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The composition, supramolecular organisation
and thermal properties of milk fat: a new
challenge for the quality of food products

Christelle LOPEZ*, Valérie BRIARD-BION

UMRI1253 Science et Technologie du Lait et de I’Euf, INRA-Agrocampus Rennes,
65 rue de Saint-Brieuc, 35042 Rennes Cedex, France

Abstract — In this paper, we focused on the characteristics of milk fat (composition, organisation
and thermal properties) that may improve the functional, sensory and nutritional properties of food
products. Fat is dispersed in raw milk as droplets called milk fat globules, which are enveloped in
their biological membrane (MFGM). Dairy processes may greatly affect both the supramolecular
organisation and the surface composition of fat. Using confocal laser scanning microscopy, we
showed that fat can be dispersed as natural milk fat globules (dyean ~ 4 wm), coalesced fat globules
(10-20 wm), aggregates of fat globules (10-50 um), tiny homogenised fat globules (0.2-1 um)
covered mainly by caseins, and at the extreme opposite, non-globular fat, also called free fat. Fat
can also be the continuous phase such as in butter and in its anhydrous form. We focused on the
changes in the organisation of fat during the manufacture and ripening of a hard-type cheese and
showed that the pressing of curd grains leads to the disruption of the MFGM and the formation of
free fat. Furthermore, the pockets of whey surrounding the inclusions of fat after disruption of the
MFGM favour the preferential localisation of bacteria at the fat/protein interface and thus contribute
to the accessibility of lipolytic enzymes to fat for lipolysis, essential for the quality of cheese. An
innovative method was developed using differential scanning calorimetry to determine the solid
fat content in food products. We showed that the fat phase is partially crystallised in cheese for
T <41 °C, e.g. a mixture of crystals and oil, and calculated that about 56% of fat was solid at 4 °C.
Finally, we showed that increasing the amount of unsaturated fatty acids in milk fat to improve its
nutritional properties changes the solid fat content as a function of temperature, the resistance of fat
globules to disruption and thus the functional, textural and sensorial properties of fat-rich products
such as butter.
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Résumé — Composition, organisation supramoléculaire et propriétés thermiques de la ma-
tiere grasse laitiere : un nouveau challenge pour la qualité des produits alimentaires. Dans cet
article, nous nous focalisons sur les caractéristiques de la matiére grasse du lait (composition, or-
ganisation, propriétés thermiques) qui peuvent améliorer les propriétés fonctionnelles, sensorielles
et nutritionnelles des aliments. La matiere grasse est dispersée dans le lait cru sous forme de gout-
telettes, appelées globules gras, enveloppées par leur membrane biologique naturelle. Cependant,
les procédés industriels peuvent modifier 1I’organisation de la matiere grasse et la composition de sa
surface. En utilisant la microscopie confocale, nous avons montré que la matiere grasse peut étre
dispersée sous forme de globules gras natifs (dpoyen ~ 4 wm), de globules gras coalescés (10-20 pum),
d’agrégats de globules gras (10-50 um), de petites gouttelettes homogénéisées (0,2—1 wm) majori-
tairement recouvertes de caséines, et sous forme non globulaire aussi appelée matiere grasse libre.
La matiere grasse peut également constituer la phase continue comme dans le beurre. Nous avons
étudié les évolutions d’organisation de la matiere grasse au cours de la fabrication et de I’affinage de
I’Emmental et montré que le pressage des grains de caillé conduit a la rupture de la membrane des
globules gras et a la formation de matiere grasse libre. De plus, les poches de sérum entourant les in-
clusions de matiere grasse favorisent la localisation préférentielle des bactéries a I’interface avec le
réseau protéique. Ce travail a contribué a I’élucidation des mécanismes d’accessibilité des enzymes
lipolytiques, dont I’action est essentielle a la qualité du produit. Par ailleurs, une méthode innovante
a été développée pour déterminer la quantité de matiere grasse cristallisée dans les produits, en uti-
lisant la microcalorimétrie différentielle. Nous avons montré que la phase grasse est partiellement
cristallisée dans les matrices fromageres (mélange d’huile et de cristaux) pour T < 41 °C, et que
environ 56 % de la matiere grasse est solide a 4 °C. Enfin, nous avons montré qu’une augmentation
de la quantité des acides gras insaturés, visant a améliorer les qualités nutritionnelles de la matiere
grasse laitiere, modifie le taux de solide, la résistance des globules a la rupture sous contrainte et
en conséquence les propriétés fonctionnelles et sensorielles des produits riches en matiere grasse,
particulierement le beurre.

structure / taux de solide / lipolyse / globule gras / microscopie confocale

1. INTRODUCTION acids and cholesterol, limit its consump-
tion. Thus, modification of milk fat com-
position and physical properties to improve
its nutritional but also its functional proper-
ties is of considerable interest for expand-

ing its consumption and its use in the cos-

Milk fat is widely consumed in dairy
products, i.e. milk, cream, ice cream,
whipped cream such as Chantilly, cheeses
and butter, but also in powders, pastries,

cooked foods, etc. Considering its impli-
cation in the texture, the mouth-feel, the
flavour and the functional properties, milk
fat plays a major role in the quality of high-
fat products. However, the negative health
aspects of milk fat, which are mainly due
to its high concentration in saturated fatty

metic, pharmaceutical and food industries.

The concentration and chemical com-
position of fat in food products are eas-
ily determined and thus well known. On
the other hand, information on the prop-
erties of fat in situ in food products are
scarce. Thus, increasing the knowledge of
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the suprastructure of milk fat and thermal
properties (i.e. solid fat content at a fixed
temperature) in food products as a function
of its fatty acid composition is of tremen-
dous importance with respect to technolog-
ical, functional, sensorial and nutritional
properties.

Regarding more particularly the
structure of fat in food products, some
elements are assumed. In milk, cream
and yoghurt, fat is consumed as a direct
emulsion with the fat globules being
dispersed in the plasma phase: natural
fat globules (d ~ 4 um) are covered by
their biological membrane (the milk fat
globule membrane: MFGM), while tiny
homogenised fat globules are mainly
covered by caseins [8]. In ice cream and
whipped cream, partially coalesced fat
globules, fat crystals and polar lipids are
adsorbed on the surface of air bubbles. In
butter, fat is consumed as a reverse emul-
sion in which water droplets are dispersed
in the continuous partially crystallised fat
phase.

The organisation of fat in other pro-
cessed food products is unclear. For ex-
ample, in cheeses, fat is entrapped in a
protein network, but its suprastructure de-
pends greatly on the technological pro-
cess applied. During the processing of
milk, several treatments may alter the nat-
ural structure of fat globules and damage
the MFGM: (i) mechanical treatments, i.e.
pumping, agitation, cutting, pressing and
high-pressure homogenisation; (ii) thermal
treatments, i.e. refrigeration, heating (pas-
teurisation, sterilisation), drying; and (iii)
enzymatic treatments, i.e. lipolysis. In spite
of the great significance of the physical
structure of milk fat and the interactions
between fat and proteins, regarding lipase
activity and the functional properties, only
a few authors have studied the organisation
of fat in complex food products.

Microstructure studies provide a key to
understanding, and therefore controlling,
the properties of food products. Consider-

ing the characterisation of the supramolec-
ular structure of fat in situ in a complex
matrix, the development of adequate pro-
tocols and the choice of non-destructive
methods is essential. Confocal laser scan-
ning microscopy (CLSM) is a powerful
tool to penetrate the surface of a sam-
ple and to visualise thin optical sections.
The use of CLSM provides an opportu-
nity to characterise milk fat globules in
food products, without disturbing the in-
ternal structure, and to localise simulta-
neously the main elements of structure:
fat, proteins, bacteria, exopolysaccharides,
etc. [1,3,4,8,12,15,21].

Regarding the thermal properties of
milk fat, studies have mainly been per-
formed with anhydrous milk fat and cream,
but few studies have been performed in
complex food products [12]. The com-
plex composition of milk fat and polymor-
phism of triacylglycerols (TG) are respon-
sible for its thermal behaviour: milk fat
has a broad melting range, which spans
from about —40 to 40 °C [22]. This means
that at intermediate temperatures and at
the temperatures of storage (4-7 °C) and
consumption, milk fat is partially crys-
tallised and corresponds to a mixture of
solid fat, e.g. crystals, and liquid fat,
e.g. oil. The characteristic melting pro-
file of anhydrous milk fat recorded using
differential scanning calorimetry (DSC)
shows 3 peaks corresponding to groups
of TG that melt separately: the low melt-
ing point (LMP), middle melting point
(MMP) and high melting point (HMP)
fractions [22]. Using polarised light mi-
croscopy, it was evidenced that the ki-
netics of cooling and tempering affect
the size of TG crystals and their locali-
sation in fat globules [10, 11]. Recently,
Ollivon and colleagues characterised at a
molecular level the crystallisation proper-
ties of milk fat in bulk, i.e. anhydrous milk
fat [7, 11, 13] and in natural milk fat glob-
ules [9, 10, 19], using coupling of time-
resolved synchrotron X-ray diffraction and
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DSC. The longitudinal organisation of TG
molecules and the lateral packing of fatty
acids in the subcells (sub-a, a, ’, ) were
characterised [10, 11]. Understanding the
textural and functional behaviour of fat in
complex products cannot be achieved with-
out the full characterisation of the thermal
properties: types of crystals formed and
solid fat content at a fixed temperature.

The composition of milk fat, its or-
ganisation and its thermal properties in
food products have major consequences on
their functional, textural, sensorial and nu-
tritional properties. Moreover, the struc-
ture and texture of dairy gels are affected
by the interactions between the surface of
fat droplets and the casein network. Fat
droplets can be inert fillers (fat globules
with the natural MFGM), structure break-
ers (large fat globules), or can act as struc-
ture promoters (fat droplets covered by ca-
seins), depending on their size and the
properties of their surface [17]. The role
of milk fat globules in the functionality of
different kinds of cheeses, such as Moz-
zarella cheese and Emmental cheese, has
recently been explored [20,21]. The effect
of technological and compositional param-
eters as well as the size of the fat globules
in Mozzarella cheese have been shown to
be related to meltability and free fat forma-
tion [21]. From a sensorial point of view,
the majority of flavour compounds are at
least partially soluble in liquid fat, suggest-
ing that the fat acts as a reservoir of flavour
compounds. Additionally, fat may facili-
tate flavour generation by providing a fat-
protein interface for flavour-producing re-
actions to occur.

The objectives of this study were (i)
to characterise the organisation of fat in
commercial dairy products, (ii) to charac-
terise the changes in the organisation of
fat during the manufacture of a hard-type
cheese and their consequences on the ac-
cessibility of fat to lipolytic enzymes, (iii)
to determine the solid fat content in cheese,
and (iv) to determine the consequences of

increasing the amount of unsaturated fatty
acids on the properties of food products.

2. MATERIALS AND METHODS

Commercial dairy products (cheeses,
butter and milk powder) were used in this
work. Emmental cheeses were manufac-
tured using a specialised pilot plant based
in the research centre of INRA, Rennes,
France, as described in Lopez et al. [15].

2.1. Particle size measurements

The fat globule size distributions in
milks were measured by laser light scat-
tering using a Mastersizer 2000 (Malvern
Instruments, Malvern, UK), equipped with
a He/Ne laser (A = 633 nm) and an elec-
troluminescent diode (A = 466 nm). The
refractive index of milk fat was taken to be
1.460 at 466 nm and 1.458 at 633 nm as
previously determined in our laboratory.

2.2. Microstructural analysis

Dairy product microstructure was ex-
amined using confocal laser scanning mi-
croscopy (CLSM). Thin slices of cheese
and butter (5 mm X 5 mm X 3 mm thick)
were prepared from the freshly cut sam-
ples. Milk powder was dispersed in glyc-
erol to avoid its solubilisation. A lipid-
soluble Nile Red fluorescent dye (Sigma —
Aldrich, St Louis, USA) was used to la-
bel fat. The protein network and DNA of
bacteria were stained using Acridine Or-
ange fluorescent dye (Aldrich Chemical
Company, Inc., Milwaukee, USA). Mi-
crostructural analysis was performed us-
ing a confocal Leica TCS NT micro-
scope (Leica Microsystems, Heidelberg,
Germany), with excitation wavelengths of
568 nm for fat and 488 nm for protein and
bacteria.
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2.3. Thermal properties

The thermal properties of the sam-
ples were monitored by differential scan-
ning calorimetry (DSC) using a TA Q-1000
calorimeter (TA-Instruments, New Castle,
USA).

2.3.1. Cheeses and butters

About 40 to 50 mg were accurately
weighted in a hermetic stainless steel pan
of 100 uL. An empty hermetic stainless
steel pan was used as reference. The sam-
ples stored at 4 °C were transported in
an isothermal box to the calorimeter, pre-
cooled to 4 °C. The samples were tempered
for 5 min at 4 °C and heated from 4 °C to
60 °C at 2 °C-min~".

2.3.2. Anhydrous milk fat

About 5 to 10 mg of AMF extracted
from the samples were weighed in a her-
metic aluminium pan of 50 puL. The sam-
ples were heated to 60 °C to melt all nu-
clei, cooled from 60 °C to —40 °C at
-2 °C-min~! and heated from —40 °C to
60 °C at 2 °C-min~'. The thermal charac-
teristics (initial T of crystallisation, final T
of melting and enthalpy of melting) were
calculated by the instrument software.

3. RESULTS AND DISCUSSION

3.1. Natural milk fat globules:
structure and composition

Fat is present in milk in the form of
spherical droplets called milk fat glob-
ules (MFG; Fig. 1). MFG have a diam-
eter ranging from 0.02 to 15 wm with a
volume-weighted diameter of about 4 um
(Fig. 1) [8].

Milk fat is mainly composed of neu-
tral lipids, the triacylglycerols (TG; 98%

of total lipids) which are triesters of glyc-
erol and fatty acids (Fig. 1, top). With the
particularity of having short-chain (C4-C8:
8.3%), medium-chain (C10-C12: 6.6%)
and long-chain (C14-C18: 81.9%) fatty
acids [5], milk fat is one of the most com-
plex natural fats. Moreover, milk fat is
a relatively high saturated fat: about 65
to 70% of saturated fatty acids (mainly
C16:0, C18:0 and C14:0) and about 30
to 35% of unsaturated fatty acids (mainly
C18:1). These wide ranges of fatty acid
chain length and degree of unsaturation
are responsible for the complex composi-
tion of milk fat; more than 400 different
fatty acids and 200 TG have been identi-
fied [2,5].

Natural milk fat globules are enveloped
by a biological membrane, the milk fat
globule membrane (MFGM), which con-
sists of proteins, glycoproteins, enzymes,
phospholipids, cholesterol and other minor
components [16] (Fig. 1). Both the struc-
ture in a trilayer (thickness ~ 4-10 nm)
and composition of the native MFGM re-
sult from the mechanisms of secretion of
fat globules by the epithelial cells of the
mammary gland [6]. The MFGM acts as
a natural emulsifying agent that prevents
aggregation and coalescence of milk fat,
and is also a barrier that protects the fat
against lipolytic enzymes. Thus, the natu-
ral MFGM confers specific properties upon
fat globules.

3.2. Processes affect
the organisation of fat
in dairy products

Milk fat is present in food products
with a concentration varying from about
15 gkg™! (semi-skimmed milk) to about
820 g-kg™! in butter. The chemical char-
acteristics, e.g. dry matter, fat content and
composition, but also the organisation of
fat (emulsified or non-emulsified) may af-
fect the properties of products. For the last
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Raw milk: natural milk fat globules

Biologicalmembrane (2%) | - s OF

Milk fat globule membrane (MFGM) | Triglycerides

(98%)

TG molecule

Xanthine
oxidase

BRC—0—Cc—Ry

Primary
membrane HT_ 0—C—i§

9
HC—0—Cc—bs

Cholesterol

bilayer (from

Glycolipid -7 plasmic membrane)
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polypeptide chains
Phospholipids (polar lipids)
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and heat-treated fat globules
9 Mainly covered by caseins Milk fat globule

Volume %
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Figure 1. Natural milk fat globules and fat droplets after homogenisation: composition and
structure. Top: Light micrograph of milk fat globules and schematic representation of the milk
fat globule membrane and the core of fat globules composed of triglycerides. Bottom: Milk fat
globule size distribution in full-fat raw milk (-o-), full-fat pasteurised milk (-¢-) and full-fat UHT

milk (-m-), measured by laser light scattering and schematic representation of fat droplets covered
mainly by caseins.
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3 years, we have focused on the structure
of fat in various food products to improve
the understanding of its functional proper-
ties.

Figure 1 shows comparatively the size
distributions of milk fat globules in
raw and commercial milks. The volume-
weighted average diameter of fat glob-
ules in drinking milks is in the range
0.2-0.5 wm [8]. Milk directly from the
cow is rarely consumed due to fears re-
garding possible microbiological risks and
also the perception of increased fat in-
take, due to the fat layer that develops
on the milk surface when left to stand.
Thus, commercial milk undergoes techno-
logical treatments: heat treatment and ho-
mogenisation, to prevent its microbiolog-
ical and physical unstability, respectively.
Homogenisation is of special interest in
the dairy industry to reduce the size of fat
globules in milk and creams, and to pre-
vent creaming and coalescence during long
shelf-storage. Homogenisation of milk is
also performed to favour lipolysis, e.g. in
blue-veined cheeses. Homogenisation of
fat globules leads to the total or at least par-
tial disruption of the MFGM and to the ad-
sorption of milk proteins (mainly caseins)
and greatly increases the interfacial sur-
face area of fat in solution by increasing
the number of fat globules. The fraction ®
of the milk fat globule surface that is cov-
ered by milk proteins after processing of
commercial milks was quantified; it corre-
sponds to 66-87% [8].

Figure 2 shows the microstructure of
different kinds of products observed using
CLSM. In all the micrographs, the fat is
coloured in red, the proteins appear in grey
level and the bacteria in green. Figures 2A
and 2B show the microstructure of two dif-
ferent soft cheeses. In Camembert cheese,
manufactured with the traditional technol-
ogy, fat remains essentially in its globular
form, covered by the MFGM (Fig. 2A).
The size of some fat globules is larger
than that found in milk, which shows that

the heat and mechanical treatments applied
during the process induced some coales-
cence of fat globules. Figure 2B shows
the microstructure of a low-fat soft cheese
made with ultrafiltration technology. Fat is
dispersed as small fat globules, ~1-2 pum,
meaning that homogenisation or high shear
was used during the process. Thus, the
MFGM was disrupted and caseins may
mainly cover the surface of the fat glob-
ules. This decrease in size of fat glob-
ules and change in interfacial properties
(MFGM vs. caseins) lead to different fat
— casein interactions during the forma-
tion of the network. It is well known that
homogenised fat globules highly interact
with the casein network during renneting
of milk and highly contribute to the rhe-
ological properties of the cheese (higher
elastic modulus). Figure 2C shows the mi-
crostructure of processed cheese, manufac-
tured mainly with hard-type cheese, but-
ter and polyphosphates. The mixing of
the ingredients under shear and at high
temperature leads to the emulsification of
fat and the formation of small droplets
(0.2—1 um) covered by casein strands. Fig-
ure 2D shows the microstructure of a hard-
type cheese, Cheddar cheese, in which fat
is mainly dispersed as aggregates of fat
globules and free fat, which is the fat not
covered by the MFGM. A small proportion
of fat globules also remains in the casein
matrix. Figure 2E shows the microstructure
of a traditional butter (churning process). It
corresponds to small droplets of water and
residual fat globules dispersed in a con-
tinuous phase of partially crystallised fat.
Thus, traditional butter can be considered
as a mixed emulsion (dispersed phase: wa-
ter droplets + residual fat globules + bac-
teria). Figure 2F shows the organisation of
fat in a spray-dried dairy powder: globular
fat and surface free fat were observed.

We showed that the supramolecular
structure of milk fat in food products can
be drastically different, depending on the
technological process applied during the
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Figure 2. Confocal laser scanning micrographs of commercial dairy products. Soft cheeses: (A) tra-
ditional Camembert cheese and (B) soft cheese made with ultrafiltration technology; (C) pro-
cessed cheese; (D) hard-type cheese: Cheddar; (E) traditional butter made with churning process;
(F) spray-dried dairy powder. Fat is coloured in red/orange, proteins are in grey level, bacteria are
in green.
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manufacture. Cheeses are dispersions of fat
in a casein network. Thus, they correspond
to dense oil in water emulsions in which
milk fat can be dispersed as (i) fat glob-
ules with the MFGM (~4 pum), (ii) aggre-
gates of fat globules (10-50 um), (ii) ho-
mogenised fat globules covered by caseins
(0.2—-1 wm), (iii) free fat, and (iv) a com-
bination of different phases and structures
(Fig. 3) [8]. Butter is traditionally consid-
ered as a water-in-oil emulsion. However,
we showed that it is also a dispersion of
residual fat globules in a continuous fat
phase.

3.3. Changes in the organisation
and the thermal properties
of fat during the manufacture
and ripening of Emmental
cheese

Emmental cheese is probably the best-
known Swiss-type cheese, and is the
most widely manufactured hard cheese in
France. Changes in the physico-chemical
properties, organisation and thermal prop-
erties of milk fat were investigated dur-
ing the main steps involved during the
manufacture and ripening of Emmental
(Fig. 4) [15].

3.3.1. The manufacture of cheese
greatly affects the properties

of fat

The measurement of fat globule size
and apparent zeta potential (to estimate
MFGM damage) showed that they were
slightly affected during cheese milk prepa-
ration, i.e. storage of cheese milk overnight
at 4 °C and thermisation. CLSM was
used to investigate the organisation of
fat after coagulation of milk (Fig. 5).
The rennet-induced casein network had a
porous structure in which milk fat glob-
ules were entrapped (Fig. 5A). After cut-
ting and heating of curd grains, fat globules

existed in two states, as individual glob-
ules entrapped in the protein network and
as aggregates. Pressing of curd grains and
acidification induced the largest changes
in the structure and composition of the
curd: a large increase in the density of the
protein network and milk fat globule dis-
ruption were observed (Fig. 5B). Emmen-
tal cheese microstructure after pressing of
curd grains consisted of cavities containing
fat globules and serum phase, surrounded
by protein strands. Fat was present in dif-
ferent forms: (i) milk fat globules which
have the same size as that detected follow-
ing milk coagulation (d ~ 4-5 um), (ii)
aggregates of fat globules, (iii) coalesced
fat globules formed after fusion of several
fat globules of smaller size, and (iv) non-
globular fat, also called free fat. Free fat
is the fat which is not protected by the
MFGM, and susceptible to oiling off or re-
moval (Fig. 3). The disruption of milk fat
globules during pressing of curd grains can
depend on several parameters such as (i)
their size, (ii) their aggregation through the
partly reorganised MFGM, (iii) the com-
position of fat which governs its solid fat
content, (iv) the composition, structure and
properties of the MFGM, (v) the viscos-
ity of the casein network, and (vi) the
parameters of pressing: temperature, time
and pressure applied. Pressing, identified
as the main destabilising process, resulted
in the greatest disruption of fat globules
and plays a major role in the formation
of free fat. Following the disruption of
the MFGM, membrane material is released
and the surface-active components that re-
main in the cheese matrix may have an
impact on the functional, sensory and nu-
tritional properties. Figure 5C shows the
microstructure of Emmental cheese after
brining.

The thermal properties of fat dispersed
in Emmental cheese were investigated in
situ using DSC. The samples were first
heated to 60 °C, e.g. above the final
melting point of milk fat, in order to
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Figure 3. Schematic representation of the supramolecular organisation of milk fat in food products
and proposed composition and structure of the fat/water interface (not to scale).
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Figure 4. Schematic representation of the main steps involved during the manufacture and ripening

of Emmental cheese.

melt all existing nuclei and thus eliminate
their thermal history. The liquid — solid
fat transition was observed upon cooling.
Cheese samples were not cooled at T <
—6 °C to avoid ice formation. We showed
that the destabilisation of fat globules by
coalescence and the formation of free fat
after pressing alter the thermal properties
of milk fat (i) by increasing the initial
temperature of crystallisation, and (ii) by
the formation of two overlapped exotherms
(details in [12]).

3.3.2. Ripening of cheese regarding
the properties of fat

3.3.2.1. Organisation of fat in the
cheese matrix

At a microscopic level, the gross struc-
tural view of Emmental cheese during

ripening is different from that observed af-
ter brining; the pockets of serum which
had surrounded the pools of fat have dis-
appeared, increasing the contact between
fat and the casein network (Fig. 6). During
ripening, the microstructure of Emmental
cheese does not evolve significantly. How-
ever, at a molecular level fat globules can
(i) become disrupted due to enzymatic hy-
drolysis of the MFGM, and (ii) be distorted
by protein rearrangements due to proteoly-
sis during cheese ripening which may con-
tribute to the formation of the pools of fat.
The temperature of ripening can also con-
tribute to the destabilisation of fat globules
in the casein matrix during the ripening pe-
riod by increasing the amount of fat in the
solid state, which can damage the MFGM.

This study showed that milk fat exists
in three main forms in Emmental cheese:
(i) small fat globules enveloped by the
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Figure 5. Confocal laser scanning micrographs taken during the manufacture of Emmental cheese:
(A) milk curd; (B) Emmental cheese after pressing (0.4 kPa, 4 h, 47 °C); (C) Emmental cheese after
brining. Fat is coded in red, proteins are in grey level, pockets of whey are in black.
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Figure 6. Confocal laser scanning micrographs taken in Emmental cheese at 1 day (A and B) and at
the end of ripening (52 d; C and D). These figures show the preferential localisation of bacteria in
the pockets of whey surrounding fat inclusions (A) and at the fat/protein interface (B, C and D). The
protein network and bacteria (bright areas) are coded in white, fat is coded in red. Whey pockets

appear in black.

MFGM, (ii) aggregates of partially dis-
rupted fat globules, and (iii) free fat, re-
sulting from the disruption of the MFGM
and allowing free TG to fill voids in the
cheese protein matrix [15]. However, the
organisation of the fat probably exists as a
continuum between these three states, de-
pending on the degree of breakdown of the
MFGM. A schematic representation of the
composition and structure of the fat/whey

interface after disruption of the MFGM is
proposed in Figure 3.

3.3.2.2. Lipolysis, considering
the organisation of fat
and preferential localisation
of bacteria

Figures 6A and 6B show colonies of
bacteria localised in the pocket of whey
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surrounding fat inclusion (Fig. 6A) and
at the fat/protein interface (Fig. 6B) in
Emmental cheese at 1 day. Figure 6C
shows the microstructure of Emmental
cheese at the end of ripening with an en-
larged scale of Figure 6D to observe a
colony of bacteria better. The preferential
localisation of the bacteria at the fat/protein
interface and the disruption of the MFGM
after pressing of curd grains (Fig. 5B) can
favour the accessibility of fat to lipolytic
enzymes. The level of lipolysis at the end
of ripening corresponded to 1.56% of fat,
which is the amount expected for Emmen-
tal cheese [14]. The amount of free fatty
acids (FFA) progressively released during
the manufacture and ripening, expressed
in % of total FFA, was 14.3 + 0.8% after
brining, 0.9 + 0.1% after 12 d at 12 °C,
68.2 +7.6% after 28 d at 21 °C and 16.6 +
1.7% after 8 d at 4 °C [14]. The non-
selectivity of lipolytic enzymes was evi-
denced: all fatty acids were released with
alevel >1%.

DSC experiments showed that the ini-
tial temperature of crystallisation was de-
layed and the final temperature of melting
was lowered as a function of the increase
in FFA due to lipolysis (Fig. 7). Thus, the
thermal properties of cheese were affected
by (i) lipolysis of fat, that is, the monoa-
cylglycerols, diacylglycerols and FFA that
may be localised at the fat/whey interface
(Fig. 3), and/or by (ii) hydrolysis of high-
melting point TG constituting mainly long-
chain saturated fatty acids (e.g. palmitic
acid).

3.3.2.3. Fat is partially crystallised
in cheese

The melting properties of fat dispersed
in Emmental cheese were characterised in
the different temperature-controlled rooms
used during ripening: Tripening = 12 °C,
21 °C and 4 °C. The DSC melting curve

recorded at the end of ripening showed
the 3 endothermic peaks corresponding to
LMP, MMP and HMP fractions (Fig. 8A),
as described for anhydrous milk fat [22].
We showed that the final melting point of
fat in Emmental cheese stored at 4 °C at
the end of ripening was 40.76 + 0.25 °C,
which means that the fat was totally liquid
at this temperature. Thus, fat in Emmen-
tal cheese is partially crystallised between
4 °C and about 41 °C. We developed an in-
novative method using the DSC technique
to determine the ratio of solid to liquid fat,
e.g. the amount of fat which is crystallised
in cheese as a function of temperature,
by dividing the partial enthalpy of melt-
ing of the fat for Typening by the total en-
thalpy of melting of the same fat extracted
from cheese. We showed that during ripen-
ing of Emmental cheese, 44.1 + 5.7% of
the fat were crystallised after 16 d in the
12 °C room, 18.8 + 2.0% of fat were crys-
tallised after 28 d in the 21 °C room and
55.7 + 3.5% of the fat were crystallised in
an Emmental cheese stored at 4 °C at the
end of ripening [12]. The solid fat content
within Emmental cheese stored at 4 °C af-
ter its ripening process was calculated as
a function of temperature by constructing
an integral curve from the DSC melting
thermogram (Fig. 8B). The amount of fat
which was solid for T > 37 °C was calcu-
lated to be 3% (w/w) (Fig. 8B).

The existence of fat crystals may have
important consequences on the textural and
rheological properties of cheese. Further-
more, the amount, size and type of crys-
tals may have primordial importance for fi-
nal product consistency, acceptability and
functional properties. Indeed, some aroma
compounds are solubilised in the liquid
phase of fat and their release may de-
pend on the ratio of solid to liquid fat.
Furthermore, the melting of fat crystals
may contribute to the release of these
aroma compounds and to the mouth-feel
during consumption of Emmental cheese.



Suprastructure and properties of milk fat

331

16.8 12 d in the
12 °C room
S ~ 166 (A)
o ©
= °\, 16.4 .
2ec 28 d in the
© O 162 21 °C room
2w
Q
EZ i
= 8 din the
=+ 158 4 °C room
N m
B 2 156 c
E o
15.4 1
15.2 t t + t 1
0 1000 2000 3000 4000 5000
Free fatty acids (ug.g cheese)
12 din the
397 12°Croom
o 38.8 1 )
:5 G 28 d in the
E & 386 1 21 °C room
(TR =) b 8dinthe
n : 0,
E E 38.4 4 °C room
£
© 38.2 1
£ b
(TR
38 1
37.8 t u t t |
0 1000 2000 3000 4000 5000

Free fatty acids (ug.g cheese)

Figure 7. Changes in the thermal properties of fat in Emmental cheese related to lipolysis. (A) Evo-
lution of the initial temperature of crystallisation recorded upon cooling from 60 °C to =5 °C at
2 °C:min!. (B) Evolution of the final temperature of melting recorded upon heating from -5 °C to
60 °C at 2 °C-min~'. The same letters (a, b, c) indicate that the values are not significantly different

according to the LSD test (a < 0.05).

3.4. Changes in the composition and
properties of fat to improve the
quality of food products

3.4.1. Increase in unsaturated
Jatty acids

From a nutritional point of view, milk
fat is suspected to take part in the risk
of coronary heart disease since it con-
tains cholesterol and 70 to 75% of satu-
rated fatty acids. Numerous methods have

been applied to increase the amount of
unsaturated fatty acids, including dietary,
chemical and physical (i.e. fractionation
and recombination, transesterification). Di-
etary manipulation by means of cow feed-
ing is a natural solution used to change
the composition of fat, while keeping
the specific composition and properties of
the MFGM. Changing the composition of
milk fat to increase the unsaturated fatty
acids (UFA; C18:1, C18:2 and C18:3) and
particularly the conjugated linoleic acids
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(A) DSC melting curve of fat in Emmental cheese
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Figure 8. Thermal properties of Emmental cheese at the end of ripening. (A) Melting curve recorded
by differential scanning calorimetry (DSC) upon heating from 4 °C to 60 °C at 2 °C-min~". (B) Solid
fat content (%) determined by direct integration of the DSC melting profile; LMP: low melting
point; MMP: middle melting point; HMP: high melting point. Adapted from Lopez et al. [12].

(CLA; mainly the rumenic acid: C18:2 cis9
trans11) that would present anticarcino-
genic properties can lead to changes in its
physical and functional properties and can
increase its sensitivity to oxidation, leading
to organoleptic defaults.

Recently, our group investigated the in-
fluence of changes in milk fat composition

using cow feeding (maize silage, linseed
and rapeseed) on the thermal and func-
tional properties of butter. Briefly, we
changed cow feeding for 9 weeks, using
(i) a basic feed with maize silage only
(maize silage (70%) + complements (cere-
als, soya)), (ii) maize silage complemented
with linseed (maize silage (70%) + linseed
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Figure 9. Thermal characteristics of milk fat as a function of its composition, modified by cow feed-
ing. (A) Melting properties of butters recorded by differential scanning calorimetry upon heating at
2 °C-min~! from 4 °C to 60 °C. (B) Solid fat content (%) determined by direct integration of the
DSC melting properties of the fat extracted from butters. (1) Maize silage (70% ration); (2) maize
silage (70% ration) + linseed (6.2% ration); (3) maize silage (70% ration) + rapeseed (6.2% ration).
LMP: low melting point peak; MMP: middle melting point peak; HMP: high melting point peak.

(6.2%) + complements (cereals, soya)),
and (iii) maize silage complemented with
rapeseed (maize silage (70%) + rapeseed
(6.2%) + complements (cereals, soya)). As
expected, changing cow feeding affected

the composition of milk fat. The amounts
of saturated fatty acids were 76.0 g per
100 g for maize silage, 70.6 g per 100 g for
rapeseed and 66.4 g per 100 g for linseed.
The amounts of UFA were 24.0 g per 100 g
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for maize silage, 29.4 g per 100 g for rape-
seed and 33.6 g per 100 g for linseed. But-
ters were manufactured by an industrial
dairy.

Figure 9A shows the DSC melting
curves recorded upon heating of butters
from 4 °C to 60 °C at 2 °C-min~'. The
shape of the DSC curves and the enthalpy
of melting correspond to the amount and
type of crystals that melt. The tempera-
ture of final melting was significantly dif-
ferent between maize silage and the two
others (P < 0.001). The “maize silage”
and “rapeseed” butters showed the 3 char-
acteristic melting peaks: LMP, MMP and
HMP. Regarding “linseed” butter, the LMP
peak was larger and the MMP peak was
quite absent. These peaks correspond to the
melting of TG molecules with 1 or 2 unsat-
urated fatty chains and 1 short-chain fatty
acid [7]. Thus, the increase in the UFA con-
tent changed the melting properties of the
butters. The textural and functional prop-
erties of the butters were also evaluated.
The hardness of the butters measured at
4 °C and 12 °C was in the order linseed <
rapeseed < maize silage (P < 0.001). The
spreadability of the butters, evaluated by
trained persons, was in the order linseed >
rapeseed > maize silage.

The fat was extracted from the butters to
determine the solid fat content as a func-
tion of temperature by integrating the DSC
melting profile recorded from —40 °C to
60 °C (Fig. 9B). We showed that the rich-
est UFA fat (linseed) had the lowest SFC
in all the temperature range. On the con-
trary, the fat with the lowest level of UFA
(maize silage) had the highest SFC in all
the temperature range. Thus, the increase
in the amount of UFA decreased the SFC,
and as a consequence changed the textu-
ral and functional properties by decreasing
the hardness and increasing the spreadabil-
ity of the butters.

The functional properties of milk fat are
strongly related to its composition and to
the amount of fat crystals of various types

and sizes that are formed at the temperature
of the application. Crystallisation of milk
fat affects many properties such as (i) its
rheological properties, (ii) the resistance of
fat globules to disruption, and (iii) the con-
sistency and mouth-feel of high-fat content
products. Furthermore, milk fat crystalli-
sation is essential for the manufacture of
whipped products, ice cream and butter.

3.4.2. Suprastructure of fat

The organisation of fat in food products
results from the properties of fat (mainly its
composition), the size of fat globules, the
composition of the surface of fat droplets
(MFGM or caseins), and the parameters
applied during the technological process.

Selecting the size of natural milk fat
globules, e.g. enveloped by the MFGM,
is a means to change and/or improve
the quality of food products. For exam-
ple, it permits one to control the forma-
tion of free fat to modulate the functional
properties of cheese (oiling-off and melta-
bility). As shown in our lab, the size of
natural fat globules also affects the sen-
sorial properties of food products [18,20].
The composition of the interface, e.g.
MFGM, monolayer of phospholipids, ca-
seins, serum proteins or other proteins,
changes the interaction of milk fat with
the protein matrix in which it is entrapped,
leading to specific rheological properties.
Changing the parameters of the process
can also affect the organisation of fat. For
example, changing the temperature, time
and pressure during the pressing of curd
grains involved during the manufacture of
Emmental cheese can affect the amount
of free fat, the oiling-off and, as a conse-
quence, the meltability and stretching of
cheese (paper in preparation).

From a nutritional point of view, the
organisation of fat (globular, i.e. emulsi-
fied with various sizes or non-emulsified)
in food products and the composition of
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its interface (MFGM or caseins) may be
important considering chemical and enzy-
matic reactions which occur at the inter-
face, such as hydrolysis of triacylglycerols
by lipolytic digestive enzymes (gastric +
pancreatic) and thus the bioavailability and
absorption of fatty acids. Furthermore, we
evidenced that solid fat, e.g. crystals, exists
in cheese at the temperature of storage and
consumption [12]. Further studies need to
be performed since the mechanisms in-
volved in the hydrolysis of such solid TG
molecules by the digestive lipolytic en-
zymes have not been investigated and thus
are not well known.

4. CONCLUSION

The knowledge of the development of
the structure of fat, in situ in food prod-
ucts, and the identification of the key step
of the process that can drastically change
the properties of fat (e.g. pressing during
the manufacture of hard-type cheeses) are
important for a better comprehension of
its functional and sensory properties. We
showed that CLSM and DSC are well-
adapted techniques to explore the organisa-
tion of fat and determine the solid fat con-
tent in complex food products. Thus, the
characterisation of the organisation of fat
and the determination of the amount and
type of fat crystals will contribute to im-
proving the quality of food products.

From the nutritional and health point
of view, increasing the unsaturated fatty
acids in milk fat will accord with rec-
ommendations for a certain category of
persons, sensitive to cardiovascular risks.
Moreover, modulating the supramolecular
organisation of fat and its environment in
food products (viscosity, proteins, miner-
als, etc.) would allow one (i) to improve
well-being after fat-rich meals and sati-
ety (leading to changes in time between
meals), and (ii) to change the kinetics
of hydrolysis and absorption of lipids in

the intestine, to provide physiopathological
benefits.
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