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Abstract – The formation of complexes between whey proteins and κ-casein during heat treatment of milk dramatically aﬀects the protein organisation in both the colloidal casein and the serum
phases of milk and consequently, its technological applications. This paper reviews the composition
and building interactions of these complexes and their localisation between the casein micelle and
lactoserum. The currently proposed mechanisms that lead to their formation are also presented. The
physico-chemical properties of these complexes, in terms of structure, size and surface properties
are described and the technological means by which these properties could be controlled are discussed. Finally, the current hypotheses that explain the functional properties of these complexes
in the heat-induced changes of dairy applications are reviewed, with emphasis on acid gelation of
milk.
heat treatment / whey protein / κ-casein / complex
摘 要 – 热 处 理 脱 脂 乳 中 乳 清 蛋 白 /κ-酪
酪 蛋 白 复 合 物 的 形 成 和 特 性 ——综
综 述 。 由于热处理导
致的乳清蛋白/κ-酪蛋白复合物的形成严重影响了酪蛋白胶体和乳清蛋白的组织状态及其应
用特性。 本文综述了乳成分、复合物交互作用产生的原因、以及复合物在酪蛋白胶束和乳
清之间的定位。概述了乳清蛋白/κ-酪蛋白复合物形成机理; 描述了复合物的结构、颗粒形
状、尺寸和表面特性等物理化学性质; 以及控制复合物特性的技术方法。最后, 阐述了热诱
导的复合物在乳品加工中的作用, 特别是对酸凝胶形成的作用。
热 处 理 / 乳 清 蛋 白 / κ-酪
酪蛋 白 / 复 合 物
Résumé – Formation et propriétés des complexes protéines sériques/caséine κ dans le lait
écrémé traité thermiquement. Revue. La formation de complexes entre les protéines sériques
et la caséine κ au cours du traitement thermique du lait modifie profondément l’organisation des protéines dans la phase caséine micellaire et dans le lactosérum, et par conséquent
ses aptitudes technologiques. Cet article fait l’état de l’art de la composition, des interactions
impliquées dans les complexes et de leur localisation entre caséine micellaire et lactosérum.
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Les mécanismes actuellement proposés pour décrire la formation de ces complexes sont présentés. Les propriétés physico-chimiques des complexes, telles que leur structure, leur taille et leurs
propriétés de surface, sont décrites et les moyens technologiques permettant de moduler ces propriétés sont discutés. Enfin, les hypothèses actuellement proposées pour expliquer les propriétés
fonctionnelles des complexes au cours des procédés de transformation du lait sont exposées, avec
une attention particulière pour la gélification acide du lait.
traitement thermique / protéine sérique / caséine κ / complexe

1. INTRODUCTION
Milk proteins are commonly divided between caseins and whey proteins, corresponding, respectively, to about 80 and
20% of the total protein. Caseins are essentially composed of four diﬀerent types,
namely the κ, αs1 , αs2 and β caseins.
In milk biological conditions, the casein
molecules associate to form supramolecular assemblies named casein micelles,
which are in dynamic equilibrium with the
soluble phase of milk. Whey proteins have
a globular structure and essentially include
β-lactoglobulin, α-lactalbumin, blood protein immunoglobulins, and Bovine Serum
Albumin [100, 193]. When milk is heattreated at temperatures of ∼ 60 ◦ C and
above, the whey proteins unfold, irreversibly denature [80, 148, 149, 159] and
eventually aggregate through hydrophobic
bonding and thiol/disulphide exchanges
with themselves and with, essentially,
κ-casein, leading to the so-called whey
protein/κ-casein complexes [70, 95, 135,
171, 176].
Heat treatment is applied in many dairy
processes either to enhance desirable properties of the products, such as texture and
taste, or to ensure its safety and shelf-life.
Heat-treated milk proteins have interesting
functional properties that are widely applied in food, cosmetics or pharmacy. In
the last few decades, extensive research
has been dedicated to the understanding of
the heat-induced aggregation of denatured
whey proteins in milk or in its fractions

(whey, whey protein isolates) as well as in
model systems of individual proteins, especially β-lactoglobulin [15,20,25,38,39,43,
56,61,65,85–87,92,108,109,140,141,156,
165, 179, 191]. However, the simple comparison of heat-treated whey and skim milk
strongly suggests that the presence of caseins, especially κ-casein, dramatically affects the characteristics of the heat-induced
protein complexes in milk [21, 51, 151].
Since the publication of earlier reviews
by Hill [84] and Sawyer [167], significant
advances have been made in understanding the formation and properties of whey
protein/κ-casein complexes in heated milk.
The present state of the art therefore aims
at updating this knowledge. First, the location and composition of these complexes
will be described in milk, and the proposed pathways that may yield to their
formation will be discussed. The structural and physico-chemical properties of
the whey protein/κ-casein complexes will
then be described, taking their possible intrinsic variations into account. The formation of whey protein/κ-casein complexes
aﬀects many dairy processes such as, e.g.,
cheesemaking and recovery of the whey
protein [69], yoghurt-making [41, 123],
storage of UHT milks [129] and preparation of functional ingredients. To improve these processes, technological strategies must therefore be grounded on an
extensive knowledge of the properties of
the whey protein/κ-casein complexes. Finally, further possible prospects for research and application will be proposed.

Whey protein/κ-casein heat-induced complexes

2. FORMATION OF κ-CASEIN/
WHEY PROTEIN COMPLEXES
IN HEATED MILK
2.1. Composition and building
interactions of the complexes
2.1.1. Composition of the heatinduced protein complexes
in milk
Early studies have long demonstrated that model mixtures of isolated
β-lactoglobulin and κ-casein yielded covalent complexes through thiol-disulphide
exchanges on heat treatment [46, 128, 195]
that may even gel at suﬃcient protein
concentration [47]. In skim milk or reconstituted skim milk systems, covalent
complex formation between κ-casein
and β-lactoglobulin has also been clearly
demonstrated [95, 134, 135, 171, 176] and
evidence has also been presented that
α-lactalbumin is significantly involved
in these complexes [33, 105, 134, 135],
most likely through similar mediation
of β-lactoglobulin like that reported in
model systems [48]. To a minor extent,
BSA, lactoferrin [33, 50, 105, 161] and
αs2 -casein, containing two disulphide
bridges [70, 133, 150], are also involved
in these complexes via thiol/disulphide
exchanges. Immunoglobulins were suspected to partially associate with the
complexes through hydrophobic interactions only [139, 141]. In serum complexes
isolated from skim milk, cysteine-free
αs1 - and β-caseins have sometimes been
reported in small proportions [96] and
thought to be involved in a second type of
whey protein/casein heat-induced complex
as the pH of heat treatment is increased
(see also below the eﬀect of pH [50]).
A molar or mass ratio of 1–5 whey proteins to 1 κ-casein, or of 0.5–3.5 whey proteins to 1 κ-casein, was, respectively, found
for the serum complexes [3,50,70,96,162]
and for the micelle-bound complexes isolated from heated skim milk [3, 28–30,
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70] (see also Sect. 2.2). Whey proteins
added to skim milk are incorporated into
the complexes on heating [28, 29, 51, 176]
while unreacted κ-casein has been found
in milk after heat treatment [51, 70, 152].
These results indicate that the whey proteins, and especially β-lactoglobulin, are
the reaction-limiting proteins to the growth
of the heat-induced complexes in milk.
2.1.2. Covalent binding through
thiol/disulphide interchanges
Only recently, mass spectroscopy
has been applied to skim milk and
β-lactoglobulin/κ-casein mixtures to try
to identify the intermolecular disulphide
bonds that are formed on heat treatment.
In all studies, Cysteine 160 (Cys 160)
of β-lactoglobulin was implicated in the
formation of intermolecular disulphide
bridges, e.g. with κ-casein on the surface
of goat’s milk casein micelles [83], with
κ-casein in either the micelle or serum
phase of heated skim milk [116] and with
κ-casein in model protein mixtures [116],
as well as with other β-lactoglobulin
molecules (i.e. involving other Cys than
intramolecular-bound 66) in heated model
protein solutions [32, 114, 115, 178].
Livney and Dalgleish [114] found that
Cys 119/121 of β-lactoglobulin was
involved in intermolecular bonds with
all the other possible cysteines of both
κ-casein and β-lactoglobulin. This result was in agreement with Surroca
et al. [178] and with the role played
by β-lactoglobulin Cys 121 in initiating
complex formation, but was not confirmed
by the other studies, which rather showed
that Cys 160 and 66 were implicated
in intermolecular disulphide bridges,
possibly as a consequence of an early
intramolecular thiol/disulphide exchange
between Cys 121 and one of these two
cysteine residues [32, 83, 115, 116]. Lowe
et al. [116] suggested that diﬀerences in
the disulphide-bonded products across
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systems may be due to changes in the
experimental conditions and/or in the
structure of the κ-casein in isolated
or casein micelle forms. No formation
of the intermolecular bond involving
β-lactoglobulin Cys 106 could be reported
in heated milk [116], which suggested
that it remained buried in the core of
the protein on heating [114]. No obvious
preference between Cys 11 and 88 of
the κ-casein was reported, suggesting
that both cysteines are randomly engaged in thiol/disulphide exchanges.
Heat-induced disulphide bond formation
in β-lactoglobulin/α-lactalbumin solutions have been shown to particularly
involve α-lactalbumin Cys 6, 61, 111
and 120 [115]. Livney et al. [115] noted
that α-lactalbumin seemed a good chain
carrier for thiol/disulphide exchanges once
activated through the initial opening of
one internal disulphide bond.
2.1.3. Hydrophobic interactions
Analysis
of
the
heat-induced
κ-casein/whey protein complexes found in
the supernatant of heated milk in native,
dissociative and reducing conditions
by chromatography or electrophoresis
have shown that covalent disulphide
intermolecular interactions are the major building bonds in the complexes,
followed by hydrophobic interactions [96, 140, 141, 171]. Addition of
thiol-blocking N-ethylmaleimide (NEM)
to model mixtures of β-lactoglobulin and
κ-casein prior to heat treatment has, however, shown that heat-induced complex
formation could yet occur on the sole
basis of hydrophobic interactions [128],
which were proposed to come preliminary
to thiol/disulphide exchanges [76, 78].
However, to the authors’ knowledge, no
such demonstration has been made in milk;
in particular, whether or not κ-casein is
involved in such non-covalent complexes
is still unclear. Blockage or absence of

β-lactoglobulin’s free thiol group in milk
systems have shown that most of the heatinduced technological changes in milk
that depend on whey protein denaturation
were partly reduced when thiol/disulphide
exchanges were inhibited [10, 62, 120].
2.1.4. Electrostatic and ionic
interactions
According to studies using either
reconstituted
lactose-free
milk
or
model protein mixtures, the role of
ionic interactions in the building of
β-lactoglobulin/κ-casein complexes is
minor and somewhat controversial, as
ionic screening by e.g. calcium, respectively promotes [176] or inhibits [45, 77]
formation of complexes. Denatured
β-lactoglobulin is able to chelate significant amounts of calcium on heat
treatment, both in solution [75] and in
skim milk [136]. The hypothesis that some
calcium could be incorporated in whey
protein/κ-casein complexes of heated milk
can therefore be made. In their study,
however, Parker et al. [145] observed
that the addition of sodium caseinate to
skim milk, or to the serum phase of skim
milk, did not aﬀect the formation of whey
protein/κ-casein complexes, at least in the
serum phase, although the concentrations
of soluble calcium and phosphate were
probably decreased as a consequence of
their uptake by the caseinate [35]. This
result indicates that calcium may not be
a required component in the formation of
the heat-induced (serum) complexes.
2.2. Location of the κ-casein/whey
protein complexes in milk
Because of its consequences on the
rennet coagulation properties of milk,
as detailed later, location of the heatinduced complexes as bound to the surface of the casein micelle has been accepted from early studies on and largely
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investigated (e.g. [152, 158, 195]). Evidence of heat-induced disulphide linkage between whey proteins and micellar κ-casein was presented by Jang and
Swaisgood [95], and Dalgleish [33] using
control pore glass separation. The binding of heat-induced whey protein/κ-casein
complexes further accounted for the rough
surface or appendages on the casein micelles of heated milk as observed by electron microscopy [97]. Because of its generally accepted predominant location on
the surface of the casein micelle [88],
it has been proposed that κ-casein behaved as a nucleation site for complex
formation [34]. In comparison, the occurrence of β-lactoglobulin/κ-casein complexes in the serum phase of heated
skim milk has received little attention,
despite early reports by, e.g., Smits and
van Brouwershaven [176] or Creamer
et al. [31]. Separation of the serum of
heated milk using either centrifugation or
renneting, and its analysis using gel electrophoresis or size-exclusion chromatography later evidenced the significant formation of whey protein/κ-casein complexes
in the serum phase of heated milk [70,
135, 171, 186]. Comparison of the micellebound and serum types of complexes separated from milk at pH 6.7 indicated that
the two types of complexes had comparable sizes and compositions [31] although
micelle-bound complexes contained higher
proportions of κ- and αs2 -casein and less
whey proteins [70].
2.3. Proposed aggregation pathways
for complex formation
2.3.1. Formation of primary
aggregates
The primary formation of heat-induced
β-lactoglobulin aggregates [43] or of
β-lactoglobulin/α-lactalbulin aggregates,
prior to their binding to κ-casein on the
surface of the casein micelle, has been
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proposed in skim milk [36, 37, 53, 54, 70]
as well as in model protein mixtures
([79] – pathway I.A, Fig. 1). On addition
of β-lactoglobulin or α-lactalbumin to
skim milk prior to heating at 70–90 ◦ C,
Corredig and Dalgleish [30] further
reported that the ratio between the two
whey proteins as bound to the casein
micelles remained constant and proposed that it reflected the composition
of β-lactoglobulin/α-lactalbumin primary
aggregates. After separation of the serum
phase of milk using precipitation of the
casein micelles with chymosin, Vasbinder
et al. [186] found that the serum complexes only contained negligible amounts
of κ-casein and further identified these
complexes as whey protein aggregates.
However, no such whey protein species
has ever been otherwise clearly identified in milk. Observations that κ-casein,
when present, readily aﬀected heatinduced whey protein aggregation in
both milk [53, 135] and model protein
mixtures [45, 72, 128] also disagree with
the primary aggregation of whey protein,
devoid of κ-casein (pathway I.B, Fig. 1).
Euber and Brunner [55] immobilised
native β-lactoglobulin on the stationary
phase of a size-exclusion chromatography
column, heat-treated it to activate the
thiol then applied enriched κ-casein onto
the column. As covalent bonding of the
κ-casein onto the activated β-lactoglobulin
was possible, the authors concluded that
primary aggregation of denatured whey
proteins was not a requisite for the formation of heat-induced whey protein/κ-casein
complexes, at least in the model system
used.
2.3.2. Partition of soluble and micellebound complexes: role of the
casein micelle
Various studies have shown that a
positive relationship existed between the
amount of denatured whey protein and

D. Dissociation
of micelle-bound
complexes
serum whey protein/κ-casein
complexes

C. Dissociation of κ-casein
prior to complex formation

whey protein aggregates

B. Absence of primary

A. Primary whey protein
aggregates

or

II. κ-casein
dissociation: which
pathway?

denatured whey proteins
(WP)

I. formation of primary
whey protein aggregates ?

Figure 1. Schematic representation of the currently proposed pathways of formation of the heat-induced whey protein/κ-casein complexes in heated
skim milk. The figure evidences two major points of debate that are, first (I), the possible formation of primary complexes of whey proteins in the serum
phase of milk, and second (II), the dissociation of κ-casein as determinant pathways for the formation and properties of the serum whey protein/κ-casein
complexes. The diﬀerent stages A–D are described within the text.

κ-casein

casein micelle

micelle-bound
complexes

serum ‘whey protein
complexes’ ?
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the dissociated κ-casein both found in
the serum phase of milk after heat treatment [3, 5, 6, 130, 171, 173, 174]. This
evidence suggests that formation of the
heat-induced whey protein/κ-casein serum
complexes is somewhat related to dissociation of the κ-casein, and the question arises
as to whether the dissociation of κ-casein
occurs prior to (pathway II.C, Fig. 1), or
after (pathway II.D, Fig. 1), its interaction
with denatured β-lactoglobulin (or with
primary heat-induced whey protein aggregates, if they exist). The answer to this
question is of key importance to control
the role of the heat-induced complexes better in many technological applications of
heated milk. If the complexes indeed result from either pathway I or II as described
in Figure 1, the local interactions between
κ-casein and the whey proteins may vary
and the resulting serum and micelle-bound
complexes may have significantly diﬀerent properties and, possibly, diﬀerent functional properties during the destabilisation
of skim milk, e.g., during acid gelation. To
date, the reported research fails to unequivocally rule out either one pathway or the
other, or to determine whether both pathways occur concomitantly.
Results that support the initial dissociation of κ-casein (pathway II.C, Fig. 1) are,
first, that isolated soluble κ-casein does
form complexes with whey proteins when
heated in the absence of casein micelles in
the serum phase of milk [51] or in model
conditions [72] (see also Sect. 2.1.1). In
milk, κ-casein can dissociate from the
casein micelle on heating, even in the absence of whey proteins [10, 174]; the presence of both soluble κ-casein and denatured whey proteins in the serum phase of
heated milk is therefore possible. Furthermore, in skim milk Anema and Li [12] reasoned that the casein micelle should repel the denatured whey protein when skim
milk is heated at pH values away from
the isoelectric pH values of the micelles
(∼ 4.8). The authors then suggested that
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formation of a higher proportion of serum
complexes at alkaline pH values of milk
could only be possible if κ-casein first dissociated oﬀ the casein micelle. On addition of soluble κ-casein to skim milk,
Anema [4] reported that less whey proteins were being attached to the surface
of the casein micelle as a result of heating, as if the added κ-casein partially derouted the whey protein away from the casein micelles. Other studies by Anema and
Klostermeyer [5], Anema [4] and Anema
et al. [8] furthermore suggested that dissociation of the κ-casein and heat denaturation of the denatured whey protein did
not seem to kinetically coincide. In particular, κ-casein dissociated at temperatures
below that of denaturation of the whey proteins [5] and reached its maximum at an
earlier stage than denaturation of the whey
proteins [4, 8]. On cooling, κ-casein that
had not interacted with denatured whey
protein in the serum phase of milk would
partially re-associate with the casein micelles, as would the other caseins [5], thus
explaining the high correlation between
dissociation of the κ-casein and formation
of serum complexes.
On the other hand, results that support
the initial interaction of the whey proteins
with κ-casein on the surface of the casein micelle (pathway II.D, Fig. 1) are,
first, that micelle-bound complexes unequivocally exist (see Sect. 2.2) and are
probably as likely to be in equilibrium
with the serum phase of milk as the other
components of the casein micelles (caseins and minerals). Donato et al. [51] and
Parker et al. [145] who, respectively, added
soluble κ-casein (3 g·kg−1 ) or caseinate
(5–10 g·kg−1) to skim milk reported that
the added κ-casein or caseinate was not involved in the formation of the serum heatinduced complexes, as long as casein micelles were present. The authors concluded
that the denatured whey proteins preferably interacted with κ-casein on the surface
of the casein micelle, rather than with
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dissociated κ-casein, to form the serum
complexes. Despite their conflicting results, both Dalgleish and Anema’s groups
have reasoned that added κ-casein in soluble form should show a higher diﬀusion
rate and higher number of collisions with
the denatured whey proteins than micellebound κ-casein [3, 4, 51]. Quite likely,
other important factors for successful whey
protein/κ-casein interaction are the surface
charge of the κ-casein and accessibility
of its disulphide bonds. The material used
by each group may be quite diﬀerent in
these aspects, considering the purification
methods involved. In their study, Donato
et al. [51] proposed that κ-casein in soluble form probably bears a high density of
charge and has less accessible hydrophobic sites than κ-casein, that lies in the micellar porous outer layer. The casein micelle is indeed a porous structure through
which molecules such as proteins or polymers can easily diﬀuse [111, 163]. Also,
the dissociation of micellar κ-casein is affected by the medium conditions. At pH
6.7–7.1, the heat treatment of skim milk
or of whey protein-free milk to which
increased concentrations of whey protein
were added yielded larger dissociation of
the κ-casein than that found in whey
protein-free milk [10, 174]. Reciprocally,
blocking or removal of β-lactoglobulin’s
free thiol group prior to heat treatment
of milk was reported to prevent extensive
dissociation of the κ-casein [10, 62]. Using partially renneted skim milk, Renan
et al. [161] furthermore showed that almost all the denatured whey proteins interacted with immobilised, hydrophobic
para-κ-casein to form micelle-bound complexes, even though up to 66% of the
total κ-casein had not been hydrolysed
and was therefore assumed to be capable of partially dissociating upon heating
into a soluble form available for interaction with denatured whey proteins in the
serum phase [174]. However, this interpretation ignores the possible implications of

the polymeric distribution of κ-casein on
its dissociation rate after limited renneting.
The above section shows that conflicting views exist on the actual sequence
of events leading to the partition of the
whey protein/κ-casein complexes between
the serum and the colloidal phases of skim
milk. To date, no single experimental approach has allowed conclusive evidence,
most likely because of unavoidable bias on,
e.g., reactivity of thiols and charge eﬀects
(when varying pH), structural changes on
isolation of proteins (prior to addition) or
change in hydrophobicity of the κ-casein
(on renneting). It is also possible that both
presented sequences actually co-exist in
skim milk, rendering experimental results
even more confusing. Propositions that
would, to some extent, restore or maintain the original conditions of skim milk
would be, e.g., to cycle pH (to investigate
reversibility of the dissociation of serum
complexes), to compartment the milk using heat-proof membranes (in complement
to immobilisation of either κ-casein or
β-lactoglobulin), or to use the genetic toolbox in order to modify milk in situ (e.g.
alter cysteine distribution on κ-casein or
β-lactoglobulin, or try to vary the dissociation behaviour of κ-casein by changing its
charge through the sugar moiety).

2.4. Kinetic parameters of complex
formation as a function of
protein composition and
temperature
An overview of the literature on
the reaction pathway leading to whey
protein/κ-casein complexes in heated milk
and related kinetics shows that no or
only little research has taken into account the dissociation of κ-casein and
its interaction with denatured whey protein, no matter the sequence of the two
events (Fig. 1). Most kinetic studies
were conducted and analysed from the
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viewpoint of β-lactoglobulin, whose denaturation/aggregation kinetics were thought
to govern that of all the whey proteins. Denaturation of β-lactoglobulin in
milk has essentially been reported to follow 1.5-order kinetics. The corresponding
Arrhenius plot shows a break that separates two linear domains, below and above
90 ◦ C [2, 15, 38, 39, 140, 141]. Both the
non-integer order and non-linearity of the
Arrhenius plot reflect the generally accepted two-step denaturation/aggregation
process of whey proteins. At temperatures
of 70–90 ◦ C, the activation energy, Ea,
ranges between 250 and 350 kJ·mol−1 depending on studies, and it is believed that
denaturation is rate-limiting [42]. At 90 ◦ C
or higher temperatures, de Jong [42] calculates that the denaturation rate constant of
the β-lactoglobulin dramatically increases
and that the reaction becomes almost instantaneous, so that aggregation becomes
the rate-limiting step. As a consequence,
Ea ranges between 30 and 100 kJ·mol−1
at 90–150 ◦ C. In their work, Oldfield
et al. [140–142] have proposed distinct kinetic parameters for the formation of intermolecular disulphide bonds, of hydrophobic interactions and for the association of
the whey proteins with the casein micelles,
all three reactions being part of the overall “aggregation” step mentioned in earlier
studies.
Conversely, changes in the rate of
κ-casein dissociation with heating time
or temperature have hardly been reported
(see data by [4, 6, 8]). As a consequence,
hardly any kinetic parameter has yet been
proposed for the dissociation of κ-casein,
although its relevance to skim milk was
acknowledged [142]. Comparison with
β-lactoglobulin denaturation would, however, help position dissociation of the
κ-casein relatively to complex formation between κ-casein and β-lactoglobulin
(see Sect. 2.3.2). To the authors’ knowledge, the only reported attempt to introduce κ-casein into a kinetic description
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of aggregation reactions in milk was by
de Jong and van der Linden [43], who assumed that interaction of heat-aggregated
β-lactoglobulin with κ-casein was one
unlikely route to termination of the heatinduced complexes. They indeed calculated that the β-lactoglobulin/κ-casein interaction reaction involved less than 20%
of the total β-lactoglobulin, a conclusion
that does not comply with recent data, as
described above (see Sect. 2.3.1).

3. STRUCTURE AND PHYSICOCHEMICAL PROPERTIES OF
THE COMPLEXES
3.1. Size and shape
In skim milk, heat treatment and
the subsequent formation of whey
protein/κ-casein complexes on the surface
of the casein micelle have been shown
to significantly aﬀect micelle diameter
to extents that help estimate the size
range of the micelle-bound complexes.
Observations using transmission (TEM)
or scanning electron microscopy (SEM)
have, for instance, respectively, showed
the formation of elongated, over 100-nmlong appendages ([82, 97, 132] – Figs. 2A
and 2D) or of 20- to 100-nm-large round
appendages ([97, 144] – Fig. 2C) on the
casein micelles of heated skim milk. In
agreement with pictures of micelle-bound
complexes, SEM observation of the serum
phase of heated milk shows round-shaped
serum complexes of 20–50 nm ([164]
– Fig. 2G) while TEM pictures show
10−30 × 100−200 nm noodle-like particles
([31, 81, 176] – Figs. 2B, 2E and 2F).
TEM noodle-like particles, whose length
may exceed the size of the casein micelle
in both their serum and micelle-bound
form, were interpreted as smaller, ∼ 25-nm
particles that artefactually associated
during sample preparation [96]. In electron

12

L. Donato, F. Guyomarc’h

4

A

B

E

6

100 nm

F

8

Serum and micelle-bound complexes in skim milk
0

C

D

10 nm

G

100 nm

Micelle-bound complexes

100 nm

Serum complexes

Figure 2. Scanning (SEM) or Transmission Electron Micrographs (TEM) of the heat-induced whey
protein/κ-casein complexes found in skim milk. (A) TEM of skim milk heated at pH 6.5 with
essentially micelle-bound complexes, (B) TEM of skim milk heated at pH 6.8 with essentially serum
complexes [31]; (C) SEM or (D) TEM of one or two casein micelles with protruding micelle-bound
complexes [81, 97]; (E, F) TEM of isolated serum complexes [81, 96]; (G) SEM of isolated serum
complexes [164].

microscopy, artefacts indeed occur that
would aﬀect size such as, e.g., dehydration, projection onto a (repulsive) carbon
surface that favours protein-protein interactions in TEM, coating with gold in SEM,
etc. For these reasons, light scattering or
improved microscopic techniques (e.g.
cryo-TEM) are preferred. Application of
light-scattering techniques on diluted milk
generally yields smaller size values than
microscopic observations. In conditions
where the formation of micelle-bound
complexes was favoured, studies have
reported that the micellar hydrodynamic
diameter (Dh ) increased by up to 40 nm
on heating skim milk at 90 ◦ C for 10–
30 min [3, 11, 13, 14, 161], suggesting

that micelle-bound complexes have a
Dh close to 20 nm. In the serum phase
of milk, complex sizes of 30 to 100 nm
were reported using either light scattering
or gel electrophoresis [51, 96, 164, 186],
corresponding to reported molecular
weight values of ∼ 3.5 × 106 [70] to
2 × 107 g·mol−1 [96]. Despite possible
artefacts, Creamer et al. [31] observed
that the structure of the serum whey
protein/κ-casein complexes varied from
globular to elongated particles as the pH
of heat treatment increased, or as more
κ-casein was dissociated and involved in
these complexes. Similarly, unpublished
results by Guyomarc’h et al. [72] showed
that the whey protein/κ-casein complexes
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formed in heated model solution turned
into elongated structures as the whey
protein/κ-casein ratio decreased below 2.
3.2. Physico-chemical properties of
the complexes
3.2.1. Surface charge and solubility
Isolation of the serum complexes from
skim milk using ultracentrifugation and
size-exclusion chromatography [50, 70,
171] or rennet precipitation of the casein
micelle and gel electrophoresis [135, 186]
have allowed their specific characterisation. Characterisation of the micelle-bound
complexes, however, can still only be deduced from changes in the properties of the
casein micelles on heating.
Whey protein/κ-casein complexes as
isolated from the serum of heated skim
milk were reported to bear electronegative
zeta potential values of –15 to –20 mV in
milk ultrafiltration permeate at 25 ◦ C at
pH 6.7. These values compared with those
of the casein micelles. The complexes precipitated in the pH range 3.5–5.5 in the
same medium and temperature [74, 96].
Their apparent isoelectric pH value, or pI,
was found to be 4.4–4.5 and was only
slightly lower than that of the casein micelles (∼ pH 4.7).
3.2.2. Surface hydrophobicity
In agreement with previous studies on
heated solutions of β-lactoglobulin [160]
or on ultracentrifugal fractions of heated
milk [24, 91], serum heat-induced complexes bear a significantly higher surface
hydrophobicity than unheated casein micelles [96]. Other results strongly suggest that the micelle-bound complexes
also increase surface hydrophobicity of the
heated casein micelle [74]. Anema et al. [8]
and Mollé et al. [131] have evidenced that
κ-casein involved in the heat-induced whey
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protein/κ-casein complexes was cleaved
by chymosin, which accounts for the little or no diﬀerence in the final amounts
of caseinomacropeptide (CMP) released in
heated and unheated skim milk on renneting [8, 188]. However, despite a further increase in their surface hydrophobicity as a
result of chymosin action, the serum heatinduced complexes may still be found in
soluble form after renneting [131, 186].
These results indicate that strong repulsive
interactions, such as electrostatic repulsion
by, e.g., the C-ter end of the (residual unrenneted) κ-casein, ensure stability of the
partially renneted serum complexes [161].

3.2.3. Density
To date, no value of the density of
the heat-induced complexes is available
in the literature. Assuming that the heatinduced complexes have a spherical shape,
the fact that they can be separated from
casein micelles using ultracentrifugation
indicates that their density may be somewhat lower than that of the casein micelles (1070–1250 g·L−1 [22, 88]). In our
centrifugal conditions, applied to heated
skim milk, i.e. milk ultrafiltrate (MUF) was
the solvent phase (ρmuf ≈ 1025 kg·m−3,
ηmuf ≈ 1.05 mPa·s at 25 ◦ C), a majority of the serum complexes (∼ 70 nm
average hydrodynamic diameter Dh ) were
pelleted at ω2 R = 80 000× g; i.e., covered 4.5 cm (average height of the sample in the ultracentrifugal tube) in 65 min
(v = 1.15 × 10−5 m·s−1 ). Application of Stokes’ law v = D2h (ρcomplexes –
ρmuf )ω2 R/18 ηmuf yields a first, rough estimation of ∼ 1080 kg·m−3 for the whey
protein/κ-casein complexes. As this value
is within the range for casein micelles, ultracentrifugal separation of the serum complexes from casein micelles may therefore
also be a consequence of their smaller size.
In the future, it is suggested that voluminosity of the complexes, following the
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approach recalled in [44], is calculated to
further confirm or not the above value.
Using model mixtures of whey protein
isolate and casein material, Guyomarc’h
et al. [72] showed that model heatinduced complexes that involved κ-casein
or sodium caseinate were slightly less
dense than those of similar molecular
weight that only contained denatured whey
proteins. If extrapolated to heated skim
milk, a low density may be linked with
the high water retention capacity of the
heat-induced whey protein/κ-casein complexes in dairy gels [40, 73, 157].

4. TECHNOLOGICAL FACTORS
CONTROLLING PROPERTIES
OF THE COMPLEXES
This section focuses on how heattreatment conditions, including milk protein concentrations, pH, temperature and
salts, strongly aﬀect the resulting complexes both qualitatively, through, e.g.,
their composition and structure, and quantitatively, through their final amount and
repartition between the serum and micellar
phases of skim milk.

4.1. Composition of milk prior to
heating
The composition of the heated system
aﬀects formation of the complexes and
their resulting properties at numerous levels. In skim milk, increasing the total protein concentration accelerates denaturation
of the whey proteins [7]. The increase in
total solid content of milk conversely increases the dissociation rate of κ-casein [6]
but retards heat denaturation of the whey
proteins [2] as a consequence of the protective role played by lactose and other
soluble non-protein components against
protein unfolding [7, 153, 154].

The
initial
concentrations
of
β-lactoglobulin and α-lactalbumin in
skim milk [28–30, 37], or of whey proteins
and κ-casein in model mixtures [72],
will eventually aﬀect the composition of
the resulting micelle-bound and soluble
complexes, as the involved proteins seem
to aggregate cooperatively. Non-dairy
globular proteins, e.g. from egg [57] or
soy [166], may also be added to milk to
successfully modify the composition of
serum complexes. Various studies that
used model protein mixtures also indicated
that an increased concentration of κ-casein
inhibited growth of heat-induced whey
protein aggregates [45, 128, 135, 176].
In similar model mixtures, Guyomarc’h
et al. [72] confirmed that heat-induced
complexes that involved a higher proportion of κ-casein had smaller molecular
weight and radius. In milk/whey blends
or in micellar casein/whey protein mixtures heated in the milk solvent phase,
larger micelle-bound [21] and serum
complexes [21, 51, 151] with a higher
whey protein/κ-casein ratio [70] are
formed when more whey proteins and/or
less casein are present. However, the
eﬀect was negligible when studying whey
protein/κ-casein serum complexes of
heated skim milks that showed slight
genetic variation in their concentrations of
κ-casein and whey protein at pH 6.7 [51].
Organisation of the κ-casein in soluble
form or on the surface of the micelle
also seems to bear significant importance
in routing the denatured whey proteins
towards formation of the micelle-bound
and serum complexes ([4, 51, 74, 145] –
see Sect. 2.3.2).
For unknown reasons, the presence
of caseins other than κ-casein may also
strongly aﬀect the heat-induced aggregation of globular proteins, including whey
proteins. O’Kennedy and Mounsey [138],
Zhang et al. [194], and Matsudomi
et al. [127] have, for instance, reported
that the addition of αs - and/or β-casein
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to either whey or egg proteins inhibited
extensive aggregation of the globular
proteins on heat treatment. It has been
proposed that the disordered caseins
may exert a protective “chaperone-like”
eﬀect on unfolding globular proteins
through their phosphoserine residues
and/or hydrophobic surface, without formation of new heterogeneous heat-induced
complexes. Would the latter scheme be
general, κ-casein may therefore behave in
the same way as αs - or β-casein but, as it
contains cysteine residues, could proceed
with
intermolecular
thiol/disulphide
exchange [72]. Other interesting studies have reported that the addition of
various ligands, including denaturant
species or surface-active phospholipids,
to milk or whey protein solutions inhibited the heat-induced formation of
model serum [181, 182] or micelle-bound
complexes [180].
4.2. pH
Of all technological factors, the effect of pH on the formation of the heatinduced complexes and on their distribution in milk has been widely investigated.
From early studies on, it has been accepted that the proportion of heat-induced
serum and micelle-bound complexes respectively increase and decrease as the pH
of heat treatment is increased from about
6.5 to 7.5 [31, 102, 172, 173]. Later studies
have expanded this pH range from 5.2 [29]
to 10.5 [71] with similar conclusions and
have also demonstrated the sensitivity of
pH as a factor to control the proportions
of both types of complexes [3]. In skim
milk heated at 80–120 ◦ C for several minutes, 60–85% of the total whey proteins
were co-located with the casein micelle
at pH 6.4–6.5, versus 20–60% at natural
pH values (6.6–6.8), 10–15% at pH 6.9 or
above [3, 50, 71, 103, 142, 171, 187] and
close to 100% at pH 6.2 [29, 103]. Conversely, 10–20% of the total κ-casein was
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found in dissociated form as a result of
heat treatment at pH 6.3–6.5, versus 30–
40% at the natural pH of milk and 60–
70% at pH 7.1 or above [3–5, 8, 50, 130].
These results are the direct consequence
of the heat-induced reaction between denatured whey proteins and κ-casein, leading to their co-location in both the serum
and the micellar phases of milk, with respective proportions that depend on the
dissociation rate of κ-casein. This conclusion is in line with that of Anema [3],
who reported that the amounts of nonsedimentable κ-casein and denatured whey
proteins were highly correlated throughout pH 6.5–7.1. Although conflicting views
are still opposed on its local organisation,
current models have generally described
the internal structure of the casein micelle
as an expanded, porous network of casein
molecules held together by, essentially, hydrophobic interactions and colloidal calcium phosphate (CCP [44, 89, 168, 192]).
In a recent paper, Anema [4], however,
reasoned that this proposition fails to account for the increased dissociation of caseins, especially κ-casein, since hydrophobic interaction and CCP should reinforce
as temperature and/or pH are increased.
As Horne [89] also pointed out, reflection on the structure of the casein micelle should probably take better account
of other types of interactions, especially
electrostatic, in order to explain some of
its heat-induced changes. Adjusting the
pH away from pI, for instance, increases
electrostatic repulsion between the casein
molecules, while increasing temperature is
expected to weaken hydrogen bonds. Aoki
et al. [16] and Fox et al. [60] have also proposed that the heat-induced dissociation of
caseins related to the part taken by citrate
in the mineral equilibrium of calcium and
phosphate, as the precipitation of calcium
phosphate into irreversible forms at high
temperatures would leave soluble citrate
ions free to dissociate the natural cement
of casein micelles.
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Of all whey proteins, it has been
shown that heat denaturation of the
β-lactoglobulin in model solution is affected by pH [159]. However, Law and
Leaver [106] rather reported that the
denaturation rate of most of the whey proteins in skim milk changed only moderately throughout pH 6–9. Despite this,
significant variations exist in the resulting complexes in terms of size, shape
and composition, as a function of heattreatment pH of skim milk. Chromatographic studies have, for instance, shown
that the size and whey protein/κ-casein ratio of the serum complexes of skim milk
decreased as the pH of heat treatment increased from about 6.3 to 7.3 [50, 162,
164] while light-scattering analysis and
protein mass distribution in milk indicated
that the size of the micelle-bound complexes also decreased with increasing pH
from 6.3 to 7.1 [11, 187]. The increased
amount of dissociated κ-casein as pH increased probably accounts for the smaller
size of the serum complexes (see the effect of the whey protein/κ-casein ratio in
Sect. 4.1) but not of the micelle-bound
ones. Regarding the latter, Vasbinder and
de Kruif [187] have proposed that the denatured whey proteins associated with a
smaller number of κ-casein sites at pH
6.35–6.45 than at pH 6.55–6.70, yielding
a less homogenous coating of the casein
micelle with larger complexes of a high
whey protein/κ-casein ratio. Although unreacted κ-casein has been reported in the
colloidal phase of heated milk [70], the
reason why there would be more of it at pH
6.35–6.45 is unknown. As the pH of heat
treatment increases, the serum complexes
also involve a higher proportion of caseins
other than κ-casein, possibly through formation of a diﬀerent population of particles [50] and turn into noodle-like particles [31]. Changes in the pH of milk
have important consequences on, e.g., the
mineral balance between the colloidal and
serum phases (e.g. [112]), activity of the

thiol groups (e.g. [52]), and conformation,
charge distribution and net charge of the
proteins [63]; all of which being likely to
aﬀect the nature, orientation and strength
of protein-protein interactions (e.g. [99]).
To date, the biochemical investigation of
how pH may control protein-protein interactions and thus direct size, shape, composition and dissociation of the whey
protein/κ-casein complexes is lacking.

4.3. Temperature
For a constant duration of heat treatment
(10, 15 or 30 min), increasing the temperature of heat treatment of skim milk in the
range 70–95 ◦ C increases denaturation of
whey proteins [38], aggregation into heatinduced serum and micelle-bound complexes [186] and in fine the gelation pH and
elasticity of resulting acid gels [123, 186].
However, for a given degree of whey protein denaturation, for which any value can
be obtained through an infinite number
of time-temperature loads, heating temperature in the range 70–110 ◦ C does not
dramatically aﬀect the formation of the
heat-induced whey protein/κ-casein complexes, despite the occurrence of a welldocumented break at 80 ◦ C or 90 ◦ C in
the Arrhenius plot for the denaturation
of α-lactalbumin and β-lactoglobulin, respectively [38]. Denaturation of the whey
protein as measured by Dannenberg and
Kessler [38], and Lucey et al. [123] also
takes aggregation into account, albeit the
resulting complexes were not positively assayed. As methods have now been developed to isolate micelle-bound or serum
heat-induced whey protein/κ-casein complexes from skim milk (see e.g. [70, 186]),
it would be interesting to dedicate future research to quantitatively exploring
the contribution of the complexes (size,
number, etc.) to heat-induced changes in
milk.
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Various authors have, however, indicated that ultra-high temperature treatments (≥ 120 ◦ C) or long incubation times
(> 30 min) yielded changes in the properties of dairy gels made from heated
milk [41, 58, 101, 123, 146], possibly as a
result of changes in the structure of the
whey protein/κ-casein complexes. Mottar
et al. [132] proposed that micelle-bound
complexes formed longer appendages in
UHT-treated than in batch-heated milks,
which prevented interactions between the
casein micelles on acid gel formation.
At ultra-high temperatures, however, other
changes occur in skim milk that may also
aﬀect the properties of the resulting gels independently of the whey protein/κ-casein
complexes, such as casein aggregation, dephosphorylation or proteolysis [170].

4.4. Addition of salts
Because their presence favours attractive interactions between protein particles
by screening the surface, salts and especially sodium and calcium cations have
long been demonstrated to play a role in
the heat-induced aggregation of whey proteins in model systems (see e.g. the review
by Foegeding et al. [59]). Comparatively,
little research has investigated the eﬀects
of salts on the heat-induced formation of
whey protein/κ-casein complexes in skim
milk. By analogy with the behaviour of
heated whey protein isolates, the fact that
the concentration in soluble ions, hence
the ionic strength, decreases as the pH of
skim milk increases [112] may, however,
be an explanation for the pH-dependent
changes in the final size, and possibly
shape, of the heat-induced serum complexes. On decreasing the ionic strength
of lactose-free skim milk model systems,
Smits and van Brouwershaven [176] observed that the heat-induced association
of β-lactoglobulin with the casein micelle was reduced. Whether or not serum
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complexes were actually formed was not
indicated. The eﬀects of calcium or sodium
cations on heat-induced protein association were similar. Similarly, the increase
in soluble calcium or the decrease in
phosphate concentration in skim milk
reduced the amount of heat-dissociated
κ-casein [175], suggesting that less serum
and more micelle-bound complexes may
have been formed, or that less complexes
were formed altogether.
Although neither the whey proteins
nor κ-casein contain as many calciumbinding sites as αs - or β-caseins, one
has to remember that native α-lactalbumin
does contain calcium and that κ-casein
has one phosphoseryl residue. Smits and
van Brouwershaven [176] have varied the
concentrations of calcium ions in lactosefree skim milk and reported that less calcium ions may induce association of some
solubilised αs - and β-caseins with the heatinduced serum complexes, albeit the presence of dissociated caseins in the supernatant of Ca2+ -depleted systems may only
be a consequence of a distinct eﬀect of
the reduction of calcium ions in milk systems on the structure and equilibrium of
the colloidal casein fraction [64]. However,
Guyomarc’h et al. [72], who compared
complex formation in model systems of
whey protein isolate in the presence of either isolated κ-casein or sodium caseinate,
suggested that αs - and β-casein do interfere with formation of model heat-induced
serum complexes (see also Sect. 2.1.1).
In that respect, calcium ions may be one
cause for the protective role of αs - and
β-caseins in preventing heat-induced aggregation and precipitation of whey protein
isolate in simulated milk systems [138].
It has indeed been shown that caseins,
especially αs - and β-caseins, e.g. in their
casein micelle form, bind to calcium phosphate crystals [184] and that more calcium
phosphate is being transferred to the casein
micelles as the temperature increases [64,
155]. It may therefore be that, in the
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presence of caseins other than κ-casein, a
large part of the soluble calcium is routed
away from the denatured whey proteins,
hence increasing electrostatic repulsion
and promoting unfavourable conditions for
heat aggregation, as already reported for
model systems of whey proteins in the
presence of varying ionic strength [125].

5. FUNCTIONALITY OF THE
COMPLEXES IN DAIRY
TECHNOLOGY

5.1. Favouring acid-induced gelation
of milk

5.1.1. Increasing gel strength and pH
of gelation

Because of its technological interest in
yoghurt-making, the positive eﬀect of the
heat treatment of milk prior to acidification has been widely documented. Compared with unheated milk, heating milk at
temperatures up to ∼ 100 ◦ C for several
minutes before acidification increases the
pH of gelation from ∼ 4.9 to ∼ 5.4 [82,
120, 123] and leads to acid gels with
final higher viscosity and firmness [41,
120, 123, 146], more homogenous microstructure with higher connectivity and
lower porosity of the network [98, 147]
and higher whey retention capacity [40,
157], although protein rearrangements and
subsequent syneresis may occur [124].
These heat-induced changes correlated
well with the denaturation rate of whey
proteins [40,41,123,146] and formation of
heat-induced whey protein/κ-casein complexes [98,120]. These results were further
supported by recent studies [1,9,13,49,73,
110, 186, 189, 190] and have been widely
reviewed [113, 117–119, 177].

5.1.2. Proposed mechanism of
interaction between casein
micelles and complexes during
acidification
The respective roles of the micellebound and serum heat-induced whey
protein/κ-casein complexes in acid gelation have been investigated using the effect of the pH of heat treatment in the
range 6.5 to 7.2 to vary the proportions of
serum and micelle-bound complexes (see
Sect. 4.2). On increasing the pH of heat
treatment to 7.1, the proportion of serum
complexes is increased and higher values
of the gelation pH, faster development and
higher final elasticity of the acid gels have
been reported [9, 13, 103, 187], although
these responses decreased on further increase in the pH to 7.2 [164]. Lakemond
and van Vliet [103, 104] proposed that a
lower proportion of micelle-bound complexes would reduce steric hindrance and
thus favour early interaction between the
casein micelles, hence the higher pH of
gelation. As a consequence, the forming
gel would be allowed more time for rearrangement in the course of acidification,
yielding stiﬀer gels with larger pores and
straighter strands. However, changes in the
pH of heat treatment also induce changes
in the composition, thiol reactivity and
size of the heat-induced complexes that are
as likely to account for these eﬀects as
the larger proportion of serum complexes
at mild alkaline pH values. Formation of
more disulphide bonds as heat-treatment
pH is increased may, for instance, also account for higher rigidity of the resulting
acid gel [103, 104].
In other studies, model milk systems
at pH 6.7 were reconstituted out of the
ultracentrifugal separation of the serum
and colloidal fractions of heated and unheated skim milk [49, 73, 98, 120]. Alternatively, isolated whey proteins were
added to skim milk prior to, or after, heat
treatment [137, 169]. As a matter of fact,
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no clear relationship could be found when
the proportions of in situ micelle-bound,
in situ serum and/or added κ-casein-free
whey protein serum complexes were varied in skim milk systems at pH 6.7. Various studies reported that acid gelation
started earlier as more serum complexes
were present in the system, whether the
serum complexes were formed in situ [49,
73] or added to milk as whey protein
complexes [137, 169]. Some studies reported the positive eﬀect of an increased
proportion of in situ or added serum complexes on the final increase in elasticity
and whey retention of the acid gel [73,
137]. However, other research conversely
reported that the occurrence of micellebound complexes, rather than serum ones,
induced the formation of acid gels with
higher final firmness [49, 120, 169] or
that further heat treatment of unheated casein micelles in the presence of either
in situ or added serum heat-induced complexes yielded an additional increase in
the final firmness and homogeneity of
the acid gel [98, 137, 169], most likely
through the binding of the serum complexes to the casein micelles on heating
and hence, through the increase in the proportion of micelle-bound complexes. However, in these reconstituted systems the
final amount of heat-induced complexes
was not constant. In a third approach,
the micelle/serum partition of the heatinduced whey protein/κ-casein complexes
was modulated in situ at pH 6.7 using partially renneted casein micelles [161] and
no change in the gelation behaviour of
heated skim milk was reported that depended on that partition [74]. The fact
that the above approaches to controlling
changes in the proportions of micellebound and serum complexes do not yield
converging results strongly suggests that
the micelle/serum partition of complexes
is not one or the only factor to account
for changes in the acid gelation properties
of heated skim milk. In fact, the primary
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factor for changes in the acid gelation
behaviour of heated milk may rather be
the total amount in whey protein/κ-casein
complexes, as suggested by Vasbinder
et al. [186] and Donato et al. [49]. Recent
studies furthermore indicated that the heatinduced serum complexes associate with
the surface of the casein micelle very early
in the course of acidification, i.e. turning
into micelle-bound complexes before gelation starts [1, 49], although it seems that
not all of them are eventually incorporated
in the gel [103]. Whether or not the serum
complexes also interact with each other on
acidification is unclear, but when casein
micelles are present they do not seem to
form a separate gel [1].
Incidentally, these observations rule out
the hypothesis that the heat-induced serum
complexes would first gel separately as the
pH of milk reached ∼ 5.4 (i.e. about the pI
of β-lactoglobulin), followed by gelation
of the whey protein-coated casein micelles
at pH ∼ 5.1. This hypothesis accounted for
the reported two-phase formation of acid
gels made from heated milk [73, 119, 123]
but is not supported by the fact that pI
of the serum complexes is 4.5 rather than
5.4 [96]. In fact, a similar two-phase gel
formation occurs whenever acidified milk
starts to gel at pH higher than ∼ 5.1, independently of the presence of heat-induced
complexes (e.g. [90, 121, 122]), and has
been attributed to dissolution of the colloidal calcium phosphate [143].
Considering the higher surface hydrophobicity and only slightly higher pI
of the whey protein/κ-casein complexes
as compared with those of the casein micelles, Famelart et al. [57], Jean et al. [96]
and Guyomarc’h et al. [74] proposed that
the early onset of gelation of heated skim
milk accounted for changes in the pHdependent attractive/repulsive balance of
interactions between the milk protein particles on acidification.
Regarding gel formation and texture development, the increased surface

20

L. Donato, F. Guyomarc’h

hydrophobicity may help enhance connections between particles on acidification,
and possibly allow some thiol/disulphide
exchange on acidification [189]. The improved texture of acid gels of heated milk
could also be attributed to the increased
number of proteins involved in the acid
network [73], hence a more connected and
denser network; involving covalent disulphide bonds in the gel structure [104, 120],
whereas casein acid gels are essentially
based on low-energy interactions between casein particles [185]. Coating of
the casein micelles by denatured whey
proteins may help inhibit syneresis due
to prevented fusion of the aggregated
casein micelles [98, 147] or to the high
water-binding capacity of the denatured
whey proteins [40, 73, 157].
5.2. Preventing rennet-induced
gelation of milk
The heat treatment of skim milk, or its
fractions, has long been applied as a means
to recover the whey protein fraction as
micelle-bound or separated complexes in
the cheese curd, thus increasing both the
protein and total cheese yields since the
denatured whey proteins also retain water [17–19,93,94,105,107,126,196]. However, coating of the casein micelles by heatinduced whey protein/κ-casein complexes
aﬀects the rennet coagulation properties
of the heated milk, yielding slow-forming,
soft, humid and crumbly curds.
Steric hindrance of the κ-casein, which
is the substrate of chymosin, as a result
of its interaction with the denatured whey
proteins seems to inhibit the primary phase
of renneting [26, 58, 183] although closer
investigations have only reported slight or
non-significant eﬀects [8, 188]. In fact, interaction of the denatured whey proteins
with the surface of the casein micelle on
heating more noticeably aﬀects the secondary phase of renneting, as it prevents
micelle fusion and therefore, cohesion and

syneresis of the rennet curd [126, 144,
183, 188]. As a consequence, the heating of milk as a means to increase the
cheese yield is more appropriate to processes where acid coagulation is dominant
over rennet action and where extensive
drainage is not required, i.e. to the manufacture of lactic, fresh cheeses rather than
soft or hard ones [69].
5.3. Implications of the complexes
in other processes
Besides the largely investigated eﬀects
of heat treatment in either the acid or rennet
coagulation of milk, denaturation of the
whey proteins and interaction with the casein fraction have also been used to increase yields in preparation of milk protein isolates (e.g. [66]). Furthermore, heat
treatment in conditions that favour the formation of small, serum complexes produces isolates with somewhat improved
rehydration properties and viscosity, and
modified emulsifying and foaming properties as compared with sodium caseinate
or conventional milk protein isolate [67,
68]. Bohoua-Guichard et al. [23] have also
reported improved emulsifying properties
of model heat-induced protein complexes
when both β-lactoglobulin and κ-casein are
involved in the complex, rather than either
one protein or the other.
On the other hand, the pH-dependent
dissociation of the κ-casein, in relation to the formation of serum, rather
than micelle-bound, heat-induced whey
protein/κ-casein complexes has also been
held responsible for the decrease in the
heat stability of UHT milk as the pH of
heating increased from 6.7 to 6.9 [172–
174]. At lower pH values where micellebound complexes are formed, it was
suggested that the complexes protected the
casein from heat precipitation. At pH values higher than 7.0, repulsive electrostatic
interactions between the casein micelles
were thought to take over the adverse eﬀect
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of κ-casein depletion and to stabilise the
casein micelle. McMahon [129] also proposed that extensive dissociation of the
heat-induced whey protein/κ-casein complexes, and subsequent aggregation, were
somewhat involved in the age-gelation of
UHT milk on long storage.

6. CONCLUSION:
FUTURE AND PERSPECTIVES
Heat-induced milk protein complexes
do have potential interest for current and
future research aiming at optimisation
of industrial dairy processes. However,
one major obstacle to their application
is the absence of an economically sustainable process that would allow isolation or production of the heat-induced
whey protein/κ-casein complexes on a
large scale. Only little research has been
done on the formation of these complexes
under other processes than heating (e.g.
ultra-high pressure [27]). Better knowledge of the properties of the complexes,
and of the means to control these properties, is also necessary to improve their
functional potential as ingredients and to
enlarge their possible application to foodstuﬀ other than dairy gels. This includes,
for instance, their intrinsic viscosity and
surface properties; stability and phase diagram in various media, or flavour. Interaction of these complexes with minerals and/or other food components such
as polysaccharides could also be a great
asset for the future value of these complexes. Eventually, their potential nutritional properties, such as their digestibility, as well as their potential application
as nanoscopic carriers of minerals or other
ligands, should be examined in comparison
with other milk protein fractions.
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