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Milk was processed with high hydrostatic pressure in order to modify the casein micelles. Images, that in
details showed the casein micelle structure in untreated and pressure-treated skim milk, were obtained
by using cryo-transmission electron microscopy (cryo-TEM). Sizes and shapes adopted by casein micelles
in pressurised milk are concluded to be a result of an equilibrium distribution between self-assembling
casein molecules in the serum phase and caseins adsorbed to surfaces of casein micelles and are governed
by an initial pressure-dependent displacement of caseins into the serum phase. Pressurisation of milk at
moderately high pressure, in the range 150–300 MPa, favoured formation of a large number of small
micelles that coexisted with a fraction of large micelles, and which appeared perfectly spherical with
smooth and well-defined surfaces, features which are suggested to originate from secondary adsorption
of caseins. Pressurisation of milk at 400 MPa favoured formation of smaller casein assemblies, with sizes
between 30 nm and 100 nm. Measurements of free calcium concentration [Ca2+] showed that calcium
was rebound to casein micelles after pressurisation of milk. Furthermore, the electron microscopy images
indicated that the substructures were similar for pressure-modified casein micelles and casein micelles in
untreated milk.

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

Caseins, the major protein fraction in bovine milk, consist of
four gene products: aS1-, aS2-, b-, and j-caseins and are flexible
chains of amino acids with an unordered structure (Farrell et al.,
2004; Moitzi, Portnaya, Glatter, Ramon, & Danino, 2008). Caseins
are surfactants but, unlike small surfactant molecules with a lipid
hydrocarbon tail and a polar head group, caseins contain distinct
domains dominated by uncharged hydrophobic amino acids, as
well as distinct domains dominated by charged hydrophilic amino
acids (Farrell et al., 2004; Moitzi et al., 2008). Like many other sur-
factant molecules, caseins exist as monomers below a critical con-
centration and associate spontaneously at higher concentrations
(Moitzi et al., 2008).

Caseins in milk are associated into large colloidal aggregates,
known as the casein micelles (de Kruif & Holt, 2003; Farrell, Malin,
Brown, & Qi, 2006; Horne, 2006). The casein micelles are self-
assembled caseins and the micelles are formed in the Golgi vesicles
through the binding of calcium and phosphate which screen elec-
trostatic charges on the caseins and allow growth of the micelles
(de Kruif & Holt, 2003; Farrell et al., 2006; Horne, 2006). Casein mi-
celles in milk are polydisperse, with sizes ranging from 80 nm to
ll rights reserved.
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500 nm in diameter and with an average size around 200 nm in
diameter (de Kruif, 1998). Caseins contain phosphorylated serine
residues that bind calcium phosphate, which form nanometre-
sized clusters within the casein micelles (Holt, 2004; Holt, Tim-
mins, Errington, & Leaver, 1998). The calcium phosphate clusters
in the micelle interior give rise to inhomogeneous scattering den-
sity of casein micelles upon investigations by small-angle X-ray
and neutron scattering (Holt, de Kruif, Tuinier, & Timmins, 2003;
Marchin, Putaux, Pignon, & Léonil, 2007). Observations of the
structure of casein micelles have also been made with transmission
electron microscopy and the casein micelles are visible as more or
less spherical colloidal particles by this technique (Marchin et al.,
2007; Martin, Williams, & Dunstan, 2007; McMahon & Oommen,
2008). Furthermore, a recent study by scanning electron micros-
copy revealed that caseins were organised into tubular structures
within the casein micelle and the surface of the micelles was rather
irregular (Dalgleish, Spagnuolo, & Goff, 2004).

Information about effects of processing on the casein micelle
structure is of importance, since the casein micelles are the main
ingredient in many dairy products. Casein micelles are rather sta-
ble in milk and remain as large colloidal particles, even with severe
heat treatment, such as boiling of milk. However, processing with
high pressure offers the possibility of modifying casein micelles in
milk, even at neutral pH (Huppertz, Fox, de Kruif, & Kelly, 2006a).
Measurements under pressure (in situ), in the range 100–300 MPa,
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Fig. 1. Cryo-transmission electron micrographs of casein micelles in skim milk
subjected to high pressure treatment at 300 MPa. The large continuous black area
present in the micrograph is carbon film supporting the thin layer of amorphous ice.
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revealed that casein micelles were dissociated into particles of
about 5–20 nm (Gebhardt, Doster, Friedrich, & Kulozik, 2006).
The mechanism underlying the disruption of casein micelles dur-
ing pressurisation of milk is not fully understood; however, it has
been suggested that dissolution of calcium phosphate within the
micelles may play a role (Huppertz et al., 2006a; Huppertz, Kelly,
& de Kruif, 2006b) and that water is pressed into the structure as
was also proposed for pressure denaturation of globular proteins
(Hummer, Garde, García, Paulaitis, & Pratt, 1998). During pro-
longed pressurisation, in the range 200–300 MPa, the average case-
in micelle size initially decreases; however, after some time the
average size increases and exceeds the average size of casein mi-
celles in untreated milk (Orlien, Knudsen, Colon, & Skibsted,
2006). In line with this, studies of casein micelles in milk after
pressurisation (200–300 MPa) show that the size distribution is
wider and thus casein micelles with smaller and larger sizes than
those in untreated milk are present in the milk. Pressurisation of
milk at 400 MPa, and above, renders casein micelles with an aver-
age size of about 100 nm, and without any fraction of casein mi-
celles larger than those observed in untreated milk (Anema,
Lowe, & Stockmann, 2005; Huppertz, Fox, & Kelly, 2004; Regnault,
Thiebaud, Dumay, & Cheftel, 2004).

At present, information about the structure of the casein mi-
celles after treatment at various pressure levels is limited. For
example, it is not established whether the large casein micelles,
formed at intermediate pressures, are aggregates of smaller mi-
celles. Neither, does any information exist on the shape of the
small and large micelles formed as a result of pressurisation. Trans-
mission electron microscopy of casein micelles in pressurised milk
has been used mainly for size estimation, although with a resolu-
tion that did not provide information about the structure of the
casein micelles (García-Risco, Recio, Molina, & López-Fandiño,
2003; Needs, Stenning, Gill, Ferragut, & Rich, 2000; Scollard, Beres-
ford, Needs, Murphy, & Kelly, 2000).

Principally, we have used cryo-transmission electron micros-
copy (cryo-TEM) to compare the structure of casein micelles in un-
treated skim milk and after pressurisation of skim milk, with the
aim of visualising effects of pressure on sizes and shapes of casein
micelles in milk. Additionally, the free ionic calcium concentration
[Ca2+] in milk was measured after pressurisation in order to quan-
tify the calcium that is released from casein micelles. The calcium
dissolution within the micelles may be linked to the structure of
casein micelles, as observed by cryo-TEM.
2. Materials and methods

2.1. Materials

Low heat skim milk powder, Milex� 240, was provided by Arla
Foods, Denmark. Imidazole, CaCl2–2H2O, HCl, NaCl, and P2O5 were
all from Merck, Darmstadt, Germany. Sodium azide and trypsin
inhibitor were from Sigma–Aldrich Chemie GmbH, Steinheim, Ger-
many and Boehringer Mannheim GmbH, Germany. All aqueous
solutions were made from purified water, Milli-Q Plus�, Millipore
Corporation, Bedford, MA, US and all chemicals were of analytical
grade.
2.2. Sample preparation

Skim milk was prepared by dissolving 10 g of low heat skim
milk powder in 100 g of purified water. Sodium azide (0.1 g kg�1)
and trypsin inhibitor (0.01 g kg�1) were added. Fresh skim milk
(Arla Foods, Denmark) was treated with sodium azide (0.1 g kg�1)
and trypsin inhibitor (0.01 g kg�1) and used only for the pressure
experiments shown in Fig. 1. The skim milk was kept at 22 �C
and used for pressure experiments on the same day as it was
prepared.

2.3. High hydrostatic pressure treatment

The skim milk was transferred to polyethylene tubes, which
were filled without headspace and subsequently vacuum-packed
in polyethylene bags. The skim milk samples were subjected to
high hydrostatic pressure in a thermostatted hydraulic-pressure
chamber from Psika Systems Ltd., Stanford, UK. Isostatic pressures
at 20 �C were held for 20 min at 150 MPa, 200 MPa, 300 MPa, or
400 MPa. Rates of pressure increase and release were approxi-
mately 100 MPa/min. After pressure release, the skim milk samples
were kept at 22 �C overnight prior to further analysis; however, the
samples for calcium measurements were analysed immediately
after pressurisation.

2.4. Cryo-transmission electron microscopy (cryo-TEM)

The samples for the cryo-TEM analyses were prepared in a
chamber with a temperature at 25–27 �C and the relative humidity
was close to 100%. Preliminary experiments showed that similar
results were found whether microscopic analysis was done 2 h
after pressurisation or on the day after pressurisation. Thus, vitrifi-
cation, on grids was, for the pressurised milk samples, done on the
day after pressure treatment and, similarly the untreated milk
samples were vitrified the day after preparation. Skim milk sample
(5 ll) was put on a lacey carbon film supported by a copper grid,
which was gently blotted with filter paper to obtain a thin liquid
film, and the grid was then rapidly immersed in liquid ethane (just
above its freezing point) and transferred into liquid nitrogen and
stored. The vitrified specimens were examined using a transmis-
sion electron microscope (Philips CM120 BioTWIN Cryo from Phi-
lips Electronics N.V., Amsterdam, The Netherlands) with settings
as described earlier (Waninge, Kalda, Paulsson, Nylander, & Ber-
genståhl, 2004). The cryo-TEM technique is described in detail by
Bellare, Davis, Scriven, and Talmon (1988). Representative micro-
graphs, to illustrate effects of high hydrostatic pressure on casein
micelles in milk, are selected and shown in the results section.
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Repeated experiments showed that the results were absolutely
reproducible. The large particles in a polydisperse sample tend to
segregate at the edge of the carbon film which, in the present
experiments, had a height of about 100 nm (Karlsson, 2001), and
smaller particles, tend to segregate along the thickness gradient
away from the edge (Bellare et al., 1988; Karlsson, 2001). An exam-
ple is shown for casein micelles in milk after pressurisation at
300 MPa (Fig. 1). The thickness of the amorphous ice decreases
from the edge towards the centre of the hole in the carbon film
and a separation of particles by size is seen.

2.5. Measurement of free ionic calcium in milk by a calcium selective
electrode

Free ionic calcium (Ca2+) in milk was measured by a calcium
selective electrode with a reference calomel electrode, both from
Radiometer, Copenhagen, Denmark. For calibration of the elec-
trode, solutions of 1, 2, 3, 4 and 5 mM Ca2+ were prepared from a
stock solution of 0.100 M CaCl2. The CaCl2–2H2O was dried in a
closed glass container over P2O5 prior to use. All calibration solu-
tions were adjusted to an ionic strength of 0.08 with NaCl. From
the linear relation between the electrode potential (in mV) in the
calibration solutions and the corresponding pCa, measurement of
the electrode potential in milk directly gives the Ca2+ concentra-
tion, assuming that the milk has an ionic strength of 0.08. All mea-
surements were done at 20 �C ± 1 �C, and, for pressurised samples,
started 10 min after pressure release. Standard deviations of Ca2+

measurements between duplicates of pressure-treated samples
were under 5%.

3. Results and discussion

From the cryo-TEM micrograph of untreated milk shown in
Fig. 2A, the casein micelles are clearly visible. Micelles with a diam-
eter of about 80–300 nm may be identified, in addition to some
smaller micelles. Electron-dense areas, approximately 2–3 nm in
diameter are visible inside the casein micelles (Fig. 2B), and this
substructure probably originates from the presence of calcium
Fig. 2. Cryo-transmission electron micrographs of casein micelles in untreated skim m
present in micrograph A is the carbon film supporting the thin layer of amorphous ice.
phosphate clusters, as observed by others (Holt et al., 2003; Knoop,
Knoop, & Wiechen, 1979; Marchin et al., 2007). The surface struc-
ture of the casein micelles in untreated milk is somewhat rough
and irregular, and the shape of the micelles does not appear per-
fectly spherical, which is in accordance with results from previous
studies (Marchin et al., 2007; Martin et al., 2007). Pressurisation of
milk at 150 MPa (Fig. 3A) and 200 MPa (Fig. 3B) changed the
appearance of the casein micelles compared to untreated milk.
Notably, a large number of small particles coexisted with larger
micelles after treatment at 150 MPa, as well as after treatment at
200 MPa (Fig. 3A and B). Furthermore, some of the large micelles
present in milk, after pressurisation at 150 MPa and 200 MPa,
had a surface that appeared smoother compared to the other and
smaller micelles and also had a smoother surface compared to
the casein micelles in untreated milk (Fig. 2A). Fig. 3C and D shows
casein micelles in milk after treatment at 150 MPa and 200 MPa,
respectively, and small particles with an approximate diameter
of 20–50 nm coexist with micelles with diameters up to 200 nm.
The effect of pressure on the surface morphology of casein micelles
in milk after treatment at 300 MPa, as well as 400 MPa, may be
seen in Fig. 4. Pressurisation of milk at 300 MPa further increased
the number of small particles; however, a fraction of large casein
micelles, which appear perfectly spherical, was also present
(Fig. 4A). Fig. 4B shows two micelles with a surface that appears
smooth and with a perfectly spherical shape. Furthermore, a num-
ber of smaller micelles, with diameters of about 20–50 nm, to-
gether with one large micelle, can be identified in Fig. 4C.
Pressurisation of milk at 400 MPa limited the growth of casein mi-
celles, and any of the observed protein particles have a diameter of
approximately 30 nm to almost 100 nm (Fig. 4D). The size esti-
mates of casein micelles obtained by cryo-TEM lie within the dis-
tribution of sizes that have been reported from previous studies
by dynamic light scattering of milk subjected to comparable pres-
sure treatment (Anema et al., 2005; de Kruif, 1998; Huppertz et al.,
2004; Orlien et al., 2006; Regnault et al., 2004). However, the coex-
istence of a large fraction of particles from 20 nm to 50 nm, as well
as particles with diameters around 300 nm, has not previously
been documented in milk subjected to a moderately high
ilk shown with different magnification (A and B). The large continuous black area



Fig. 3. Cryo-transmission electron micrographs of casein micelles in skim milk subjected to high pressure treatment at 150 MPa (A and C), 200 MPa (B and D). The large
continuous black area present in micrograph A and B is the carbon film supporting the thin layer of amorphous ice.
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hydrostatic pressure, e.g., 150 MPa or 200 MPa. The scattered light
intensity arising from small particles is limited compared to the
scattering from large particles and the small particles can hardly
be detected by dynamic light scattering of polydisperse samples.

The free calcium concentration in milk, immediately after pres-
surisation, was increased to about 2–2.4 mM but a gradual de-
crease in the free calcium concentration toward the level in
untreated milk was observed for all samples (Fig. 5). Such mea-
surements have previously only been performed with milk pres-
surised at 400 MPa and our results agree with those of Keenan,
Hubbard, Mayes, and Tier (2003). The pattern, with a gradual de-
crease in the calcium concentration after pressurisation, was found
irrespective of whether the milk was pressurised at 150 MPa,
200 MPa, 300 MPa, or 400 MPa (Fig. 5).

Our results regarding the casein micelle sizes in pressurised
milk are consistent with an initially pressure-dependent dis-
placement of casein molecules from the micelles into the serum
phase. A release of caseins to the serum phase above a moder-
ately high pressure, e.g., 150 MPa, correlates with the presence
of a fraction of particles with an approximate diameter of 20–
50 nm, which probably are small assemblies of casein molecules
(Figs. 3 and 4). Presence of single casein molecules in the serum
phase in milk is energetically unfavourable and these casein
molecules may either assemble into micelles or adsorb to sur-
faces of remaining casein micelles, tending to minimise exposed
hydrophobic surfaces. For pressurised milk, it implies a wider
distribution of sizes, as observed (Figs. 1, 3 and 4). Furthermore,
the surface area relative to the volume of a sphere is decreased
when the diameter of the sphere is increased and the sphere in
general, represents the minimum ratio of surface area to volume.
Accordingly, adoption of a spherical shape is favoured, together
with a growth of micelles, as was observed for a fraction of



Fig. 4. Cryo-transmission electron micrographs of casein micelles in skim milk subjected to high pressure treatment at 300 MPa (A–C) and 400 MPa (D). The large continuous
black area present in the micrographs is the carbon film supporting the thin layer of amorphous ice.
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the casein micelles in pressurised milk (Figs. 1 and 4). Growth
by secondary adsorption of casein molecules onto surfaces of
micelles may explain the clear, distinct boundaries of the large
micelles (Figs. 1 and 4). The assembly of casein molecules into
large micelles in pressurised milk is driven by hydrophobic
interactions. Furthermore, calcium and phosphate association
with caseins screen charges and decreases repulsion. The micro-
graphs seem to indicate that both small and large micelles have
a substructure with electron-dense areas within the micelles,
which may originate from the presence of calcium phosphate
clusters (Figs. 3 and 4). Moreover, the free calcium concentration
in milk after pressurisation, quite near the concentration in un-
treated milk, suggests that pressure-modified casein micelles
contain calcium (Fig. 5), which has also been shown by others
(López-Fandiño, De la Fuente, Ramos, & Olano, 1998). Growth
of micelles in pressurised milk is limited and balanced by in-
creased repulsion from adsorbed surface molecules. An increased
diameter of a sphere necessarily diminishes the curvature of the
sphere and forces the repulsive surface molecules closer to-
gether, and further adsorption is energetically unfavourable.
Pressurisation of milk at 400 MPa was found to limit growth
of micelles and the caseins remained in small assemblies with
sizes of 30–100 nm (Fig. 4D). These sizes are slightly larger than
the sizes of the fraction of small casein assemblies found in milk
after treatment at 150 MPa, 200 MPa, and 300 MPa (Figs. 3 and
4). The presence of exclusively small micelles, and no large mi-
celles, indicates that pressurisation at 400 MPa changes the dis-
tribution of casein molecules at the micelle surface in a way that
allows an increased total surface area of micelles. Probably, the
casein molecules at the surface of the micelles are changed as
a result of secondary adsorption/assembly of caseins that occurs
either during or immediately after pressurisation.
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Fig. 5. Ca2+ measurements in milk subjected to high pressure treatment for 20 min
at 20 �C at 150 MPa (A), 200 MPa (B), 300 MPa (C), and 400 MPa (D). The dashed
horizontal line indicates measured level of Ca2+ in untreated milk. The Ca2+

concentration was measured by a calcium ion selective electrode at 20 �C ± 1 �C
from 10 min to 24 h after pressure treatment of milk, which was subsequently kept
at 20 �C ± 1 �C.
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4. Conclusions

The micelle formation described above represents an extension
and simplification of the mechanism for high pressure-induced
changes of casein micelles compared to previously proposed mech-
anisms. Sizes and shapes adopted by casein micelles in pressurised
milk are a result of an equilibrium distribution between self-
assembly of casein molecules in the serum phase and caseins ad-
sorbed to surfaces of casein micelles. High hydrostatic pressure
treatment causes a pressure-dependent displacement of caseins
into the serum phase and a secondary assembly and adsorption
of caseins to casein micelles. Pressurisation of milk at moderately
high pressure, in the range 150–300 MPa, favoured formation of
a large number of small micelles that coexisted with a fraction of
large micelles, which appeared perfectly spherical with smooth
and well-defined surfaces, features which are suggested to origi-
nate from secondary adsorption of caseins. Pressure-modified
casein micelles and casein micelles in untreated milk were similar
with respect to substructure, visualised by cryo-TEM. In agree-
ment, the level of the free calcium concentration in milk, after
pressurisation, was quite near the level in untreated milk, which
suggests that pressure-modified casein micelles contain calcium.
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