pH was increased from 6.35 to 8.0, and then a milder, linear-like
increase with increasing pH above 8.0. Re-assembled micelles
diameter at pH 6.35 (282 ± 1 nm) was in good agreement with
the results obtained by Mounsey et al. (2005) who formed re-
assembled micelles from acid casein with an average size of
250–300 nm at pH 7.0. As expected, the increase in particle diam-
eter is concomitant with a decrease in specific surface area of par-
ticles (Fig. 2). The larger the size of particles, the smaller is their
specific surface area. Although Zhong, Daubert, and Velev (2007)
stated that at a higher pH value casein micelles were larger, no di-
rect evidence for this assumption was provided by them. Recently,
Liu and Guo (2008) showed by fluorescence experiments that re-
assembled casein micelles were present at high pH, even at pH
12.0. They also observed that the radius of casein micelles in-
creased with increasing pH in the range of 6.0–12.0.

Casein micelle structure is maintained by colloidal calcium
phosphate (CCP), a combination of hydrophobic and electrostatic
interactions amongst casein molecules (Anema & Li, 2000; Liu &
Guo, 2008) and hydrogen bonds (Zadow, 1993). The calcium phos-
phate ion pairs or CCPs are stabilised, rather than disrupted at high
pH values as a consequence of decreased concentration of ionic cal-
cium and phosphate with increasing pH (Vaia et al., 2006). In the
present study however, there was logically a minor amount of cal-
cium in the medium and CCP nanoclusters could not play an
important role in the formation and structural integrity of micelles.
Besides, other authors (Anema, 1998; Anema & Li, 2000; Liu & Guo,
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Fig. 2. Specific surface area of re-assembled casein micelles as a result of pH value.
All means are statistically different (p < 0.05). Error bars indicate standard
deviations for each treatment.
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Fig. 3. Electric conductivity (mVS) of casein solutions as a result of pH value. All
means are statistically different (p < 0.05). Error bars indicate standard deviations
for each treatment.
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Fig. 4. Polydispersity index (span) of re-assembled casein micelles as a result of pH
value. All means are statistically different (p < 0.05). Error bars indicate standard
deviations for each treatment.
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2008) state that CCP probably plays only a minor role in the forma-
tion and structural features of casein micelles. In experiments at
temperatures above 25 �C, virtually no casein was dissociated from
micelles even at pH values where CCP had been extensively solubi-
lised (Dalgleish & Law, 1989). This is due to the concurrent neutral-
isation of the phosphoserine charge by acid (Horne, 1998).
Hydrophobic interactions have little dependence on pH. Therefore,
changes to hydrophobic interactions are unlikely to explain the ob-
served effects of pH on micelles (Anema, 1998). This suggests that
electrostatic interactions play a critical role in the pH-dependent
behaviour of micelles. As pH increases, casein molecules in micelle
nanoparticles become more negatively charged. For example,
phosphoseryl residues are converted from singly to doubly nega-
tively charged units (Horne, 1998). These high negative charges
strengthen electrostatic repulsive forces amongst protein mole-
cules leading to a looser bulky structure of casein micelles (Liu &
Guo, 2008). Vaia et al. (2006) proposed a mechanism based on in-
creased casein solubility at alkaline pH, arising from reduced con-
centrations of ionic calcium and phosphate. They argued that
decreased ionic calcium and phosphate increased the solvent qual-
ity of milk serum, leading to diminished cohesive interactions be-
tween the hydrophobic regions of the caseins. According to their
hypothesis, the cohesive interactions between micellar caseins
can be described as a solvent mediated association, where interac-
tions are strengthened or weakened as a result of increasing or
decreasing solvent quality. In this respect, we considered the role
of hydroxyl ions entered to the medium by sodium hydroxide used
for increasing the pH titration. These ions increased the electrical
conductivity (Fig. 3) and dielectric constant of the medium, likely
leading to the increased solvent quality of serum phase. This may
increase the number of hydrogen bonds between serum and colloi-
dal phases, most likely causing breakage of some hydrogen and
hydrophobic bonds amongst casein chains and eventually weaken-
ing the micelle structure. A mechanism based on the reduced
dielectric constant of the medium by alcohols has been proposed
for alcohol-induced coagulation of milk (Walstra, 1990; Zadow,
1993). The results obtained in the present study suggest that
attractive forces amongst casein molecules were still sufficient to
maintain the micellar integrity of casein particles even at pH 11.4.

It is well-known that turbidity depends upon three main fac-
tors: size, concentration and light scattering properties of particles
(Banon & Hardy, 1992). For a given concentration and particle type,
solution turbidity has been used as a measure of protein–protein
association and aggregation (Banavara et al., 2003). The looser ex-
panded structure of casein micelles with smaller specific surface
area available for light scattering and probably more voids in their
micellar arrangement which may entrap the light beam, led to a
decrease in the observed turbidity of casein solutions with increas-
ing pH in the range of 6.5–7.3. Because higher pH values led to the
swelled looser micelles we contrived a treatment with adjusted pH
on 12.6 to observe the plausible disruption of casein micelles.
However, diameter of micelles was even greater (�431 nm) than
those at pH 11.4 (�426 nm), indicating no disruption of re-assem-
bled casein micelles even at such a high pH value.

The span index measures the width of particle size distribution.
Hence, a small span value indicates a narrow particle size distribu-
tion (Tan & Nakajima, 2005). Fig. 4 demonstrates a noticeable in-
crease in span as pH is increased from 6.35 to 8.0, and then a
more modest, linear-like increase with increasing pH above 8.0.
This means that heterogeneity of particles increases with increas-
ing pH. Flow behaviour of casein solution was influenced by pH va-
lue (Fig. 5). It is clear that consistency coefficient (k) increased;
whilst flow index (n) decreased with increasing pH. The increased
consistency coefficient indicates an increase in apparent viscosity
of casein solution with increasing pH due probably to the swelling
of casein micelles (Odagiri & Nickerson, 1965). All casein solutions
had an n value less than 1.0 (Fig. 5) indicating they were all shear
thinning fluids. This index is a dimensionless number that indi-
cates the closeness to Newtonian flow (Bourne, 2002). The higher
the pH value, the lower was the flow index (n) and hence the stron-
ger was the shear thinning behaviour. It is attributed to the looser
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Fig. 5. Consistency coefficient (left hand) and flow index (right hand) of casein
solution as a result of pH value. All means are statistically different (p < 0.05). Error
bars indicate standard deviations for each treatment.
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expanded structure of casein micelles at higher pH values which is
disrupted more easily with increasing rate of shear.

4. Conclusion

Re-assembled casein micelles swelled as pH increased; how-
ever, attractive forces amongst casein molecules are still sufficient
to maintain the micellar integrity of casein particles even at pH
12.6. This study showed that a decrease in turbidity value of casein
solution and/or milk does not necessarily mean the disruption of
casein micelles. The decrease in turbidity has been previously used
as the solitary index for assumed disruption of casein micelles at
alkaline pH values.
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