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Abstract The heat treatment of milk greatly improves the acid gelation of milk
and is therefore largely applied in yoghurt manufacture. During the heat
treatment, soluble and micelle-bound whey protein/κ-casein complexes are
produced in milk. The complexes and their physico-chemical properties have
been held responsible for the early gelation point, the increased final firmness
and for the serum retention capacity of the acid gels made of heated milk. They
are suspected to bring new functionalities to the casein micelles and to help the
formation of interactions when building the gel network. In order to investigate
the type of interactions that the complexes can affect throughout the acid
gelation of milk, an original strategy would be to control the physico-chemical
properties of the whey protein/κ-casein soluble complexes and to use them as
vectors to modify the possible interactions in the milk. In that perspective, the
different physico-chemical properties of the whey protein/κ-casein soluble
complexes that are thought to significantly affect the acid gelation behaviour
of the casein micelles are listed. Then, the physical, chemical and biological
means that could possibly be applied to the formation of complexes in order to
modulate each of the targeted property are reviewed and evaluated. In order to
open a large choice for future investigation, these methods were found in a larger
literature resource than milk, including other protein systems like model whey
protein solutions or non-dairy globular protein systems. The food-compatible
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character of some of these means is indicated, for their potential technological
interest.

乳清蛋白/κ-酪蛋白复合物与牛奶的酸凝固—综述

摘要 牛奶经热处理后可以大大改善牛奶的酸凝固过程, 因此热处理广泛应用

于酸奶的生产中。热处理会在乳中产生可溶性蛋白与酪蛋白胶束结合的乳清

蛋白/κ-酪蛋白复合物。这些复合物和他们的物理化学性质会导致牛乳凝固点

提前、形成凝胶的硬度提高, 以及热处理牛乳形成酸凝胶的持水力增强。这种

处理方式有可能改变酪蛋白胶束的功能特性, 可能有助于凝胶网络的形成。为

了研究复合物对乳酸凝固过程的影响以及相互作用的类型, 首先要控制可溶性

乳清蛋白/κ-酪蛋白复合物的物理化学性质, 然后以这种复合物为模型来研究

乳中可能的相互作用。本文列出了不同物理化学性质的可溶性乳清蛋白/κ-酪
蛋白复合物对酪蛋白胶束酸凝固性质的影响。此外, 为调整每个目标产物的特

性, 本文综述和评价了所形成复合物的物理、化学和生物学意义。为了对将来

研究提供更多的选择性, 本文对乳以外的文献也进行了综述, 如模拟乳清蛋白

溶液或者非乳球蛋白体系等其他类型的蛋白质体系。并指出了这些体系与食

物相对应的特性, 以及潜在的应用前景。

Keywords Acid gel . Complex . Heat treatment .Whey proteins . Casein

关键词 酸凝胶 .热处理 .乳清蛋白 .酪蛋白

1 Introduction

Milk proteins, which weight for 33–35 g.kg−1 of total skim milk, are essential to
the formation of dairy gels like cheese or yoghurt. Milk proteins commonly fall
into the whey proteins, accounting for 7–8 g.kg−1 and found in globular soluble
form; and the caseins, accounting for 26–28 g.kg−1 and found in colloidal
assemblies called the casein micelles (Walstra and Jenness 1984). In bovine
milk, the two major whey proteins are the β-lactoglobulin (β-LG, 2–4 g.kg−1) and
α-lactalbumin (α-LA, ~1.5 g.kg−1), followed by the immunoglobulins, bovine
serum albumin (BSA) and lactoferrin. The caseins are the αs1-casein, β-casein
(9–10 g.kg−1 each), κ-casein and αs2-casein (2–4 g.kg−1 each; Cayot and Lorient
1998). In all types of dairy gels, the casein micelles are the essential building
blocks of the protein network (de Kruif 1998; Holt and Horne 1996; van Vliet et
al. 1989). In their native form, the whey proteins barely contribute to gelation,
neither through acidification nor renneting. However, it is well-known that
denaturation of the whey proteins largely accounts for the effect of heat treatment
on the acid gelation of milk. Typically, acidified milk that had been heated at
85–95 °C for several minutes starts to gel at a higher pH value than unheated
milk and yields an acid gel with increased elastic modulus and higher water
retention capacity (Lucey et al. 2000, 1997a; van Vliet et al. 2004).

In the literature, different reviews exist that thoroughly describe the heat-
induced denaturation and aggregation of the whey proteins, either in model
solutions of β-LG or of whey protein isolates (de Wit 2009; Foegeding et al.
2002) or in milk (Donato and Guyomarc’h 2009). In essence, the whey proteins
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unfold as soon as the temperature exceeds ~60 °C then interact through
hydrophobic interactions and thiol/disulphide exchanges to yield heat-induced
whey protein complexes. In milk, these complexes also involve the cysteine-
containing κ-casein and can be found both in the form of soluble complexes and in
the form of micelle-bound complexes (Anema 1997; Anema and Li 2000; Donato
and Dalgleish 2006; Guyomarc’h et al. 2003b). However, despite the increased
knowledge on the structural and physico-chemical properties of these heat-induced
whey protein/κ-casein complexes, little is known of the actual mechanism through
which they can affect the onset of gelation and the final mechanical properties of
the acid milk gel. In their review, Donato and Guyomarc’h (2009) suggested that
the whey protein/κ-casein complexes bring new functionalities to the casein
micelles, either through modifying their surface as to increase the attraction-to-
repulsion resultant interaction or through acting as spacers that bridge the micelles
together and sustain the gel’s microstructure. In order to investigate these
hypotheses, one original approach would be to design model whey protein/κ-
casein complexes having one targeted physico-chemical property largely modulat-
ed, then to introduce them to whey protein-free milk as a means to promote (or
knock out) one specific type of interaction during acidification. If this modulation
induces a correlated change in the acid gelation behaviour of the milk, the
corresponding interaction may then be identified as important to the formation of
the acid milk gel. Because they are separated from the casein micelles and because
the acid gelation functionality of the heat-induced whey protein/κ-casein complexes
does not seem to depend on their soluble or micelle-bound location (Donato et al. 2007a;
Guyomarc’h et al. 2009a), the soluble complexes seem good candidates to be used as
vectors to modulate interactions in milk.

In this perspective, the present review will first overview, out of recent research
(Alting et al. 2002, 2003, 2004; Donato et al. 2007a; Guyomarc’h et al. 2009a,
2007), the different physico-chemical properties of the soluble whey protein/κ-
casein complexes that may be important to either the onset of acid gelation (in a first
section) or the strengthening of the acid gel network (in a second section). Then, the
various physical, biological or chemical means that could help control each listed
property in either section will be reviewed. The review therefore aims at providing a
set of methods that may help modify whey protein/κ-casein soluble complexes
produced in model systems (Donato et al. 2007b; Guyomarc’h et al. 2009b) or
isolated from milk. Should this approach be too restrictive, the review also provides
methods to generate derivative whey protein, food protein or food protein/κ-casein
heat-induced complexes through introducing controlled changes, e.g. in the protein
composition of the heat-induced whey protein/κ-casein complexes. In order to open
a large range of opportunities for future investigation, the choice was made to seek
these methods not only in studies on milk, but also in studies on milk protein
fractions, on isolated milk proteins or on non-dairy globular food proteins. In the
latter cases, the applicability of the methods to the whey protein/κ-casein complexes
or their derivatives is yet to be evidenced. On the other hand, these literature areas
bring new resources to import methods from.

In heated milk, it is well-known that the heat-induced whey protein/κ-casein
complexes are parted between the serum and the colloidal phases of milk (Anema
2007; Guyomarc’h et al. 2003b; Vasbinder and de Kruif 2003). Because of the

Whey protein/κ-casein heat-induced complexes 99



chosen strategy to introduce modified soluble whey protein/κ-casein complexes as
vectors to modulate interactions in milk, the means to control the serum/micelle
partition of the heat-induced complexes in milk are out of the scope of the present
review. Information can be found in Donato and Guyomarc’h (2009). For the same
reason, the heat-induced changes in the composition and structure of the casein
micelles, as well as their possible consequences on acid gelation, are excluded.

2 Properties of the heat-induced whey protein/κ-casein complexes
that may affect the onset of acid gelation in milk

2.1 Possible roles of the heat-induced whey protein/κ-casein complexes on the acid
destabilisation of milk

In the search for an appropriate model to describe their structure and account for
their behaviour in a number of processes, the stability of casein micelles in skim
milk has long been thoroughly discussed (Dalgleish 1998; de Kruif 1998; Holt and
Horne 1996; Horne 1998; Tuinier and de Kruif 2002; Walstra 1990). In essence,
destabilisation of the casein micelle may occur through their disintegration or
aggregation. On acidification to pH values ~5.2, dissolution of the colloidal calcium
phosphate and the increase in hydration of the casein molecules essentially account
for loosening of the casein micelles’ structure (Banon and Hardy 1992; Walstra
1990). Collapse of the outer κ-casein brush as pH decreases to ~5.0, neutralisation of
the electrostatic repulsion between negatively charged casein particles as pH
approaches pI ~4.8 and the occurrence of dipole–dipole or hydrophobic attractions
further yield to gelation (Banon and Hardy 1992; Tuinier and de Kruif 2002; van
Vliet et al. 1989). As the casein micelles loosen and rearrange throughout
acidification (Gastaldi et al. 1996), the exact nature of the casein “micelles” that
eventually form the particulate gel is not known, which sensibly challenges
modelling (Horne 2003). In heated milk, the presence of heat-induced whey
protein/κ-casein complexes increases the pH at which gelation onsets from pH ~4.8
to ~5.4 (Graveland-Bikker and Anema 2003; Guyomarc’h et al. 2003a; Heertje et al.
1985; Lucey et al. 1997a). It is hypothesized that the complexes modify the surface
properties of casein micelles as to increase net colloidal attraction, hence decreasing
the threshold for acid destabilisation (Donato and Guyomarc’h 2009).

Among the forces that balance interaction between the casein micelles during
acidification of the milk, electrostatic repulsion and the pI value are clearly important
(Tuinier and de Kruif 2002). Since the pI can determine the pH of gelation of heat-
induced whey protein complexes (Alting et al. 2002), the pH of gelation of milk may
similarly depend on the pI of the heat-induced whey protein/κ-casein complexes.
Attractive hydrophobic interaction has also been emphasized through the effect of
temperature (Banon and Hardy 1992). As they carry significant surface hydropho-
bicity, it was suggested that the heat-induced whey protein/κ-casein complexes also
promoted destabilisation through increasing attraction (Famelart et al. 2004;
Guyomarc’h et al. 2007; Jean et al. 2006). Calculation showed that long-range van
der Waals attraction also counterbalances electrostatic repulsion and may account for
aggregation below pH 5 (Tuinier and de Kruif 2002). Despite the above literature,
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there is to date no general picture of how the heat-induced whey protein/κ-casein
complexes contribute to increasing the pH at which acid gelation starts in heated
milk, i.e. through which of the above-listed interaction(s) they favour precipitation of
the casein micelles. It is however expected that:

& They easily interact with the surface of the casein micelles.
& They reinforce hydrophobic attraction and/or reduce electrostatic repulsion.

2.2 Possible methods to modify the surface charge and apparent pI
of the heat-induced whey protein/κ-casein complexes

In milk ultrafiltration permeate, the soluble whey protein/κ-casein complexes
isolated from heated skim milk have a pI of ~4.5, a net charge of −18 mV at
pH 6.7 and they start precipitating at pH 5.3–5.5 on acidification (Guyomarc’h et al.
2007; Jean et al. 2006). A first, natural approach to help modify the net charge of the
heat-induced whey protein/κ-casein complexes could be to use biodiversity. The
major whey protein β-LG comes in a range of up to 11 genetic variants, of which the
A (ASP64, VAL118) and B forms (GLY64, ALA118) are most represented (Farrell et
al. 2004). Although the negative net charge of β-LG A is known to be higher than
that of β-LG B, it only slightly affected the pH of acid gelation of an AB skim
milk to which up to 1.4 g.kg−1 of either variant had been added prior to heat
treatment (Bikker et al. 2000). In common bovine breeds, κ-casein also comes in
two major variants, A (THR136, ASP148) and B (ILE136, ALA148). On the basis of
their sequence only, κ-casein is weakly negatively charged and variant B slightly
more than A (Cayot and Lorient 1998). However, the net charge of κ-casein is
further increased by the large range of phosphorylated and glycosylated forms
(Vreeman et al. 1986), κ-casein B being also more glycosylated than A (Robitaille
et al. 1991). However, despite cumulated sources of charge on variant B, and
despite some variant-specific changes in the heat-induced interaction of κ-casein
with β-LG (Allmere et al. 1998b; Robitaille and Ayers 1995), no or barely
significant changes could be reported in the acid gelation kinetics of preheated
individual milk genotypes (Allmere et al. 1998a). These results probably rule out
the biodiversity of β-LG and κ-casein as a means to modulate the net charge of the
heat-induced whey protein/κ-casein complexes across a sufficiently large range.

It may be otherwise possible to modulate the net charge and/or the apparent pI of
heat-induced whey protein/κ-casein complexes by transferring methods used outside
the conditions of milk. Bovetto et al. (2007) and Schmitt et al. (2009) have for
instance delivered a method to produce heat-induced nanoparticles of β-LG having
similar hydrodynamic diameter (typically 160–230 nm) but opposite net charges of
+25–30 or −30–40 mV, using heat treatment of pure β-LG at pH 4.6 or 5.8,
respectively, in deionised water. Since the resulting complexes are partially built on
disulphide covalent bonds, some conformational stability, hence residual charge
difference, may be expected if the β-LG complexes are later transferred to a near-
neutral medium like milk.

Another approach to try to modulate the overall charge and apparent pI of heat-
induced whey protein/κ-casein complexes could be to involve cysteine-containing
exogenous globular protein into the complexes, with special interest in proteins
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having pI values away from those of the casein micelles and the heat-induced whey
protein/κ-casein complexes, i.e. 4.2–4.5 (Guyomarc’h et al. 2007). Prior to heat
treatment, skim milk could for instance be reinforced in basic proteins like
lactoferrin (pI ~8.7) or egg lysozyme (pI ~11) which are both able to aggregate
with at least α-lactalbumin (α-LA; Nigen et al. 2009; Takase 1998). Soy glycinin
(pI ~6.4) and conglycinin (pI ~4.9) could also be helpful to modulate the pI of heat-
induced globular protein/κ-casein complexes. Roesch and Corredig (2006, 2005)
and Roesch et al. (2004) have for instance shown that the co-heating of pure soy and
whey protein isolates in 0.1 mol.L−1 NaCl at pH 7, of soy protein isolate and skim
milk, or of soy protein isolate, whey proteins and casein micelles in milk
ultrafiltration permeate, produced heat-induced soy/whey or soy/whey/κ-casein
soluble complexes that yielded acid gelation profiles with an increased gelation
pH value of ~6.0. Egg ovalbumin (pI ~4.8) was also effectively co-heated with whey
protein-depleted skim milk to produce complexes that increased the pH of acid
gelation of the modified milk (Famelart et al. 2003, 2004). However, since β-LG has
a higher pI (~5.3) than ovalbumin, charge was obviously not the only driving factor
to earlier destabilisation of the milk.

Although it is somewhat less acceptable in food processing, chemical or
enzymatic modification of milk proteins may also be considered in order to modify
the surface charge of the heat-induced whey protein/κ-casein complexes. Alting
et al. (2002) for instance used succinylation of free amino groups to increase the net
charge and decrease the pI of heat-induced complexes of either pure β-LG or WPI
produced in water at pH 7.2. They reported a remarkable correlation between the
apparent pI of the grafted complexes and their pH of gelation on acidification. They
also indicated that it was possible to increase the pI, hence the gelation pH of heat-
induced β-LG or whey protein isolate (WPI) complexes through methylation of the
carboxylic groups. However, the results were not shown. Sitohy et al. (1995) also
succeeded in decreasing the pI of β-LG through chemical phosphorylation mediated
by aliphatic amines.

Non-specific fixation of charged ligands using, e.g. anionic surfactants like
sodium dodecyl sulphate (SDS) onto the hydrophobic patches of the heat-induced
whey protein/κ-casein complexes may also be attempted to help increase their net
charge. Risso et al. (2000) for instance reported that the net charge of heated casein
micelles resuspended in aqueous Tris–HCl–CaCl2 buffer at pH 6.4 could be
increased by the binding of anionic fluorescent probes. Jung et al. (2008) further
reported that the double-coating of β-LG heat-induced complexes by SDS in water
through successive electrostatic and hydrophobic interactions could eventually
reverse their net charge. However, application of the method to whey protein/κ-
casein complexes may have consequences on their structure, especially in the case of
surfactants, because they are partially built on hydrophobic interactions (Jean et al.
2006). When the complexes are introduced into milk, the ligands may also diffuse
and cross-bind to casein micelles, thus rendering the control of colloidal interactions
difficult.

Food-grade alternatives exist that may prove less flexible. A first one may be
to attach sugars to the ε-amines of the whey protein/κ-casein complexes through
Maillard reaction. Indeed, one can expect to decrease the pI of the complexes
through glycation of the amines. Using this approach, the pH of minimum
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solubility or of isoelectric focusing of pure β-LG can for instance be shifted from
~5.0 to ~4.0 (Chevalier et al. 2001; Corzo-Martinez et al. 2008). It is also
conceivable to reduce the pI of β-LG through Maillard conjugation with acidic
oligosaccharides (Hattori et al. 2004). To the author’s knowledge, no data is yet
available on the use of the Maillard reaction to modify the pI of heat-induced whey
protein or whey protein/κ-casein complexes. Morgan et al. (1999) albeit showed
that heat-induced glycation and polymerization of β-LG could occur concomitantly
in solution at 60 °C and yield heat-induced complexes that partially remained
soluble at pH 4.6.

Second, enzymatic cleavage of the κ-casein’s negatively charged glycosyl group
using neuraminidase, or of the caseinomacropeptide using chymosin, could also be
attempted to modify the net charge of heat-induced whey protein/κ-casein
complexes. The method has been shown to increase the pH of acid gelation of the
casein micelles in milk (Cases et al. 2003; Gastaldi et al. 1996; Li and Dalgleish
2006; Niki et al. 2003). Renan et al. (2007), Anema et al. (2007) and Mollé et al.
(2006) showed that κ-casein as involved in the heat-induced whey protein/κ-casein
complexes of milk could also be cleaved by chymosin. Reduction of the
electronegativity of the complexes may then account for the increase in the pH of
gelation of heated skim milk after moderate renneting (Guyomarc’h et al. 2007; Li
and Dalgleish 2006). However, to the authors’ knowledge, no demonstration has
been given that the pI of the heat-induced whey protein/κ-casein complexes actually
increased with renneting nor that the pH of gelation of milk would equally increase
if only the heat-induced complexes were renneted.

A wide literature otherwise exists on performing chemical grafting, enzymatic
cleavage or ligand addition onto the constitutive protein (generally β-LG or other
globular food model protein) prior to their heat-induced aggregation. But, it is then
quite likely to affect the denaturation and aggregation processes themselves and
hence, to also modify other properties than the charge of the complexes (e.g. Mine
(1996), Broersen et al. (2006, 2007) on ovalbumin, Giroux and Britten (2004),
Chakraborty et al. (2009), Bouhallab et al. (1999), Chobert et al. (2006) on whey
proteins or glycated β-LG and Murphy and Howell (1990)). Modifying the pI of the
constituted complex, using the above mentioned techniques, therefore seems a
preferred approach to evaluate the role of electrostatic interactions in the acid
gelation of milk.

In conclusion, numerous methods exist that may be applied to the heat-induced
whey protein/κ-casein complexes in order to modulate their electrostatic properties.
In essence, the complexes preferably precipitate across a pH range that is centred at
their pI value but also depends on how their absolute net charge increases as the pH
is shifted away from the pI (charge vs pH curve). Therefore, in order to increase the
pH at which the heat-induced soluble whey protein/κ-casein complexes should
precipitate in milk conditions, one can either aim at increasing their pI or at
decreasing their net negative charge throughout the pH range between the pI and the
initial pH of milk, pH 6.7. However, it is very important to keep both goals in mind
and to always consider the charge vs pH curve when modulating the electrostatic
properties of the heat-induced whey protein/κ-casein complexes. This should avoid
situations where the successful increase of their pI, for instance, is counteracted by
the simultaneous increase of their absolute net charge, hence their electrostatic
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repulsion, too close to the pI. The charge vs pH curve also closely depends on the
ionic composition of the medium, since, e.g. calcium ions may screen the exposed
charges on the whey protein/κ-casein complexes throughout the acidic pH range. As
we intend to introduce the modified heat-induced whey protein/κ-casein soluble
complexes to a whey protein-free skim milk, the ionic background at the time of
measurement will remain constant. However, this effect of the surrounding ions
should be kept in mind if the charge and pI of the complexes are to be compared in
different mediums.

2.3 Possible methods to modify the surface hydrophobicity of the heat-induced
whey protein/κ-casein complexes

As for charge, the protein’s genetic variants are a natural source of control over the
surface hydrophobicity of the whey protein/κ-casein complexes. Typically, β-LG B
is slightly more hydrophobic than A (Allmere et al. 1997) and so is κ-casein B as
compared to A (Kyte and Doolittle 1982). However, as already mentioned, the
natural biodiversity of β-LG or κ-casein fails to induce sensible changes neither in
their heat-induced complex formation nor in the pH of acid gelation of the heated
milk. Most likely, changes in hydrophobicity across variants do not range widely
enough to be efficient.

Because α-LA has a significantly lower theoretical hydrophobicity than β-LG or
κ-casein (Cayot and Lorient 1998), it may also be possible to modulate the surface
hydrophobicity of the soluble whey protein/κ-casein heat-induced complexes
through modulating the protein composition of milk or model systems prior to
heating. Graveland-Bikker and Anema (2003) added various amounts of α-LA and
β-LG to whey protein-free skim milk, then heated the mixture and observed that the
gelation pH was increased to a larger extent in the presence of β-LG than α-LA.
However, the results were discussed in terms of increased number of free thiol
groups available for thiol/disulphide polymerisation, rather than in terms of
increased surface hydrophobicity of the complexes, when more β-LG was present.

Alternatively, enzymatic or chemical tools have to be considered. Deglycosylation
(Cases et al. 2003) or renneting (Gastaldi et al. 1996; Li and Dalgleish 2006; Niki
et al. 2003) has already been performed on the κ-casein in casein micelles or whey
protein/κ-casein complexes. The processes are likely to readily expose hydrophobic
regions of the κ-casein as they cleave hydrophilic moieties of the protein. However,
if hydrophobicity of the casein micelle indeed increases when they are renneted (Peri
et al. 1990), this has not yet been demonstrated when renneting the heat-induced
whey protein/κ-casein complexes.

Because they catalyze polymerisation reactions that involve charged side groups,
transglutaminase or redox enzymes laccase, lactoperoxidase or glucose oxidase also
increase the surface hydrophobicity of whey proteins or caseins (Hiller and Lorenzen
2008). However, oxidoreductases also promote oxidation of thiol groups into
intermolecular disulphide bonds (Hiller and Lorenzen 2008), which could result in
changes in formation of the whey protein/κ-casein heat-induced complexes.
Gerbanowski et al. (1999) acylated or sulfonylated the lysine’s ε-amines of BSA
and reported an increase in its surface hydrophobicity as a result of chemical
grafting. However, only sulfamidation maintained the secondary structure of the
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protein. In a different approach, Risso et al. (2000) bound non-anionic hydrophobic
Nile Red probes onto casein micelles and reported earlier and faster rennet
aggregation. The authors further argued that Nile Red could increase surface
hydrophobicity of the casein micelles, without changing either their net charge or
their fractal dimension. As Nile Red can bind at least to β-LG and κ-casein (Sackett
and Wolff 1987), it seems an interesting approach to explore the role of surface
hydrophobicity of whey protein/κ-casein soluble complexes in acid gelation,
independently of other properties like charge.

Eventually, it may be possible to induce changes in the hydrophobicity of heat-
induced whey protein/κ-casein complexes by controlling the temperature of heat
treatment. Clearly, unfolding of the whey proteins on denaturation increases their
exposed hydrophobicity (Relkin 1998). This reaction most likely accounts for the
high surface hydrophobicity of the heat-induced whey protein complexes
(Guyomarc’h et al. 2007; Jean et al. 2006; Relkin 1998), albeit Gatti et al. (1995)
or Carbonaro et al. (1996) have pointed out that aggregation also engages
hydrophobic sites and somewhat limits the gain. Since the work by Dannenberg
and Kessler (1988b, c), convergent studies have established that the two-step
denaturation/aggregation reaction that yield the whey protein/κ-casein complexes
obeys different kinetics below and above ~90 °C (Anema and McKenna 1996; de
Jong et al. 1996; Verheul et al. 1998). Although the common interpretation is that
either step is limiting below or above 90 °C, de Jong et al.’s calculations (1996)
alternatively suggested that unfolding is incomplete at temperatures above 90 °C,
hence the lower overall activation energy for the reaction. Furthermore, the
aggregation step involves more α-LA at temperatures above 80 °C (Mottar et al.
1989; Oldfield et al. 1998a), which is believed to adversely affect the surface
hydrophobicity of the heat-induced complexes at UHT temperatures (Mottar et al.
1989). In his review, de Wit (2009) also explains that at temperatures above 90 °C,
hydrophobic interactions are prevented due to rearrangement of the water molecules
around exposed non-polar regions of the whey proteins. Also, heat-resistant β-sheet
and β-strand structures, which confer high local hydrophobicity to the β-LG,
eventually unfold at >125 °C. The use of high temperature treatments to produce the
heat-induced whey protein/κ-casein complexes in milk or model systems may
therefore decrease their surface hydrophobicity.

Eventually, Kella et al. (1989) increased the surface hydrophobicity of whey
proteins using sulfitolysis of the internal disulphide bonds to loosen their structure,
using food-grade reagents. However, its interest as to increase hydrophobicity on
already denatured, disulphide-linked whey protein/κ-casein complexes is yet to be
established.

In conclusion, however, one has to bear in mind that manipulating the
hydrophobicity of the whey protein/κ-casein complexes without changing their
absolute net charge is likely to be a challenge. This challenge is important so that the
role of hydrophobic interactions can be discriminated from that of electrostatic ones
when using modified heat-induced soluble whey protein/κ-casein complexes to
identify the type of interactions that drives the acid gelation of heated milk. In this
regard, the method used by Risso et al. (2000) to modify the surface hydrophobicity
of casein micelles independently of other properties may prove particularly
interesting.
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2.4 Possible importance of the κ-casein in the acid gelation functionality
of the heat-induced whey protein/κ-casein complexes

Since the addition of heat-denatured whey protein ingredients is effective in
increasing the pH of gelation of milk (O’Kennedy and Kelly 2000; Schorsch et al.
2001; Vasbinder et al. 2004), one could question the importance of the κ-casein in
determining the functionality of the heat-induced whey protein/κ-casein complexes.
In their study, O’Kennedy and Kelly (2000) pointed out the importance of early
interactions between the heat-induced whey protein complexes and casein micelles
on gelation pH, the earliest being obtained through co-heating of the two fractions.
In milk conditions, this binding occurs naturally through formation of heat-induced
whey protein/κ-casein complexes on the surface of the casein micelles (Dalgleish
1990; Jang and Swaisgood 1990). Although some heat-induced whey protein/κ-
casein complexes are also found in the serum phase of heated milk (Creamer et al.
1978; Guyomarc’h et al. 2003b; Noh et al. 1989; Smits and van Brouwershaven
1980), they are thought to bind to the surface of casein micelles early on
acidification, i.e. prior to destabilisation of the milk (Alexander and Dalgleish
2005; Donato et al. 2007a, b; Guyomarc’h et al. 2009a). Various authors have further
reported that soluble whey protein/κ-casein complexes having a higher proportion of
κ-casein were produced on heat-treating milk at slightly increased pH values from
~6.5 up to 8.1 (Anema 2007; Donato and Dalgleish 2006; Menard et al. 2005; Renan
et al. 2006). These milks also exhibited an increased pH of acid gelation, typically
+0.2–0.4 pH unit (Anema et al. 2004; Vasbinder and de Kruif 2003). Among other
causes and according to our interpretation, it may be that a higher content in κ-casein
renders the soluble complexes more prone to interact with the casein micelles, where
κ-casein initially belongs, thus accelerating gelation. This could simply happen
because the soluble whey protein/κ-casein complexes are also smaller and more
numerous as they contain more κ-casein (Donato and Guyomarc’h 2009), hence
more likely to encounter casein micelles through diffusion. Alternatively, the
involvement of κ-casein into the heat-induced whey protein/κ-casein complexes may
accelerate acid gelation because formation of the soluble complexes has depleted the
casein micelle of its κ-casein and/or because the micelle-bound complexes hinder the
stabilising action of the κ-casein. In conclusion, the role of the presence of κ-casein
in the heat-induced complexes on the acid gelation of milk still needs to be
confirmed. This role could either occur through the possible ability of the whey
protein/κ-casein complexes to build facilitated interactions with casein particles in
milk during the acidification or thought the removal of κ-casein from the casein
micelle. The latter case however relates to the partition of the heat-induced whey
protein/κ-casein complexes in milk (reviewed by Donato and Guyomarc’h (2009)),
rather than to the controlled modification of soluble whey protein/κ-casein
complexes prior to their introduction to milk, as presently reviewed.

In conclusion, the role of the presence of κ-casein in the whey protein/κ-casein
complexes formed in heated milk still needs to be evaluated. Following the approach
proposed in this review, it could be interesting to modulate the content of the
complexes in κ-casein, in order to test whether the presence of this casein influences
the acid gelation of milk through facilitated interactions with the casein micelles
during the acidification.
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3 Properties of the heat-induced whey protein/κ-casein complexes
that may affect the strength of acid milk gels

3.1 Structure and mechanical properties of acid dairy gels

In most studies, interactions that build the acid milk gel are investigated using large
or low amplitude rheology and confocal or electron microscopy. These tools
generally provide an overall view of the strength, lifetime and isotropy of the
constitutive interactions, of which it is somewhat difficult to discriminate the
respective contributions of the casein micelles and of the heat-induced whey protein/
κ-casein complexes. On the basis of our current knowledge of the type of
interactions that take part in acid milk gels, one approach could be to modify the
heat-induced whey protein/κ-casein complexes as to knock out or enhance their
ability to engage a selected type of interaction. If a relationship was found between
these variations of the targeted property of the complexes and the mechanical and
structural properties of the resulting acid gel, it would indicate the relevance of the
selected interaction in affecting the course of the acid gelation of the milk.

In their study of acid milk gels prepared through acidification at 4 °C then warm-
up, Roefs and van Vliet (1990) and van Vliet et al. (1989) indicated that acid milk
gels are essentially structured by electrostatic dipole attraction and by hydrophobic
interactions. The fact that skim milk does not gel on acidification at 4 °C but gels at
higher incubation temperatures shows the implication of hydrophobic interactions in
the network (Roefs et al. 1990). This was further demonstrated by Lefebvre-Cases
et al. (1998) or Hinrichs and Keim (2007) who successfully dissociated acid milk
gels in SDS. Disulphide covalent bonds have also been evidenced to sustain the acid
gels’ network (Hinrichs and Keim 2007) as a result of the formation of heat-induced
whey protein/κ-casein complexes on heating the milk. Covalent bonds are thought to
account for the increased elastic modulus G’ and lower tanδ of acid gels made with
heated milk (Guyomarc’h et al. 2003a). Vasbinder et al. (2004) further showed that
thiol/disulphide exchanges occur throughout acidification of milk where heat-
induced complexes are present and evidenced that disulphide bonds contribute to the
increase in G’ on gel formation. To a minor extent, hydrogen bonds have also been
suspected to play a role in the gel network (Lefebvre-Cases et al. 1998).

Comparison between unheated milk and sodium caseinate showed that ionic
calcium binding does not contribute to the acid milk gel (Lucey et al. 1997b, c).
However, heat-aggregated whey proteins can bind calcium (Halbert et al. 2000; Morr
1985; O’Connell and Fox 2001; Simons et al. 2002), but this has yet to be
demonstrated in whey protein/κ-casein complexes. It is possible that bound calcium
increases the rigidity of the heat-induced whey protein complexes and has
consequences on the mechanical properties of the resulting acid gels. But this also
has not yet been evaluated. Famelart et al. (2009) suggested that calcium ions as
bound to phosphoserine residues in the casein micelles may help strengthen the final
acid milk gel. Since the κ-casein molecule has one phosphoserine, this finding may
be relevant to the whey protein/κ-casein complexes of heated milk.

Another important feature of dairy gels is their ability to hold water. The presence
of heat-aggregated whey proteins clearly decreases syneresis and drainage in acid
dairy gels (Guyomarc’h 2006; Vardhanabhuti et al. 2001). The causes are that, first,
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denaturation and formation of the heat-induced complexes create new porous
structures into which water influxes and immobilises (Denisov et al. 1999; Hinrichs
et al. 2004). At the molecular level, unfolding of some secondary structures in the
whey proteins induces rearrangement of the hydration water around non-polar
groups. Competition of the water molecules for hydrogen interactions within
intramolecular β-sheets and α-helices increases, thus increasing bound water and
hydration (de Wit 2009; Denisov et al. 1999). At a larger scale, the heat-induced
whey protein/κ-casein complexes finally affect microstructure of the acid gels. Their
presence clearly promotes the formation of protein strands between the casein
clusters, thus enhancing cohesiveness, connectivity and homogenous porosity, which
in turn affect firmness and permeability of the gel (Lucey et al. 1999, 1998b;
Vasbinder et al. 2004). Furthermore, solid, long-time relaxing bonds like those found
in the complexes may help prevent intra-particle rearrangement and syneresis, in
continuation of the reasoning by van Vliet et al. (1991) or van Vliet and Walstra
(1994).

In conclusion, in order to affect the final gel strength of acid skim milk gels, it is
hypothesized that the heat-induced whey protein/κ-casein complexes:

& Engage the type of interactions that build the gel network (in particular,
disulphide or other covalent bonds, hydrophobic attraction, electrostatic
attraction)

& Sustain the gel’s structure by enhancing connectivity between the casein clusters
& Immobilise and help immobilise water through controlling porosity of the gel

3.2 Possible methods to modify the protein interactions that build the heat-induced
whey protein/κ-casein complexes

By varying the conditions of heat treatment, it is possible to modulate the nature of
interactions that build the whey protein/κ-casein complexes. For instance, increasing
the pH of heat treatment of WPI from 6.0 to 8.0 (i.e. closer to pKSH/S− ~9) has been
shown to increase the proportion of intermolecular disulphide bonds in the
complexes (Hoffmann and van Mil 1999). In skim milk, an increased proportion
of covalent disulphide bonds in the heat-induced whey protein/κ-casein complexes
produced at pH up to 7.3 (Donato and Dalgleish 2006) could partly account for the
higher elastic modulus of the resulting acid gels (Anema et al. 2004). On the
contrary, blocking the free thiol groups of WPI with N-ethyl-maleimide (NEM) prior
to heating yields complexes that fully dissociate in presence of SDS (Hoffmann and
van Mil 1997). Absence of disulphide bonds within the heat-induced complexes may
then account for the low final G’ value of skim milk that was heat-treated in
presence of NEM, then acidified (Lucey et al. 1998a). Vasbinder et al. (2003) further
showed that thiol/disulphide exchanges continue throughout acidification and
significantly contribute to the final gel strength.

Alternatively to variation of the pH of heat treatment, one can modulate thiol/
disulphide exchanges in the heat-induced complexes through varying the redox
conditions. Reduction of part of the disulphide bonds can be performed using
chemical agents like β-mercaptoethanol (Goddard 1996; Surel and Famelart 2003)
or food-grade alternatives (Kella et al. 1989). By applying electroreduction on whey

108 M. Morand et al.



protein ingredients, Bazinet et al. (1997) could modulate thiol/disulphide-mediated
aggregation and reported correlated changes in thermal gelation behaviour.
Oxidation to form disulphide bonds can be performed using H2O2 (Nabi et al.
2000) by bubbling air or oxygen (Martin et al. 2009; Wanatabe and Klostermeyer
1976) and can be mediated using enzymes to yield disulphide polymers of the whey
proteins (Faergemand et al. 1998).

The addition of extra thiol groups to β-LG either by chemical thiolation (Kim et
al. 1990) or genetic engineering (Lee et al. 1993) dramatically increases their ability
to polymerise through thiol/disulphide exchange or oxidation. Conversely, it is also
possible to generate a thiol-free mutant of bovine β-LG (Jayat et al. 2004) or to use
thiol-free porcine β-LG (Gallagher and Mulvihill 1997) in order to reduce disulphide
polymerisation. Lee et al. (1994) reported significant changes in whey syneresis
when using genetically modified milk to make yoghurt.

Providing that one of them (generally β-LG or BSA) contains one free thiol
group (Calvo et al. 1993; Matsudomi et al. 1993), it is also possible to co-
aggregate globular proteins with varying amounts of cysteines and cystines as a
mean to affect the acid gelation of milk through changes in the thiol/disulphide
ratio of the heat-induced complexes. This could be done either by addition of
exogenous globular protein to dairy systems (Famelart et al. 2004; Roesch and
Corredig 2006) or by affecting the natural composition of whey proteins in milk
(Graveland-Bikker and Anema 2003). Kehoe et al. (2007) reported different acid
gelation properties of BSA/β-LG heat-induced complexes depending on their ratio
and discussed these results in terms of different ability to thiol/disulphide
exchanges of the respective proteins. All these approaches indicate that increasing
the number of cysteines, rather than cystines, in the reactant proteins enhances acid
gel strength.

Interestingly, κ-casein that is specific to the formation of heat-induced whey
protein/κ-casein complexes in the milk exhibits enhanced aggregative behaviour
when in reduced form (Thorn et al. 2005). Stevenson et al. (1996) demonstrated that
the thiolation of caseins other than κ could help involve, e.g. β-casein into heat-
induced covalent whey protein complexes. A natural alternative could be to exploit
biodiversity in the cysteine content of caseins (Bouguyon et al. 2006).

Despite the high intrinsic energy of covalent disulphide bonds relative to that of
low energy interactions (Walstra 2003a, b), model thiol/disulphide interchange only
requires 60–70 kJ.mol−1 to occur in water (Fernandes and Ramos 2004). This is in
agreement with the estimate of the activation energy of aggregation of the unfolded
β-LG in heated milk (Ea ~55 kJ.mol−1, de Jong (1996)). Such figures are common
for bimolecular/chemical reactions where the breaking and formation of bonds are
usually synchronous, so that the overall energy demand is low (van Boekel and
Walstra 1995; Walstra 2003b). This suggests that thiol/disulphide exchanges might
readily occur, as soon as the reactive sites are in presence. Therefore, another way to
act on the thiol/disulphide exchanges in the heat-induced whey protein/κ-casein
complexes is to physically control contact between the major reactants, namely, the
unfolded whey proteins.

Due to the breaking of a large number of intramolecular hydrogen bonds on
unfolding, denaturation of the whey protein results in a large increase in
conformational entropy and makes the unfolded protein a thermodynamically
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unfavourable structure (van Boekel and Walstra 1995; Walstra 2003b). Once the
protein is unfolded, water molecules organise in the vicinity of the exposed
hydrophobic sites as to “exclude” or “cavitate” them from solvent. Intermolecular
hydrophobic interactions therefore readily stabilise the denatured proteins. Within
such hydrophobic pockets, Fernandes and Ramos (2004) calculated that thiol/
disulphide exchanges are dramatically accelerated. Promoting hydrophobic inter-
actions between the protein therefore enhances disulphide polymerisation, in
agreement with Oldfield et al. (1998b). Similarly, O’Kennedy and Mounsey
(2009) and Mounsey and O’Kennedy (2007) insisted that aggregation of heat-
denatured β-LG is largely initiated by non-specific attractive electrostatic and
hydrophobic interactions, as favoured at pH close to pI and/or increased ionic
strength. When working on humid dairy powders of WPI, Zhou et al. (2008)
observed that the whey protein molecules can undergo partial unfolding and
extensive thiol/disulphide exchanges at 35 °C providing that the high protein
concentration allows close contacts between proteins. In conclusion, in order to
control the thiol/disulphide balance in the heat-induced whey protein/κ-casein
complexes one could aim at (1) increasing the number of thiols and thiolates
(Fernandes and Ramos 2004) and (2) favouring close contact between proteins.

Intermolecular interactions other than disulphide may also be promoted in the
heat-induced complexes. Attractive electrostatic interactions are somewhat
significant in protein binding (Xu et al. 1997) and can be promoted if introducing
proteins of opposite net charge at the pH of heating. Nigen et al. (2009, 2007) for
instance generated electrostatically driven nano-coacervates of apo-α-LA and
lysozyme at pH 7.5 and 45 °C. By comparing β-LG molecules with chemically
varied affinities for calcium ions, Simons et al. (2002) estimated unlikely that
calcium ions formed intermolecular bridges in the heat-induced complexes.
Therefore, ionic calcium bridges are probably not a lever for controlled changes
in the building interactions. Thiol-blocked β-LG has been shown to form non-
covalent high molecular mass aggregates on heating model solutions at neutral pH
and low ionic strength (Hoffmann and van Mil 1997; Mounsey and O’Kennedy
2007), and Mounsey and O’Kennedy (2007) observed that these aggregates
nonetheless yielded as high elastic moduli values on acid gelation as did the
control β-LG covalent complexes.

Eventually, the use of polymerisation enzymes like glutaminase may help stiffen
the heat-induced whey protein/κ-casein complexes, in the same way it has been
shown to increase gel strength in acid skim milk or casein gels (Bonisch et al. 2007;
Lorenzen et al. 2002). The studies by Gauche et al. (2009) and Bönisch et al. (2007)
suggested that the whey proteins cross-linked with themselves and with the casein
micelles using transglutaminase thus paralleled the effect of heat treatment on acid
gelation. It further seems that the enzymatic cross-linking of heat-induced whey
protein complexes increases the elasticity of the resulting acid gels by increasing
rigidity of the complexes (Eissa and Khan 2005) or by enhancing their interaction
with the casein micelles (Bonisch et al. 2005).

On all the above-listed interactions, intra- and inter-particles covalent disulphide
bonds are probably the ones that are most susceptible to affect the viscoelastic
moduli or the “solid-like” behaviour of the acid milk gels. In our point of view, one
choice for future investigation could then be to study the effect of the balance
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between the content in disulphide bonds inside the heat-induced whey protein/κ-
casein complexes and in thiol groups available for the formation of inter-particle
disulphide bonds on the acid gelation of milk.

3.3 Possible methods to modify the size of the heat-induced whey protein/κ-casein
complexes

Because they are thought to act as spacers or bridges between the casein micelles on
acid gelation (Donato et al. 2007a; Lucey et al. 1999, 1998a), the size of the whey
protein/κ-casein heat-induced complexes are quite likely to play a key role in the
final microstructure of the acid gel, by affecting, e.g. pore size and connectivity
(Kalab et al. 1983; Parnell-Clunies et al. 1987). Naturally, the serum form of
complexes has hydrodynamic diameters ranging 30–100 nm and molecular weight
values of ~4.106 to 2.107 g.mol−1 (Donato and Guyomarc’h 2009). In a different
field, microparticulated whey protein having sizes of 0.1–2 μm can be used to
control firmness and syneresis of yoghurt gels (Janhøj and Ipsen 2006; Sandoval-
Castilla et al. 2004). However, little is known of how the size of the whey protein/κ-
casein complexes can affect the properties of acid milk gels.

By increasing the pH of heat treatment of milk from 6.5 to 7.1 (Anema et al.
2004; Rodriguez del Angel and Dalgleish 2006), acid gels with increased final G’
values are produced, although a decrease is found at pH≥7.2. Among other reasons,
slightly alkaline pH conditions of heating are known to yield whey protein/κ-casein
complexes of smaller size than at pH 6.5 (Creamer et al. 1978; Rodriguez del Angel
and Dalgleish 2006; Vasbinder and de Kruif 2003). However, the complexes
produced at pH 7.1 may also contain more disulphide bonds or active thiol groups,
which can both affect the texture of acid gel more than their size (Alting et al. 2003).
Similarly, Britten and Giroux (2001) produced smaller complexes in solutions of
WPI at pH 8.5 than 6.5, but failed to correlate size and G’ values of the resulting
acid gels.

On the other hand, by decreasing the casein to whey protein ratio of milk blends,
Guyomarc’h et al. (2003a), Puvanenthiran et al. (2002) or Beaulieu et al. (1999)
increased the size of complexes up to fivefold and obtained acid gels with
proportionally increased final G’ values. In model whey protein systems, higher
protein concentration also promotes formation of larger complexes (Hoffmann et al.
1997; Ju and Kilara 1998b; Le Bon et al. 1999). In milk, increasing the
concentration of only the whey protein using membrane separation techniques
promotes their heat denaturation (Mc Mahon et al. 1993; Oldfield et al. 2005), but
the likely effect on aggregate size is yet to be established.

In skim milk, increasing the temperature and/or duration of heat treatment
increases the extent of denaturation of the whey proteins (Dannenberg and Kessler
1988c), with proportional consequences on the final firmness and water retention
capacity of the acid gel (Anema et al. 2004; Dannenberg and Kessler 1988a, d).
Unfortunately, no similar abacuses have been produced to know how the size of the
heat-induced whey protein/κ-casein polymers varies with time and temperature of
heating. It is however known from model whey protein systems that both factors
positively affect the size of heat-induced whey protein polymers (Hoffmann et al.
1997; Le Bon et al. 1999; Schokker et al. 2000).
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Investigations on the heat-aggregation behaviour of β-LG or WPI model
solutions clearly show that of all factors, the control of electrostatic repulsion
between the reactant proteins affects the final size of the heat-induced complexes.
As a rule, increasing the ionic strength of the medium decreases the range and
intensity of electrostatic repulsion, thus increasing the chance for aggregation, and
the size of complexes (Baussay et al. 2004; Caussin and Bouhallab 2004; Durand et
al. 2002; Mahmoudi et al. 2007; Pouzot et al. 2005; Unterhaslberger et al. 2006;
Xiong 1992). Also, having the pH close to the pI of the reactant whey proteins
enhances aggregation and yield larger, clustered complexes (Foegeding et al. 2002;
Mehalebi et al. 2008; Vasbinder and de Kruif 2003).

Due to (a) their effective charge screening, (b) the possible induction of
conformational changes in the protein and (c) their ability to bind carboxylate
groups, calcium ions have long been acknowledged to promote protein aggregation
(Ju and Kilara 1998a; Simons et al. 2002). Parris et al. (1997) or Xiong (1992)
reported the enhanced formation of aggregates when increasing ionic calcium
concentration in whey or whey isolate prior to heating. Caussin et al. (2003) further
showed that heating WPI in presence of 10 mmol.L−1 CaCl2 yielded larger heat-
induced complexes than with 100 mmol.L−1 NaCl, further demonstrating the specific
promoting effect of the divalent cation on aggregation. However, this effect is highly
dependent on pH (Britten and Giroux 2001). Simons et al. (2002) and Mounsey and
O’Kennedy (2007) found that a stoichiometry of about 0.1 to 0.165 mmol Ca2+ per g
β-LG is necessary to trigger significant heat aggregation. The conditions for
maximum aggregation of WPI also seem to obey some stoichiometry, albeit the
ratio of mmol Ca2+ per g protein varies across studies (Ju and Kilara 1998a;
Sherwin and Foegeding 1997). Simons et al. (2002) explained that heat-induced
complex formation could occur only when the repulsive charges born by the
carboxyl groups of the whey proteins were shielded by calcium counterions
through specific binding.

Studies on the effect of ionic strength or ions have generally been performed on
model solutions. To the authors’ knowledge, these factors have not been tested in
milk as a means to vary the size of the heat-induced whey protein/κ-casein
complexes. O’Kennedy and Mounsey (2009) however reported that the heat-induced
aggregation behaviour of the β-LG largely differed whether the protein was in
presence of sodium, calcium or phosphate ions; or of mixes of them; or of simulated
milk ultrafiltrate. They insisted that the response of the heat-induced formation of
whey protein complexes to ionic strength should be dramatically different in a
medium where ionic species are in equilibrium with each other or with the casein
micelles. In skim milk whose sodium or calcium contents were varied prior to heat
treatment, Farrag et al. (2001) and Ramasubramanian et al. (2008) reported only
marginal changes in the resulting acid gelation behaviour. Conversely, dramatic
changes are reported when micelle-bound colloidal calcium phosphate is modulated
prior to heating (Famelart et al. 2009; Ozcan-Yilsay et al. 2008). All these results
suggest that understanding the effect of ionic strength or minerals on the heat-induced
whey protein/κ-casein complex formation in milk cannot be anticipated from results
obtained in model solutions, and therefore, needs dedicated research.

Eventually, the size of the heat-induced whey protein/κ-casein complexes may be
controlled through the use of stabilising molecules. In recent years, research has
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evidenced that caseins may help stabilise heat-denatured globular proteins from
whey or egg in a pattern that resembles chaperone activity (Bhattacharyya and Das
1999). In the presence of casein material, turbidity of the heated globular protein
solution is reduced as a result of decreased aggregate size (Khodarahmi et al. 2008;
Koudelka et al. 2009; Matsudomi et al. 2004; Morgan et al. 2005; O’Kennedy and
Mounsey 2006; Yong and Foegeding 2010; Zhang et al. 2005). In the case of co-
heated κ-casein and WPI, smaller and more numerous mixed complexes were
produced with increasing proportion of κ-casein (Guyomarc’h et al. 2009b).

Other studies also indicated that ligands or surfactants like arginine,
guanidium, lecithins, SDS or sodium laurate could control over-aggregation of
heat-induced complexes of milk proteins (Tran Le et al. 2007; Unterhaslberger
et al. 2006). Kerstens et al. (2005) reported a peculiar effect of the non-ionic
surfactant Tween 20, which promotes formation of μm-large, spherical, size-
designed, reversible heat-induced aggregates in concentrated β-LG solutions.
Studies that control aggregation of β-LG using coacervation with carbohydrates
are out of the scope of the review.

In conclusion, numerous methods are available that could probably be transferred
to the soluble heat-induced whey protein/κ-casein complexes to modulate their size.
However, only a very few of them have been applied to study the effect of the size of
these specific complexes on the acid gelation of milk. In essence, the available
studies rather investigated the effect of the size of larger microparticulated whey
proteins, used as fat replacers, in acid milk gels.

3.4 Possible methods to modify the shape of the heat-induced whey protein/κ-casein
complexes

Thanks to the large amount of reports that have described the aggregation behaviour
of proteins in varying conditions, it now emerges that almost, if not all the proteins
are able to alternatively heat-aggregate into branched particulate clusters or into
elongated fibres depending on the distribution of functional sites across their
exposed surface. As a rule, environmental conditions that promote exposure of local
poles of high net charges and/or β-sheet structure also promotes head-to-tail
aggregation, hence fibrillation. Hence, various studies have reported that globular
proteins such as ovalbumin (Weijers et al. 2008), β-LG (Bolder et al. 2007; Durand
et al. 2002; Ikeda and Morris 2002; Jung et al. 2008), BSA (Holm et al. 2007) or
partially hydrolysed α-LA (Otte et al. 2005) can yield fibrils on (even moderate)
heat treatment at low ionic strength values and at pH generally ~7.0 or ~2.0
depending on proteins. Elongated particles of β-LG can further be produced in water
at pH ~7.0 and ≤50 mmol.L−1 NaCl (Alting et al. 2004; Pouzot et al. 2005).
Fibrillation can also occur in acidic solutions of WPI (Akkermans et al. 2008),
yielding somewhat thicker structures than with pure β-LG (Ikeda and Morris 2002).
Bolder et al. (2007) however suggested that although other species were present
in solution, β-LG alone is involved in fibrillation when heating WPI. Because of
the often acidic pH (~2.0) and orientation constraints, thiol/disulphide exchanges
do not seem to contribute to fibril formation, but readily occur when the fibrils
are brought to pH 7 to 10 (Bolder et al. 2007). Alternatively, Rasmussen et al.
(2007) could produce fibres of β-LG after prolonged exposure to subdenaturing
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concentrations of chaotropes and showed that their content in disulphide covalent
bonds could be modulated depending on whether urea or potassium thiocyanate was
used as the chaotrope.

Fibrils in WPI solutions were shown to increase the viscosity of the system and to
exhibit shear-thinning behaviour (Akkermans et al. 2008). Veerman et al. (2003)
compared the ability of long linear fibrils formed by heating β-LG at pH 2 then
brought to pH 7 to yield a gel on addition of CaCl2 to that of random β-LG
complexes conventionally produced by heat treatment at pH 7. They showed that the
fibrils were able to build a solid gel at much lower protein concentrations than the
control complexes. Alting et al. (2004) furthermore mentioned that long fibrillar
structures of ovalbumin significantly contribute to the firmness of acid-induced gels.
If they could be produced in milk in technological conditions, fibrillar whey protein/
κ-casein complexes would most likely help increasing firmness of the acid dairy
gels, even if anisotropic structures generally involve less intermolecular thiol/
disulphide exchanges (Broersen et al. 2007; Weijers et al. 2008) otherwise desirable
to gel firmness (Alting et al. 2003, 2004).

Of all caseins, the κ-casein is also capable of forming fibrils in physiological
conditions (pH 7.0–8.0 and 37 °C), especially when in reduced form (Farrell et al.
2003; Leonil et al. 2008; Thorn et al. 2005). In the case of κ-casein, the driving force
for fibrillation of the protein is not known, but likely involves intermolecular β-sheet
stacking (Thorn et al. 2009). When WPI and κ-casein are heated together at pH 7.0
and 0.1 mol.L−1 NaCl, the heat-induced whey protein/κ-casein complexes turn from
particles with a fractal dimension Df of ~2 to linear structures with Df ~1.1 as the
proportion of κ-casein exceeds 0.5 g per g WPI (Guyomarc’h and Nicolai, 2009,
personal communication, Fig. 1). In milk phase conditions, the protein composition
and more specifically the respective proportions of κ-casein and whey proteins may
therefore be an efficient means to control the shape of the heat-induced whey
protein/κ-casein complexes.

However, as αs or β-caseins inhibit fibrillation of the κ-casein (Thorn et al. 2005)
or that of globular proteins, including the whey proteins (see review paper by Yong
and Foegeding (2010)), preparation of elongated whey protein/κ-casein heat-induced
complexes may first rather be attempted in whey, prior to their addition to milk.
Interestingly, Creamer et al. (1978) early reported that the heat-induced whey
protein/κ-casein complexes that formed in milk at pH 6.8 were more thread-like than
those produced at pH 6.5. Since the involvement of κ-casein into the whey protein/
κ-casein complexes of milk seems to increase as the pH of heating increases (Anema
2007; Donato and Dalgleish 2006), it is possible that the shape of the complexes
may be somewhat controlled in situ through varying the κ-casein to whey protein
ratio of milk or its pH of heating. In the long term, the ratio can also be genetically
modified in mammals (Jimenez-Flores and Richardson 1988).

Although fibrillar complexes may be desirable for texture, there is suspicion that
they could be cytotoxic (Hudson et al. 2009). Control of their extension might
therefore be useful. Alternative to the involvement of chaperone caseins, the use of
chemical grafting of additional reactive sulfhydryl groups onto ovalbumin molecules
in solution at pH 7.0 and 0.15 M NaCl has been shown to yield more branched,
amorphous heat-induced complexes as opposed to more fibrillar structures (Broersen
et al. 2006). Genetically or chemically modified β-LG with added free thiol groups
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may be a good means to increase branching of the heat-induced whey protein/κ-
casein complexes, but this is yet to be demonstrated. Reduction or disruption of
natural disulphide bonds (Bazinet et al. 1997; Kella et al. 1989) may also open
routes for branching. Although goat or sheep κ-caseins contain three cysteines, they
all seem to be naturally involved into disulphide bonds (Bouguyon et al. 2006) and
hence, are unlikely to promote branching.

To the authors’ point of view, building acid milk gels in the presence of heat-
induced whey protein/κ-casein in the form of fibrils that should entangle with each

WPI/ CN25/0

WPI/ CN25/30

WPI/κCN25/10

Fig. 1 Transmission electron micrographs of heated (80 °C/24 h) solutions of 25 g.kg−1 whey protein
isolate (WPI) and 0–30 g.kg−1 isolated freeze-dried κ-casein (κCN) in 0.1 mol.L−1 NaCl, pH 7.0, prepared
as in Guyomarc’h et al. (2009b)
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other and provide numerous interaction patches with the casein micelles is very
likely to strongly affect the texture of the gels. Although a lot of proteins are able to
form fibrils on heat treatment depending on conditions, to the author’s knowledge no
attempt has however yet been undertaken to evaluate the effect of heat-induced whey
protein or whey protein/κ-casein fibrils on the acid gelation of milk systems.

3.5 Possible methods to modify the water holding capacity of the heat-induced
whey protein/κ-casein complexes

It is largely known that the essential factor to improve water holding capacity of acid
milk gels is to fully denature the whey protein (Dannenberg and Kessler 1988d).
Conversely to gel firmness, the water holding capacity of yoghurt gel linearly
increases with heating, including UHT conditions (Krasaekoopt et al. 2003). At
temperatures above 100 °C, de Wit (2009) mentions that specific unfolding occurs,
possibly as a result of disulphide breakdown that may favour protein hydration (see
also section 3.1). It is therefore possible that heat-induced whey protein/κ-casein
complexes with less mechanical resistance but higher water holding capacity are
formed in UHT conditions.

A higher whey protein to casein ratio in the milk has also been associated with
increased water holding capacity of the yoghurt gel (Puvanenthiran et al. 2002;
Schorsch et al. 2001) although it is not clear whether the actual composition of the
heat-induced complexes, rather than their size or concentration or shape, is
responsible for this change. However, Guyomarc’h et al. (2009b) showed that
model heat-induced complexes of WPI were less dense when involving κ-casein,
hence more likely to uptake water through a more porous structure.

The addition of charges (see section 2.2) to the heat-induced complexes may also
be a way to improve water binding, providing that the complexes keep destabilising
into a gel on acidification. In that sense, the covalent binding of sugars to milk
protein has been shown to enhance solubility but also gelation, depending on extent
(Oliver et al. 2006). Glycosylation of a peculiar heat-induced whey protein
ingredient using dextran molecules was shown to increase its water-binding capacity
when re-heated (Lillard et al. 2009). The application of controlled glycosylation of
whey protein/κ-casein complexes to yoghurt making is however yet to be
investigated.

The presence of counterions that would shield electrostatic repulsion during
the formation of thiol/disulphide complexes may be another way to modulate the
density of soluble whey proteins/κ-casein complexes. In their review on whey
protein functionality, Foegeding et al. (2002) mentioned that gels made of WPI
heated in the presence of salts are denser, coarser and more permeable than at
low ionic strength. Pouzot et al. (2005) furthermore showed that heating β-LG
at neutral pH in the presence of 200 mmol.L−1 NaCl yielded denser β-LG
covalent complexes than at lower ionic strength values. As another example,
Giroux et al. (2010) performed the cold-set precipitation of WPI preheated at
neutral pH and low ionic strength using a pH cycling to pH 5–6 in the presence
of increasing concentrations of CaCl2, to produce disulphide complexes of whey
proteins having correspondingly increasing density, hence decreased water
retention capacity.

116 M. Morand et al.



On top of increasing polymerisation and gel strength, free thiol groups also seem
to be a factor to control syneresis in acid gels. Lee et al. (1994) added recombinant
β-LG with two or three free thiol groups to skim milk (<1 g.kg−1) and observed
reduced syneresis in the yoghurt produced after heat treatment and fermentation of
the modified milk. Possibly, addition of thiol groups promoted branching and hence,
reticulated porous complexes that could easily carry water.

4 Perspectives for research

First, this review was wilfully limited to the production of whey protein or whey
protein/κ-casein complexes using heat treatment, but other technological means
could be considered such as high pressure treatments or dry heating of protein
powders. These technologies have been reported to induce whey protein denatur-
ation and complex formation, but with few similarities with the heat treatment
(Considine et al. 2007; Ibrahim et al. 1993; Zhou et al. 2008). They could therefore
be used in combination with or in substitution to heating, to potentially modulate the
properties of the whey protein/κ-casein complexes. The resulting complexes could
also be further modified, using a number of the chemical or biological methods listed
in the present review.

The present overview of the literature further evidences two major fields for
future investigation of the role of the heat-induced complexes in the acid gelation of
milk. First, a large number of the reviewed chemical, biological or physical means to
modulate the physico-chemical properties of protein material has often been applied
on single, native proteins rather than on proteins assemblies like the heat-induced
complexes. But modification of the reactant protein is quite likely to affect its
aggregation on heat treatment, hence to introduce many other large changes than the
initial modification. Therefore, modifying the constituted heat-induced whey protein/
κ-casein complexes as a means to vary their interaction properties may prove an
interesting scientific strategy.

Second, where as a majority of the studies using modified proteins or modified
complexes have investigated the consequences on thermal gels, only a little
proportion of them considered acid gelation. Amongst them, only a little number
of studies investigated as complex a system as milk (see, e.g. Lieske (1999); Vidal et
al. (1998) who modified the casein micelle). In the perspective of better
understanding the role of the heat-induced whey protein/κ-casein in the acid
gelation of skim milk, we therefore propose to modulate some targeted properties of
the complexes, using the presently reviewed methods, then to introduce them into
milk where their capacity to establish specific interactions, or to build specific
microstructures, will be tested. Should some of these methods be particularly
efficient in affecting the acid gelation of milk, their application could then be
attempted directly on milk. However, this raises the issue of correlated changes in
the milk, for instance through changes in the composition and equilibrium of milk if
ions or pH or exogenous proteins are used to modify the whey protein/κ-casein
soluble complexes in situ or through the simultaneous modifications of the whey
protein/κ-casein complexes and the casein micelles if, e.g. chemical grafting is used
to modify the soluble complexes in situ. Demonstration of the transferability of the
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presently reviewed methods, directly to the milk system, is therefore in itself a
critical perspective for applicative research.
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