Chapter 6
Effect of Milk Fat Globule Size on Physical
Properties of Milk

Within the wide size range of MFG, the smallest globules are approximately 100-
fold smaller in diameter compared to the largest ones. For the same bulk volume of
fat, milk, with smaller MFG will have a higher total number of MFG. Within these
milks, the smaller MFG will tend to have greater surface curvature, and a larger
surface area/volume ratio, compared to larger MFG. These differences can give rise
to marked differences in the physical properties of MFG size-differentiated milk
and milk fat as summarised in Fig. 6.1.

6.1 Physical Stability

Bovine milk, in which fat globules are dispersed in the continuous phase of milk
plasma containing casein micelles, serum proteins, sugars and minerals, can be con-
sidered as both a colloidal suspension and an oil-in-water emulsion. Within the emul-
sion, the MFGM maintains the integrity of the lipid droplets and helps to protect
them from destabilisation (Walstra et al. 1999). However, as a natural oil-in-water
emulsion, milk is thermodynamically unstable and readily subject to various forms of
physical instability over time, leading to changes of structural organisation or spatial
distribution of MFG. These instability mechanisms include gravitational separation,
droplet aggregation, flocculation, coalescence, and partial coalescence, which are
governed by three colloidal interactions, i.e. van der Waals attractions, electrostatic
repulsion and steric stabilisation (Huppertz and Kelly 2006). Creaming phenomena
can be prevented by reducing the emulsion droplet size. Indeed, for nanoemulsions
(i.e. below 200 nm) in general, Brownian motion can be sufficient to overcome the
influence of gravitational force (Tadros et al. 2004; Mason et al. 2006; McClements
and Rao 2011), thereby providing enhanced long-term physical stability. McClements
(2011) calculated that creaming becomes negligible if emulsion droplet size is below
10 nm. However, particles in nanoemulsions can be subjected to sedimentation if
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Fig. 6.1 Illustration of impact of milk fat globule size on selected fundamental properties
(“47: increased; “="": decreased)

they are coated by a thick adsorbed protein layer to such an extent that their overall
density is higher than that of water (McClements 2011). Destabilisation by floccula-
tion and coalescence can also be reduced in nanoemulsions, due to enhanced steric
stabilisation (Anton et al. 2008; McClements and Rao 2011; Tadros et al. 2004).
Whilst these are well-founded principles with respect to model emulsions, there is
little information about the physical stability of native MFG at the nanometric-size
scale. However, it is well established that homogenised milks (down to about 0.4 pm)
are relatively stable against creaming and it is reasonable to project that the physical
stability of MFG may also be enhanced in nanoemulsions.

Milk fat globule size greatly impacts on the formation of milk fat clusters, as in
creaming and cold agglutination, which in turn, affects the physical stability of milk
and dairy products. In general, the smaller the fat globule size, the more stable it is.
Hence, drinking milks are commonly homogenised to reduce the size of milk fat
globules (below 1 pm) to achieve the greater stability and shelf-life. Large MFG
size accelerates the creaming. Furthermore, large MFG tend to have protruding fat
crystals, which facilitate partial coalescence (Walstra 1995). Large MFG size,
hence, is undesirable in drinking milks but are preferred in butter manufacture,
where small MFG in homogenised cream may lead to inefficiencies in the churning
process (Walstra et al. 2005).
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Milk fat globule size is also considered to influence the creaming rate in cold
raw milk, through its influence on cold agglutination. This occurs in milk due to
the presence of agglutinin, a cryoglobulin-lipoprotein complex (Walstra 1995).
On cooling raw milk, cryoglobulins are precipitated and coat the MFG, causing
them to aggregate and form large floccules, which then rise as a creaming layer.
Since surface area is greater with smaller fat globules, more agglutinin is required
to envelop them completely, rendering them inherently more stable to cold
agglutination (Walstra et al. 2005).

6.2 Viscosity

Viscosity of milk and dairy emulsions is also dependent on MFG size. In
homogenised milk, the higher the homogenising pressure, the higher the viscosity.
When milk was homogenised from 70 to 245 bar, there was a corresponding increase
in viscosity from 7.1 to 15.0 % (Kessler 1981). It was also reported that smaller
MEFG size causes a slight increase in (apparent) viscosity (Long et al. 2012; Truong
et al. 2014a; Kietczewska et al. 2003). A decrease in MFG size of 3.3 % fat milk
from 2.7 to 1.0 pm resulted in corresponding higher viscosities (1.8-1.96 mPa s)
(Kietczewska et al. 2003). Similar tendencies were noted in dairy-based emulsions
(10-36 % milk fat) with much lower size range (0.2—1.3 pm). When emulsion size
decreased from 1.2 to 0.2 um, the apparent viscosities of the dairy-based emulsions
increased in the range of 8—15 mPa s at a shear rate of 5.6 s™' (Truong et al. 2014a).
For a high fat containing emulsions (36 % milk fat) Long et al. (2012) reported a
higher apparent viscosity (0.852 Pa s) for the smaller size emulsion (0.415 pm)
compared to the bigger size (1.291 pm; 0.398 Pa s). The increase in emulsion vis-
cosity of milk and dairy emulsions with decreasing MFG size can be partly explained
by stronger colloidal repulsion and monodispersed close packing caused by narrow
size distribution and smaller particle size (Pal 1996).

6.3 Crystallisation and structural properties

The main components of MFG are TAG, which exist in hundreds of molecular spe-
cies. The configuration of TAG molecules in their solid state can be described in two
dimensions as presented in Fig. 6.2a. The longitudinal stacking (long spacing) is the
alignment of repetitive patterns of TAG side-by-side, either in two chain length (2L)
or higher (triple 3L, quartet 4L etc. chain length configuration). The cross-sectional
view, regarded as the short spacing, is associated with the structural arrangement of
the TAG side chains. They are o, ’,and B polymorphs having hexagonal, ortho-
rhombic and perpendicular, and triclinic parallel chain packing, respectively
(Chapman 1962).
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Fig. 6.2 Schematic illustration of TAG crystalline conformation (a) and impact of droplet size on
crystalline packing longitudinally (b) and laterally (c) in olein emulsions. The 3L structure was
vanished in the nano-sized emulsion (0.17 pm) versus the control (1.20 pm). The emulsion was
prepared from 10 % w/w olein fraction (fractionated from AMF at 21 °C) emulsified with 1 % w/w
sodium caseinate (b and ¢: Reprinted from Truong et al. (2015), Copyright 2015, with permission
from Elsevier)

Each TAG has its own melting point and inter-solubility with other TAGs, which
results in very complex overall crystallisation and structural properties of milk fat.
Upon crystallisation, individual TAG of milk fat can form different polymorphs,
depending on previous thermal conditions applied such as cooling/heating tempera-
ture and rate. Previous studies on the crystallisation of bovine MFG in cream (natu-
ral and recombined) and milk reported the complexity in crystallisation and
structural behaviour of milk fat crystals in the dispersion state (Table 6.1). Typically,
milk fat crystals in globules are of mixed types of o, f’ and p depending on rate of
cooling (Lopez et al. 2002, 2007).
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Fat globule size is also one of the factors influencing the crystallisation and struc-
tural characteristics of native MFG (Lopez et al. 2007; Michalski et al. 2004) as
summarised in Table 6.1. Using microfiltration to obtain small (1-3 pm) and large
(5-7 pm) globule size fractions, Michalski et al. (2004) reported that crystallisation
was delayed with smaller MFG (D,; 0.93 pm) compared to large MFG (D,; 7.15 pm).
The latter forms 3L structure at higher temperature (13 °C) than the former (9 °C).
Also, the large size fraction exhibits more 2L structure (2L: 40.8 A) than its smaller
counterpart (2L: 39.3 A). However, the authors pointed out that no significant dis-
crepancy was found across the size range of native milk fat globules investigated
(0.93-7.14 um) once the associated cooling rate and thermal history were omitted.

Due to the technical difficulty in separating native MFG into discrete size frac-
tions, few attempts have been made to study the influence of droplet size on crystal-
lisation and structural behaviour of bovine milk TAGs in milk fat emulsion systems.
In these systems, anhydrous or fractionated bovine milk fats were used as an oil
phase whereas the aqueous phase typically consisted of whey proteins and/or
caseins acting as emulsifiers. Generating discrete emulsion droplet size ranges is
generally more controllable by varying homogenising pressure and cycles applied
to the coarse emulsions during the emulsification process. Furthermore, this method
effectively eliminates the compositional variations between small and large MFG in
their native form. Using this approach, it was shown that a decrease in droplet size
induced a lower crystallisation temperature (Lopez et al. 2002; Truong et al. 2014b),
lower solid fat content (Truong et al. 2014b) and smaller melting enthalpy (Bugeat
etal. 2011) (Table 6.1). These results were in agreement with studies performed on
other fats/oils such as n-hexadecane, tripalmitin, tristearin, and trilauroylglycerol
(Higami et al. 2003; Bunjes et al. 2000; Dickinson et al. 1991). The tendency of
crystallisation temperature to decrease with smaller droplet size can be explained by
the increased ratio of droplets to impurities, which are responsible for catalysing or
“seeding” crystallisation of individual droplets. An increase in this ratio tends to
limit the rate of crystallisation and results in an increasing propensity for supercool-
ing. In nanoemulsions, it is likely that the crystallisation process is further retarded
due to the physical constraints of the droplet wall. For example, Bugeat et al. (2011)
and Truong et al. (2015) reported the absence of TAG 3L structure in bovine milk
enriched unsaturated fatty acid (olein fraction) nanoemulsion (approximately
200 nm) compared to micron-sized emulsions of the same composition (Fig. 6.2b
and c), suggesting that confinement of emulsion droplet size constrains and retards
the crystallisation and fat crystal growth.

Regarding morphology, milk fat that is crystallised within size-differentiated
MEFGs exhibits different crystal arrangements and shape, as visualised under polar-
ised light microscopy, depending on MFG size (Lopez et al. 2002). Depending on
the microscopic technique used, four main types of crystals in MFG have been
proposed based on (1) birefringence of the crystals under polarized light micros-
copy (Walstra 1967) and (2) location of crystal shell within the fat globule as
observed with freeze-fracturing and electron microscopy (Precht 1988). The four
main types of crystals observed in cream are: O (tiny crystals interiorly located,
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Fig. 6.3 (a) Presence of needle-like fat crystals inside a bovine MFG captured by Transmission
Electron Microscopy (Reprinted from Goff (1997), Copyright (1997), with permission from
Elsevier), bar scale: 0.5 pm; and (b) Arrangement of TAG lamellar layers in both interior and free
surface of the stearin-enriched nanoparticle (230 nm) after cooling at very slow rate 0.1 °C min™'
as visualised under cryogenic Transmission Electron Microscopy (Reprinted from Truong et al.
(2015), Copyright (2015), with permission from Elsevier), bar scale 50 nm

showing no birefringence), N (“needle-type”: birefringent areas of needle crystals),
L (“Layer-type”: needle crystals tangentially located at the outer layer) and M
(“mixed type”: combination of L and N types) (Walstra 1967). As illustrated in
Fig. 6.3a, needle-fat crystals were detected in interior part of native MFG (Goff
1997). Based on these categories, Lopez et al. (2002) reported that during rapid
cooling from 60 to —8 °C, it is likely that the fat crystals in the smallest fat globules
were very small and attributed to type O (very weak birefringence). The largest fat
globules held needle-shaped crystals (type N). When native MFG were cooled at
slower rate (0.5 °C min™") the largest globules had a combination of type N and M
(layered + needle-shaped crystals) whilst spherulite-shaped crystals were present in
the smallest globules (Lopez et al. 2002). A mono-molecular layer about 5 mm in
thickness was found to surround the MFG boundary in concentric layers upon crys-
tallization (Precht 1988). For a dairy-based emulsion system, the higher resolution
of transmission electronic microscopy revealed that upon very slow crystallisation
of TAG (0.1 °C min™"), TAG layers appeared to be arranged into a straight orienta-
tion (Fig. 6.3b). The influence of droplet size on crystal morphologies was also
demonstrated by Truong et al. (2015) (Fig. 6.4). Here it was apparent that the bent
crystals aligned tangentially to the curved interface of micron-sized emulsion drop-
lets were absent from the nanoemulsion droplets. It was suggested that these more
typical crystals were unable to form, due to the physical confinement and extreme
curvature of the nano-sized droplets (200 nm) (Fig. 6.4). Instead, the crystal lattice
within the nano-sized droplets tended to arrange into a straight orientation, causing
a deformation of droplets or protruding fat droplet surface (Figs. 6.3b and 6.4).
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Fig. 6.4 Cryogenic Transmission Electron Microscopy micrographs present different arrange-
ments of TAG lamellar layers externally in olein (a—c) and stearin (d) nanoemulsion (200 nm) at
4 °C after being cooled at different cooling rates (b and c¢: Reprinted from Truong et al. (2015),
Copyright (2015), with permission from Elsevier). Single lamellar layer (white and dark thick
lines) about 4.1-4.2 nm, corresponding to the length of TAG longitudinal packing (red arrows),
stacked along the periphery of particle (d). Polydispersity and various morphologies at different
particle sizes in the stearin nanoemulsion (e)

6.4 Optical Properties

Turbidity of milk is governed by light scattering from milk components, notably fat
globules and casein micelles (Goulden 1958; Walstra et al. 2005). Light scattering
is stronger with MFG than casein micelles in milk due to a high polydispersity of fat
globule size (Walstra et al. 2005). Both fat globule size and fat concentration con-
tribute to light scattering (Goulden 1958; Walstra et al. 2005). Hence, optical prop-
erties have been utilised to indirectly estimate MFG size in homogenised milks
using spectroturbidimetry (Ashworth 1951; Goulden 1958) and more recently, light
scattering (McCrae and Lepoetre 1996; Michalski et al. 2001). On investigating
measurement of the optical properties of milk as a means of obtaining reliable MFG
size distribution estimates using laser light scattering, Michalski et al. (2002)
observed that there was no significant difference in size distribution of natural fat
globules using both the corrected (1.458 at 633 nm- and 1.460 at 466 nm-wavelength)
and true refractive indices (1.470 and 1.460 at 466 and 633 nm wavelength, respec-
tively). However, using the corrected refractive indices of milk fat improves the
peak selectivity in the submicron size range of homogenised milk. These findings
appear to indicate at least a small degree of influence of particle size on optical
properties of MFG.

The colour and opacity of milk is attributable to both light scattering and absor-
bance of visible light (Walstra et al. 2005). It is known that homogenised milk appears
whiter than raw milk. Sonicated milk, having mean diameter of globule size below



References 43

1 pm, is reported to have a significantly higher level of luminosity (L*: 92.37+0.20)
compared to raw milk (87.82+0.18). This was apparently due to an increase in
scattering of visible light with smaller fat globules (Fox and McSweeney 1998).

6.5 Electrical Conductivity

Milk generally exhibits good electrical conductivity, largely due to the presence of
dissociated soluble salts. The presence of milk fat reduces electrical conductivity,
due to the poor conductivity of the fat itself, as well as the immobilisation of con-
ducting ions by MFG. Increasing fat content generally leads to a decrease in electri-
cal conductance. It has been observed that at the same level of fat, commercial full
fat milk which has a smaller fat globule size, had a higher conductance
(5.05+£0.03 mS), than that of raw milk (4.85+0.03 mS) (Mabrook and Petty 2003).
In a separate study, when milk was homogenised, conductance properties such as
impedance and admittance of homogenised milk remained unchanged in larger par-
ticle size emulsions (1.5-5 pm; Banach et al. 2008). However, a marked decrease in
homogenised milk impedance was observed in milks with a smaller fat globule size
(1.07 pm, homogenised at 20 MPa). This observed difference was attributed to the
greater disruption and disintegration of casein micelles under the higher homogeni-
sation pressures. It was assumed that during the mechanical size reduction process,
part of the colloidal calcium phosphate was dissociated from the micelles and solu-
bilised, leading to an increase in calcium and phosphate contents in milk serum.
This contributed to the imbalance of mineral salts in milk, altering its electrical
conductivity (Banach et al. 2008). Given that the fat globule membrane in
homogenised milks is not of a highly conductive nature, it appears that any differ-
ences seen in conductivity between homogenised milks of different emulsion par-
ticle size are more likely to be due to the effects of homogenisation on micelle
disruption than any direct effect of emulsion droplet size.
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