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H I G H L I G H T S

• Analysis of salt's effect on the casein
aggregation is performed via statis-
tical thermodynamics.

• Salt-protein interactions are shown to
be predominantly modulating casein
aggregation.

• ‘Water structure’ effect on casein ag-
gregation is found to be negligible.

• A bridge between rigorous statistical
thermodynamics and ‘real-life’ ex-
perimental measurements is created.
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A B S T R A C T

Salts, when added to milk, profoundly influence casein aggregation. Even though this well-known phenomenon
has been widely exploited, there are still many unanswered questions. How do salts affect casein aggregation?
Does water contribute significantly to the aggregation change? The key to answering these questions comes from
statistical thermodynamics, i.e. the principles of physics that can link macroscopic data to the collective be-
haviour of molecules. We present two theoretical approaches. A rigorous approach which demands far more
measurements than reported hitherto; and an approximate, pragmatic approach. It bases on stoichiometric
models (isodesmic model for aggregation equilibria and von Smoluchowski model for kinetics) that can yield
information on protein-water and protein-salt interactions from ‘real-life’ experimental measurements on model
systems available in a variety of formats. Using experimental data from the literature, casein aggregation, in the
absence of κ-casein, has been shown to be modulated by protein-salt interaction, while the contribution from
water structure changes has been shown to be negligible.

1. Introduction

Aggregation of casein, which accounts for 90% of milk proteins
[1,2], has been exploited since antiquity [3,4] to improve nutritional
properties, portability, and shelf-life of milk [5]. Both thermodynamics
and kinetics of casein aggregation are affected strongly by the presence

of salts, even in dilution [6–10]. Moreover, it is known that caseins
form complexes with salts which are called caseinates [11]. Therefore,
salts not only perturb the conformational state stability of monomers
and aggregates [6–10], but also directly interact with both forms. These
observations have been known empirically for centuries and used ac-
cordingly. Yet, because of a notorious difficulty in understanding
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biomolecular solvation in aqueous solution mixtures, their mechanism
on the molecular scale has eluded the grasp for decades [3,6,12,13]. We
adapt a recent breakthrough in statistical thermodynamics to yield the
molecular behaviour of biomolecules, basing on experimental data of
the influence of salt concentration on the aggregation rate constant and
aggregate size.

Due to the complexity of milk solution, analysis of the effect of salt
is a problem far more difficult than salt induced changes of an in-
dividual protein molecule. Towards a complete understanding, the
following three questions should be addressed:

1. How salts affect aggregation on a molecular scale and what is the
role of water;

2. How to quantify effect of a salt on milk aggregation;
3. How to predict the effect of salt on milk protein aggregation.

As we will show, none of the above questions has been answered
clearly from the perspective of solvation: how water and salts interact
with protein molecules to influence the aggregation. This paper intends
to provide a clear answer to the first two questions, as a crucial stepping
stone towards answering the third question.

The effect of salts on casein aggregation has been explained via two
contending hypotheses based on water structure and preferential salt
interaction.

Water structure hypothesis [14] is the most common explanation
[15] how biomolecules and cosolvents interact in a solution. It pre-
supposes that proteins are fully hydrated by layer(s) of water molecules
and that the hydrophobic forces are the dominant driving force for
protein aggregation and stability [14–18]. According to this hypothesis,
cosolvents are never in direct contact with the biomolecule, which is
‘protected’ by hydration layers [14,15]. Hence, according to this hy-
pothesis, salts influence the protein structure and stability indirectly, by
either enhancing the clathrate water structure, strengthening the hy-
drophobic effect and hence promoting protein aggregation (kosmo-
tropy) or breaking the clathrate, weakening the hydrophobic effect and
thereby attenuating protein aggregation (chaotropy) [14,17–23].

Preferential interaction hypothesis assumed originally that water
and/or cosolvents form a ‘fluctuating cloud’ [24] of molecules that in-
teract with the biomolecule(s). Both water and cosolvents contribute to
this interaction. Quantifying both interactions independently was
achieved by the fluctuation adsorption-solvation theory (FAST), based
directly on the principles of statistical thermodynamics [25–27]. Using
thermodynamic data, FAST has shown conclusively that protein ag-
gregation is promoted by exclusion of cosolvents from the protein,
while the cosolvent accumulation enhances the dissociation of the ag-
gregate [26,28].

The basic assumption of the water structure hypothesis, namely the
lack of direct contact between cosolvents and biomolecules, has been
shown to be contradictory to the experimental data and the principles
of statistical thermodynamics [25,28]. Moreover, cosolvent modulation
of protein hydration has been shown to contribute to protein stability
and binding in a negligible manner [13,26,29]. The water structure
hypothesis has thus been repealed and superseded by the preferential
interaction hypothesis, which now has a support from the principles of
statistical thermodynamics [13].

However, preferential interaction determinable via FAST, at the
present stage, is not sufficient to tackle casein aggregation in the pre-
sence of salts. This is because the theory has focused mainly on (i) an
isolated protein in solution for the study of protein stability, (ii) self-
association of proteins in dilution or binding of a protein and a ligand in
dilution, or (iii) protein gelation in semi-dilute region [25–27]. Treating
casein-aggregation requires extension of preferential interaction theory
beyond dilute solution limit, in which the effect of salts on protein self-
aggregation can be treated. In addition, the majority of data available in
food science literature are often highly empirical, posing challenges to
the extraction of thermodynamic insights therefrom.

To this end, the aim of this paper is two-fold:

1. To establish a rigorous theory of salt effect on concentrated protein
aggregation

2. To develop a realistic and approximate treatment of 1 applicable to
the ‘real-life’ experiments in food science

FAST, as the theoretical foundation, is a rigorous theory that can
quantify all the relevant interactions in terms of the Kirkwood-Buff (KB)
integrals (Section 2.1) and can clarify the number of independent
measurements required to determine all these integrals. However, as
will be shown in Section 2.2, the number of measurements turns out to
be far beyond what has been reported in the literature [16,30–32],
which will lead to a limited clarification on the relationship between
protein-salt and protein-protein interactions. This necessitates an ap-
proximate, yet practical theory to obtain molecular insights directly
from the data gathered and analysed by food and dairy scientists, which
will be presented in Section 2.3 onwards.

Indeed, the analyses of casein aggregation equilibria and kinetics
have benefitted greatly by stoichiometric approaches, such as the iso-
desmic model for equilibria [33,34] and von Smoluchowski model for
kinetics. They have a clear advantage in being able to simplify the
macromolecular degrees of freedom [35]. Their traditional weakness,
however, is their inability to deal with solvation. Yet, this problem can
be overcome from how equilibria and rates depend on salt concentra-
tion.

2. Statistical thermodynamics of casein aggregation

2.1. Theoretical foundation

Here, we construct a rigorous statistical thermodynamic theory that
describes how salts affect casein aggregation. Let us first set the scene.
Consider a three-component solution consisting of a protein (i = p),
water (i = 1), and cosolute (i = 2) molecules. Such a system (one-phase
three-component solvent mixture), according to the Gibbs phase rule
has f= 3 − 1+2=4 degrees of freedom. This information will later
be crucial when counting up how many independent measurements are
necessary to obtain inter-species affinity information [25–27].

Let us divide three-component solution into two parts: ‘protein's
vicinity’ (which contains a protein molecule whose centre of mass po-
sition is fixed) and the ‘bulk’ (which is far away from the protein).
Following our previous papers on FAST [27,36,37], in order to cir-
cumvent the difficulty arising from particle identity, let us mark the
fixed protein as ‘solute’ (i = u). Since the centre-of-mass of the ‘solute’
protein is now fixed, this ‘solute’ protein is distinguishable from the rest
of the proteins [27,37]. The affinity between species i and a fixed ‘so-
lute’ protein can be quantified through the concentration difference
between the two parts. To explore the consequence of such con-
centration difference to protein aggregation, let us write down the
Gibbs–Duhem equations for each part, vicinity (represented by *) and
the bulk under constant temperature:

+ + + =c dµ dµ c dµ c dµ dPc 0p pu u 1 1 2 2 (1)

+ + =dµ c dµ c dµ dPc 0p p 1 1 2 2 (2)

where ci and μi represent the number density and the chemical potential
of the species i, and P is the pressure. Here, cu∗ in particular, expresses
the number density of the fixed ‘solute’ protein in the vicinity part
[27,37]. Subtracting Eq. (2) from Eq. (1) yields:

+ + + =dµ c c dµ c c dµ c c dµc ( ) ( ) ( ) 0u u p p 1 1 1 1 2 2 2 (3)

Thus, the Gibbs-Duhem Eqs. (1) and (2) have now been rewritten
explicitly in terms of the concentration change (ci∗− ci) in the solute's
vicinity. The Kirkwood-Buff integral (KBI) of the species i around the
solute defined as [25,38,39]:
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=G c c
c cui

i i

u i (4)

which has the following microscopic expression through solute-water
distribution function, gui(r), as a function of protein-solvent distance r:

=G g r r dr4 [ ( ) 1]ui ui
0

2

(5)

KBIs are represented by integration of gui(r): the overall change in
solvent distribution around the solute from the bulk solution. gui(r) is
determined by all interactions – direct and indirect – present between
solute and species i, being mediated by all surrounding molecules.
Structural information of proteins is already taken into account; (i) the
excluded volume – which species i cannot penetrate – has gui(r)= 0,
which contributes negatively to KBI; (ii) the attraction between the
protein solute and species u, which is influenced by protein structure
and conformation. For these reasons, Gui determined by all the micro-
scopic interactions in the system constitutes the minimum information
necessary to understand the structural thermodynamics of the solution
mixture. Note that the KBIs are defined universally for any molecule,
regardless of whether the protein is globular or intrinsically disordered.

From Eqs. (3) and (4), we obtain the following:

= + +dµ c G dµ c G dµ c G dµu p up p u u1 1 1 2 2 2 (6)

which is the fundamental relationship for solvation free energy μu∗ re-
presented in terms of μ1, μ2, and μp. They are the remaining three de-
grees of freedom, because out of four degrees of freedom guaranteed by
the Gibbs phase rule, we have already imposed the isobaric condition
before Eqs. (1) and (2). Note, that casein aggregation takes place under
isobaric conditions in most real-life situations, hence P should be
chosen as one of the independent variables. To this end, the recurrent
use of Eq. (2) can transform Eq. (6) into the following form:

= + +dµ c G G dµ c G G dµ G dP( ) ( )u p up u p u u u2 1 1 2 1 2 (7)

Now, to complete the derivation of the fundamental equation we
identify the fixed solute as a protein molecule, u= p. It is established
that such a treatment leads to the formulae identical to those derived
rigorously from statistical thermodynamics [27,37,39]. In addition, we
employ a well-known relationship [13,26,40] between the chemical
potentials of a free (μu) and a fixed protein (μu∗)

=dµ dµ RT
dc
cp p

p

p (8)

(Note that μp∗ is a statistical thermodynamic quantity; protein's
centre-of-mass position is fixed in space. Hence, μp∗, frequently referred
to as the ‘pseudochemical potential’ [40], is different from the ther-
modynamic ‘standard chemical potential’, namely the chemical poten-
tial in the pure phase [40].) Eq. (8) can be used to eliminate either μp⁎

or μp. We choose μp⁎ and adopt μp as a variable, because the determi-
nation of μp⁎ from phase equilibria is difficult beyond sparingly soluble
solutes, while the determination of μp as a function of cp, albeit re-
quiring extensive measurements, is still possible in principle. Hence,
combining Eqs. (7) and (8), we obtain

+ =c G G dµ RT
c

dc c G G dµ G dP[1 ( )] ( )p pp p p
p

p p p p2 1 1 2 1 2
(9)

which will serve as the fundamental equation for casein aggregation.

2.2. Need for approximation

Under constant temperature, there are 4−1=3 degrees of freedom
according to the Gibbs phase rule [26,27,41], which is the same
number as the KBIs (Gpp, Gp1, Gp2) in Eq. (9). To determine these three
KBIs, the following relationships can be used that can be derived from
Eq. (9):

=
+

µ
c

RT
c c G G[1 ( )]

p

p µ P p p pp p, 2
1 (10)

=
+

µ
µ

c G G
c G G
( )

1 ( )
p

c P

p p

p pp p1 ,

1 1 2

2p (11)

=
+

µ
P

G
c G G1 ( )

p

µ c

p

p pp p,

2

2p1 (12)

Applying Eqs. (10)–(12) to analyse experimental data will yield the
three KBIs that quantitatively characterize all the inter-species affinities
that are responsible for the salt-induced change of casein aggregation.
Indeed, the current approach, which is mathematically equivalent to
the classical matrix inversion approach [27,37,42–44], has been ap-
plied to a limited number of concentrated ternary solutions consisting
of small molecules [45–47]. However, this approach faces severe dif-
ficulties:

1. Measuring μp as a function of cp, μ1 and P requires a four-dimen-
sional plot, requiring vast quantity of experiments.

2. Even when Gpp, Gp1, Gp2 have been obtained as a function of solution
composition, there is no explicit theoretical link explaining why Gpp

changes due to Gp1 and Gp2.

From an experimental perspective, to obtain such an information
[45–47] one needs to keep measuring the osmotic coefficient, density
and isothermal compressibility while systematically changing the
composition of the ternary solutions in a scale unprecedented for casein
solutions.

To overcome these two difficulties, a drastic simplification of the
theory is indispensable. Here, we focus on a simpler case of three
component system (water, casein, salt) – previous papers have de-
monstrated that FAST can readily be generalised to any system, with
larger number of components [41,44]. However, it requires more KBIs
to be determined. In turn, it requires more thermodynamic data, more
than is available in the literature. Hence, this paper focuses on de-
monstrating how statistical thermodynamics can be applied to casein
aggregation through use of simpler system.

2.3. Simplification comes from traditional aggregation models

The rigorous theory developed in Sections 2.1 and 2.2 requires far
more extensive experimental results than what has typically been un-
dertaken in the field; the number of measurements required turned out
to be enormous, hence is impractical, in addition to the lack of a clear
cause-and-effect between casein-casein and casein-solvent interactions
obtainable by theory.

We show that these problems can be overcome by adopting the
stoichiometric aggregation models that have been used widely in the
literature. It is a synthesis of, and compromise between, discreteness in
the aggregation model and the continuous nature of solvation char-
acterised by KBIs. The aggregation models yield a single equilibrium
constant (K) or rate constant (k) of the reaction. The modulation of K
and k by salts can be treated in a continuous manner with statistical
thermodynamics [13,25]. Thus, we can clearly establish the roles of
salts and water in the framework adopted commonly by food and dairy
scientists.

The aggregation unit sub-steps are defined as follows

1. Aggregation equilibria K in the isodesmic model (Fig. 1): association
of an additional protein to a pre-formed aggregate. K is independent
of the size of the pre-formed aggregate [33,34].

2. Rate constant k from von Smoluchowski model for kinetics (Fig. 2):
the aggregate increases by one unit [8,16,30], in which a ‘unit’ can
either be a monomer or a cluster of monomers. k is the same
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regardless of the size of the unit and aggregate [16,35,48].

Note that application of the isodesmic model in this case is restricted to
dilute solutions, below the CMC of casein, with limited number of
casein species at dilute salt concentrations.

The early support for the isodesmic model came from the light
scattering data of dilute αs2 casein that implied that ‘association does not
reach a constant level’ [49]. In addition, the majority (80%) of the dilute
β casein A is in the monomeric form [32], which is consistent with the
isodesmic model. The isodesmic approach is thus a reasonable model to
evaluate the initial stage of aggregation of casein.

Using a relationship derived in our previous papers, we can obtain
the change of protein-water and protein-salt KBIs, that accompany the
unit aggregation sub-step, from the c2 dependence of K, as

=K
c

G Gln
T P

p p
2 ,

2 1
(13)

And ΔGp2 and ΔGp1 are determinable independently by com-
plementing Eq. (13) with the change of partial molar volume that ac-
companies the aggregation sub-step, ΔVp, as

=G Vp p1 (14)

The c2 dependence of the rate of the aggregation sub-step, yields

=k
c

Gln G
T P

p p
2 ,

2
‡

1
‡

(15)

where ΔGp2
‡ and ΔGp1

‡ represent the change of protein-water and
protein-salt KBIs that accompany the change from the reactant to the
transition state of the unit sub-process. Using the activation volume,

these two KBIs can be determined independently

=G Vp p1
‡ ‡ (16)

Thus, the analysis of reaction equilibria and kinetics has been made
much simpler, and in conformity to the practice in food and dairy sci-
ence, by the adoption of stoichiometric models.

2.4. Determining isodesmic binding constants from empirical data

The isodesmic model assumes (i) casein aggregation as an infinite
series of stoichiometric reactions of binding a monomer to an n-mer
(n≥1) and (ii) binding constant K is the same regardless of n. Hence,

= +K
c

c c
p n

p n u

, 1

, ,1 (17)

where cp, n is the molar concentration of the casein n-mer. Applying Eq.
(17) successively from n=1 yields:

=+
+c K cp n

n
p
n

, 1 ,1
1 (18)

which is the aggregate size distribution according to this model.
The empirical data reported in the literature can now be used to

extract the isodesmic K, such as the fraction of casein monomer, α,
defined as

= =
c
c

c
nc

p

p

p

n p n

,1 ,1

, (19)

Using the aggregate size distribution (Eq. (18)), Eq. (19) can be
rewritten via simple algebra (Appendix A) as

= = =
c

nK c nK c
Kc1 (1 )p

n
n

p
n

n
n

p
n p

,1
1

,1
1

,1
1 ,1

2

(20)

Combining Eqs. (19) and (20), the isodesmic K can be calculated
straightway from α and total casein concentration cp as

= =K
c c

1 1
p p,1 (21)

Thus, Eq. (21) links empirical measure of monomer fraction to the
isodesmic K, and consequently, to the KBIs describing solute-solvent
interactions.

3. Understanding the effect of salts

3.1. Effect of salts on casein aggregation

Through statistical thermodynamics we showed that role of water
and salts on casein aggregation can be quantified directly from the
commonly used stoichiometric models [8,16,30,48,50–52]. Now, we
aim to quantify the protein-water and protein-salt KBIs directly from
the literature data basing on Eqs. (13)–(16), using the following pub-
lished experimental evidence:

• the volume change on aggregation, ΔV
• the activation volume, ΔVp‡
And to answer following questions, by quantitatively analysing

obtained information:

• how the aggregation constant K depends on the concentration of
NaCl, NaSCN, TFA (trifluoroacetic acid), NaClO4 [32];
• how the aggregation rate k depends on the concentration of NaCl
and CaCl2 [30].

To deal with dissociative cosolvent species, such as salts, we follow
a well-established approach. Let us consider the (averaged) ions as the
species 2; the number of cations or anions cannot be changed

Fig. 1. Isodesmic aggregation: clustering of monomers to form an aggregate.
The reaction constant K is independent of the number of monomers involved.

Fig. 2. Von Smoluchowski kinetic aggregation, association of units (one or
more monomers) into a cluster. k represents the reaction constant and is the
same for all reactions.
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independently due to the charge neutrality requirement [37,43].
Hence, as in previous KB approaches to ionic solutions [37,43], cations
and anions of varying size asymmetry have been assumed to be treated
as single species, as a collection of indistinguishable ions.

First, we shall show that ΔGp1 and ΔGp1
‡ (water-protein interac-

tions) are negligible compared to ΔGp2 and ΔGp2
‡. For ΔGp1, the at-

tempted measurement on ΔVp based on the pressure-dependence of K
have yielded a very small number that cannot be determined precisely
[53]. This means ΔVp ≃ 0 compared to the dramatic effect that salts play
on aggregation equilibria. There is no exact data on ΔVp‡ available in
the literature, beyond statements that it is ‘minimal’ or ‘negligible’
[54,55], or is too small to be recorded experimentally [56], suggesting
that ΔVp‡≃ 0 as well. This conclusion can be underscored further by an
order-of-magnitude analysis of the pressure- versus salt-concentration
dependence of the 'aggregation time' [31] whose inverse gives some
estimate on the rate of aggregation. By using Eq. (16) as

=k
P

RT

G( ln

( )
) p1

‡

(22)

Comparing Eq. (22) with Eq. (15) provides a simple and useful
approach to comparing pressure and salt concentration effects as shown
in Table 1: dependence of k on c2 should be compared with that on P

RT
.

According to Lopez-Fandino et al. [31], a 60% reduction in the ‘ag-
gregation time’ is observed in the presence of 4mM of CaCl2, whereas a
25% reduction is observed under 100MPa. When combined with sta-
tistical thermodynamics, it is sufficient evidence to conclude the neg-
ligibility of ΔGu1

‡ compared to ΔGu2
‡ (cf. aim 2 in Introduction). As has

been shown by Eq. (15), the c2 dependence of lnk yield ΔGu2
‡− ΔGu1

‡

whereas P
RT
dependence of lnk yields ΔGu1

‡ according to Eq. (22). This
means that all we have to do is to compare the c2- versus P

RT
-de-

pendencies of the rates of reaction. As shown in Table 1, even a 109

times larger P
RT
as compared to c2 cannot even generate a comparable

aggregation time reduction. To emphasise, when compared per mol
dm−3, 25% decrease over the change of P

RT
by 4×107 mol dm−3 is

negligibly slower than a 60% decrease over the change of c2 by
1.2×10−2 mol dm−3. Thus, our simple order-of-magnitude analysis,
founded firmly on statistical thermodynamics, establishes that ΔGu1

‡ is
indeed negligible.

Thus, we have arrived at the following simplification:

K
c

Gln
T P

p
2 ,

2
(23)

k
c

Gln
T P

p
2 ,

2
‡

(24)

Negligibility of ΔGu1 and ΔGu1
‡ based on robust, order-of-magnitude

argument is an evidence against the water structure hypothesis. We
have shown that ΔGp1 makes an inconsequential contribution, while
ΔGp2 is dominant. This constitutes a counter-argument against the as-
sumption that protein hydration change is the principal contributor
[14,17,19]. ΔGp2 is determined from the protein-salt radial distribution
function (Eq. (5)), which is determined by protein-salt interactions in
aqueous solutions – thus contribution of water is strictly in its media-
tion of protein-salt interaction [57].

The availability of analysable casein aggregation thermodynamics
data in the literature is limited. The only data usable for analysis are the
purified β casein A for the thermodynamics, and a mixture of all caseins
(except for the κ-casein) for kinetics [30,32]. Data represent trends in
the change rather than exact measures. Yet, thanks to the robustness of
our theoretical foundation, they are powerful enough to question the
validity of the water structure hypothesis.

Table 2 summarises ΔGp2 of aggregation equilibria, calculated from
the c2 dependence of ln K obtained via linear regression (Fig. 3). This
analysis bases on the measurement fraction of monomer to aggregate,
as explained by Eq. (21). Note, that while the increase of salt con-
centration changes the monomer concentration cu, 1, it does not affect
the casein concentration cu. Hence, we have plotted lnK '= ln cuK in
Fig. 4 and calculated its salt concentration dependence for each of salts
to obtain KBIs. In the data used, the fraction of monomeric casein
amounted to 80% [32], which makes the isodesmic model a reasonable
start-up due to its peak distribution at n=1. This common measure-
ment reveals key insight into the molecular behaviour of casein mole-
cules.

The positive ΔGp2 (the extent of aggregation) of NaCl, TFA (tri-
fluoroacetic acid) and NaClO4, taken together with the definition of KBI
(Eq. (5)) and the direction of aggregation reaction (Fig. 1), show that
these salts' accumulation increases as casein aggregate becomes larger.
Hence, these salts enhance casein aggregation by favourably accumu-
lating onto larger aggregates. NaSCN, on the other hand, exhibits ne-
gative ΔGp2, suggesting that NaSCN is bound less as casein aggregation
proceeds.

Three salts from the above list (NaCl, NaSCN and NaClO4), when
added to aqueous caffeine solution affect caffeine aggregation (also
analysed via the isodesmic model [58]) differently from casein ag-
gregation (Table 3). This again underscores the cumulative evidence
that cosolvents effect cannot be rationalized without an explicit con-
sideration of cosolvent-solute affinity.

Table 1
An order-of-magnitude analysis for the negligibility of ΔGu1 based on Lopez-Fandino et al. [31].

Condition Aggregation time reduction Comparative parameters

4mM CaCl2 ∼60% c2= 1.2× 10−2 mol dm−3 (ion concentration)
100MPa ∼25% = = ×× 4 10P

RT
108

8.314 298
4 mol m−3 = 4×107 mol dm−3.

Table 2
Effect of salts on purified β-casein A aggregation
equilibria for isodesmic aggregation. ΔGu2 of various
salt calculated using published data [32]. TFA (tri-
fluoroacetic acid) was included for comparison.

ΔGp2 [dm3mol−1]

NaCl 2.52
NaSCN −0.65
TFA 3.17

NaClO4 1.15
Fig. 3. The schematic explanation on how to calculate ΔGu2 based on Eqs. (23)
and (24).
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The effect of salts on aggregation kinetics is summarised in Table 4.
Values were calculated as in Eq. (24), translating dependence of rate of
aggregation vs. cosolvent concentration to ΔGp2

‡. Application of the
transition state theory reveals interesting insights on the aggregation
mechanism, despite scarcity of data. The insight is even more compel-
ling when matched with aggregation equilibria from thermodynamic
approach. Ca2+ significantly accelerates the aggregation process via
increased accumulation around the intermediate states on the way to
aggregation (positive ΔGp2

‡) is well expected. However, the negative
ΔGp2

‡ for NaCl, shows the affinity to the intermediate state is weaker,
thereby slowing down the aggregation kinetics, contrary to the iso-
desmic evidence where NaCl affinity to larger aggregates was revealed.

Due to high sensitivity of casein aggregation on pH of the solution
[59–62], both experiments were conducted in a imidazole - CaCl2/ NaCl
buffer. This comparison again shows that considering salt-aggregate
interaction explicitly for all possible aggregation states is essential for
elucidating aggregation patterns on a molecular scale.

Our FAST approach is based on the determination of KBIs from
experimental data with minimum assumptions. Albeit it is a different
method to the ones used previously, it supports the conclusions attained
by a combination of simple models employed widely in colloid science.
A successful fit of αs1 casein precipitation based on ‘the underlying as-
sumption that the binding of calcium to the casein reduces the charge on the

casein, thereby reducing the energy barrier to precipitation’ [48] was used
as a support of this assumed scenario in our narrative. Despite the
difference of the caseins used, the positive ΔGp2

‡ for calcium ion has
been interpreted as the binding of calcium on the transition state and
the subsequent acceleration of aggregation. Via Eq. (15) it can be linked
to reduction of the activation free energy [63] with minimum as-
sumptions.

However, note that the data used in Table 4 were for the fully-re-
nnetted caseins, and would be relevant only for the initial stage of
casein aggregation. Recent studies on the rates of casein aggregation
revealed anomalous temperature dependence of the rate of aggregation.
To apply FAST to such cases, a better treatment of the reaction kinetics
via a full incorporation of the transition state theory [63] would be
necessary.

Overall, what should be noted is that even simple and rudimentary
experiments may yield significant insight into molecular interactions.
Our method is a useful tool in analysing protein behaviour, hence
making basic experiments a powerful source of molecular knowledge.

3.2. Ramification for the colloidal stability of caseinates

The chief aim of this paper is to elucidate the effect of salts on the
equilibria and rates of casein aggregation in simplified model systems.
Nonetheless, the approach furnished here can be extended to the col-
loidal stability of any protein, what we will show on the example of
caseinates, salt complexes of caseins, and the effect of salts thereupon.

Using statistical thermodynamic as a device, we will show how
through interactions of solute-solute one can analyse the effect of salts
on these molecules. For a measure for caseinate-caseinate interaction,
we can adopt the osmotic second virial coefficient, B2, as has been
widely done [64,65]. It has a direct link to the caseinate-caseinate KBI,
Gcc, via Gcc=−2B2 [40,66]. (Note that caseinate is denoted as c from
here onwards.) In principle, this would mean that salt effect on case-
inate aggregation can be understood by how Gcc depends on salt con-
centration, c2. Such a derivative, as we have shown before [67], would
involve a complex formula consisting of three-body KBIs, which are
difficult to interpret and require a combination of thermodynamic data.

Our aim, therefore, is to provide a tractable scheme based on a
simple model: the leitmotiv of this paper. Let us consider binding re-
action of two caseinates in bulk solution, whose concentration is cc.
Defining a dimer inevitably involves a cutoff distance, R, and the vo-
lume contained therein, VR. Let us assume that the excess number of
solvent around a solute, ccGcc, can entirely be confined within VR.
Under this condition, the total number of solutes within the cutoff
distance is expressed as ccGcc+ ccVR. Multiplying this to casein con-
centration

= + = +K c c G c V
c

G V( )c c cc c R

c
cc R2 (25)

When the caseinate-caseinate interaction is strong with high radial
distribution function peaks dominating Gcc, Eq. (25) leads to K≃Gcc

[26]. A negative Gcc would yield small K, corresponding to weak
binding constant, provided that VR is larger than Gcc. The major pro-
blem in forcing KBI to conform to binding constants is the difficulty in
determining the cutoff distance. Hence, we have consistently advocated
the use of KBIs instead of binding constants for the paradox-free elu-
cidation of non-specific solvation interactions.

Despite such limitations, linking Gcc to binding constant yields a
useful tool for a simple elucidation of the salt effects on caseinate ag-
gregation. As the Ca2+ concentration increases, Gcc=−2B2 changes
its sign from positive to negative [68], which means that we are dealing
with a small Gcc. Under this condition,

+K V G
V

ln ln R
cc

R (26)

so that, using Eq. (13), we obtain

Fig. 4. Linear regression for lnK' of isodesmic aggregation against ion con-
centration for the calculation of ΔGu2 (Table 2) based on the experimentally
[32] determined K'. The slope is the ΔGp2.

Table 3
Effect of salts on caffeine and casein aggregation. +: enhance aggregation, −:
weaken aggregation, (+): weak enhancement of aggregation.

NaCl NaSCN NaClO4

Caffeine aggregation (+) − −
Casein aggregation + − +

Table 4
Effect of salts on casein aggregation kinetics for von
Smoluchowski aggregation. Casein used is all casein
proteome without κ-casein only. ΔGu2

‡ of various
salt calculated using published data [30]. Experi-
ments were conducted in imidazole-CaCl2/NaCl
buffer.

ΔGu2
‡ [dm3mol−1]

NaCl −2.15
CaCl2 48.40
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2 1 2

(27)

where ΔGci refers to the change of KBI between caseinate and species i
that accompanies caseinate aggregation. Mounting evidence suggests
that the volume change accompanying biochemical reactions are
usually very small [13], hence ΔGc1 has been neglected. Despite the
inherent difficulty of determining VR, as has been pointed out [13,36],
Eq. (27) is useful to draw a qualitative interpretation out of the salt
concentration dependence of Gcc. To demonstrate this, let us qualita-
tively examine the observation by Dickinson and coworkers [68] that
Gcc decreases upon Ca2+ addition. Ca2+ thus decreases caseinate ag-
gregation. Since the left-hand side of Eq. (22) is negative, it follows that
ΔGc2 < 0, meaning that caseinate aggregate−Ca2+ KBI is smaller than
caseinate monomer−Ca2+ KBI. This means that

1. Ca2+ is more excluded from caseinate aggregate than from caseinate
monomers,

2. Ca2+ interacts more with caseinate monomers than with caseinate
aggregate

Considering the reduction of surface area that accompanies case-
inate aggregation, the scenario 1 is unlikely, yet correlates with the
reduction of interaction in the scenario 2. Thus, the favorable caseinate-
Ca2+ interaction, and its reduction upon caseinate aggregation, is the
key in the stabilization of caseinates.

4. Conclusion

Salts affect the aggregation of casein [6–10]. A simple observation it
may be, understanding its mechanism on a molecular scale has long
posed a challenge due to the elusive nature of protein solvation in
multi-component solutions, in which a number of interactions (such as
protein-water, protein-salt, water-salt, salt-salt and water-water) are at
work. Without statistical thermodynamics linking the macroscopic and
microscopic worlds, it is impossible to draw a clear conclusion on what
is the dominant force in aggregation [25–27].

We have provided two alternative approaches to solving this ques-
tion. The first one is a rigorous approach, extending our previous theory
for dilute proteins. It comes directly from the very principles of statis-
tical thermodynamics; it involves no approximation nor model as-
sumptions. Yet, the use of this theory demands far more measurements
than reported in the literature. The second is an approximate and
pragmatic approach. This one bases on the existing stoichiometric
models (isodesmic model for aggregation equilibria [33,34] and von
Smolchowski model for kinetics [35]). Due to the drastic simplification
that it can bring to dealing with protein-protein interaction, it provides

a tractable way of yielding protein-water and protein-salt interactions
quantitatively from the published experimental data.

By supplementing the stoichiometric models with statistical ther-
modynamics and with experimental data from literature on casein ag-
gregation (that do not involve κ-casein), we have shown that casein
aggregation is predominantly modulated by protein-salt interaction.
The contribution from water structure changes was determined to be
negligible based on a number of available experimental evidence. The
classical, textbook hypothesis of 'water structure' enhancement and
breaking as the dominant contribution for aggregation modulation
[14–18] turned out to be contradictory to our statistical thermo-
dynamic analysis.

Our intention was to make it possible to draw molecular insights
from a wider variety of experimental data, by adapting our statistical
thermodynamic analysis to be usable to analyse highly empirical data,
such as the monomer fraction and aggregation time. Our approach
presented herein is quite general, and is applicable to any protein ag-
gregates and any cosolvents/cosolutes/additives, through which the
existing wealth of data in food and dairy science literature [69] can
now be interpreted on a molecular basis.

The breadth of our analysis was limited by the availability of the
literature data. Due to universality of out approach, other important
factors, such as phosphate and κ-casein, also can be quantified via KBIs
once extensive thermodynamic measurements have been performed.
Interactions between different types of caseins can also be quantified, in
principle, from FAST. Nevertheless, the more components there is to be
considered, the more thermodynamic measurements have to be carried
out, which is the fundamental bottleneck. As we have shown, com-
bining rigorous statistical thermodynamics with simplified model ap-
proaches may be important in reducing the measurements necessary to
achieve this goal. The thermodynamic models we have employed in this
paper, such as the isodesmic model, suffer from limited applicability,
e.g. it applies only to dilute protein concentration below CMC, and
under low salt concentrations. Extending our theory to more con-
centrated micelle solutions under increased ionic strength would re-
quire a thermodynamic model for polydisperse micelles consisting of
multiple components.

In computer simulations, KBIs have been established firmly as the
indispensable bridge between the microscopic interactions on an ato-
mistic scale and the solution structure governed by chemical thermo-
dynamics [70,71]. The radial distribution function (Eq. (5)) contains all
the information about intermolecular interactions, including the
charges and ionic strengths. Once the KBIs have been quantified or
estimated, we have shown that what remains to be done towards a full
molecular-based elucidation of aggregation in the presence of cosol-
vents: the elucidation of KBIs based on microscopic interactions.

Appendix A

Here we derive Eq. (20). To do so, let us note that denominator of Eq. (20)

=n Kc nx( )
n

p
n

n

n
,1

1 1

(A1)

where x=Kcp,1 has been introduced. Eq. (A1) can also be expressed as

= = =nx d
dx

x d
dx x x

1
1

1
(1 )n

n

n

n1
2 (A2)

Putting back x= Kcp, 1 in Eq. (A2) will conclude the derivation.
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