
Colloidal Stability of Bovine Calcium Caseinate Suspensions. Effect of Protein
Concentration and the Presence of Sucrose and Lactose

Manuel A. Mancilla Canales, Marı́a E. Hidalgo, Patricia H. Risso,* and Estela M. Alvarez

Departamento de Quı́mica-Fı́sica, Facultad de Ciencias Bioquı́micas y Farmacéuticas, Universidad Nacional de Rosario,
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Sodium caseinate suspensions (Cas) are stabilized as submicelles in a dynamic system consisting of caseins
R, �, and κ. Their use in the food industry is quite widespread because of their functional properties and
nutritional value. In the presence of calcium ions, Cas are able to form colloidal stable aggregates in suspension
(CCA) at certain Ca2+ and Cas concentration ratios (Ca:Cas). The aim of this work was to study the effect
of the protein concentration on the CCA solubility and viscosity at different Ca:Cas and to relate those two
functional properties to protein composition and conformational changes. The stability of CCA was also
evaluated in the presence of lactose and sucrose. The apparent solubility of the CCA was determined by
applying a spectrophotometric method, and the stability test parameters were obtained using a model based
on thermodynamic linked functions. The protein conformational changes were followed by using fluorescence
techniques and were related to the partial specific volume and the intrinsic viscosity. The experimental data
obtained allowed us to conclude that the stability of CCA depends on the initial protein concentration for
the same Ca:Cas ratio. A model based on multiple-step equilibrium was proposed as an approach to explain
the stability of Cas against Ca2+. Furthermore, it was observed that the addition of Ca2+ to Cas generates
changes in the protein conformation, leading to more compact and symmetrical structures. The colloidal
stability of the CCA was favored by the presence of sugars, especially by lactose.

Introduction

Caseins (CN) represent the major protein component of
bovine milk. These dairy phosphoproteins precipitate at pH 4.6,
and they have a considerable tendency to self-associate either
in the presence or in the absence of calcium ions.1

Among the different types of CN (Rs1-CN, Rs2-CN, �-CN,
κ-CN), there are some important characteristics that make the
difference between them, on the basis of their charge distribution
and their sensitivity to be precipitated by Ca2+. The κ-CN
fraction, insensitive to Ca2+, acts as protection that attempts to
prevent the other CN from Ca2+-induced precipitation.2 The
ability of binding Ca2+ is a reversible process and has an
important nutritional impact on the bioavailability of Ca2+

associated with these proteins.3

The CN precipitate at pH 4.6 and may be resolubilized by
increasing the pH. If the increase in the pH is carried out by
the addition of NaOH, it is possible to end up obtaining sodium
caseinate, while if this change in the pH is done with Ca(OH)2

it is finally obtained as calcium caseinate.4

CN and caseinates (Cas) are widely used in the food industry
because of their nutritional and functional properties, as well
as solubility (even in presence of Ca2+), viscosity, and stability
to heat.1,5 They stabilize emulsions and foams, form gels,
interact with lipids, and block fat.6

CN and Cas undergo some modifications depending on the
seasonal and feeding variations of cattle as well as on previous
treatments and industrial processing. These modifications usually
introduce significant changes, which in turn exert an important
influence over their functional properties, which may represent

either a problem or an improvement in the manufacturing of
dairy products.7 Changes on the ratio Ca2+:Cas could modify
functional properties, as well as viscosity, solubility, and
stability. Consequently, the study of the conformational state
of CN and Cas is needed as it is one of the most important
determining factors as to how the functional property is
affected.8

Nowadays consumers have increased the demand of healthy
and highly nutritionally valued food products. As a result, the
food industry has undergone an increment in the production of
supplemented foods, for instance, with the addition of dietary
supplements such as minerals. Although on the one hand it
represents a benefit from a nutritional point of view, on the other
hand the addition of minerals (e.g., Ca2+) constitutes an
inconvenience in the formulation of dairy products because of
the reduction on the mineral and protein concentration due to
the precipitation produced as a consequence of the technological
treatments. This effect would be diminished by incorporating
milk proteins which have the ability to bound Ca2+ and combine
it with a certain contribution of soluble Ca2+ at levels that do
not alter the stability of the whole. The stability of milk proteins
and the availability of Ca2+ are conditioned by mineral equilibria
between the CN and the ions in the soluble phase. Therefore,
analyzing the different equilibria involved in the stability of
the protein-cosolutes systems is of capital importance if it is
considered that the successful enrichment of food formula
intended for mass consumption will depend on the interactions
between these two components.

Lactose only is naturally present in milk, and its proportion
varies with genetics and seasonal and dietary factors. This sugar
represents an energetic source of easy and rapid utilization and
favors calcium and magnesium absorption. Sucrose is an
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essential ingredient in the formulation of many foods such as
dairy products.

The addition of sugars may introduce a change to the
thermodynamic properties of proteins in aqueous solutions,
through direct biopolymer-cosolute interactions or through
modification of the water structure surrounding the protein.9

Such changes could modify the biopolymer interactions and,
consequently, the system properties.

The aims of this work are to characterize calcium caseinate
aggregates (CCA) in different ratios of Ca:Cas and to relate
the solubility and the viscosity of CCA suspensions to their
structural properties, with the purpose of optimizing the bio-
availability of Ca2+ and CN for the consumption of products
that contain them. Changes on CCA stability in the presence of
lactose and sucrose were also evaluated.

Experimental Section

Materials. The bovine sodium caseinate powder, 8-anilino-
1-naphthalenesulfonate (ANS), as an ammonium salt and
imidazole were purchased from Sigma-Aldrich Co. (Steinheim,
Germany). Sucrose, lactose, HCl, and NaOH were provided by
Cicarelli SRL (San Lorenzo, Argentina). Calcium chloride and
sodium azide were purchased from Mallinckrodt Chemical (St.
Louis, USA). Sodium caseinate suspensions (NaCas) were
prepared from dissolution of commercial drug in water, at about
20 g ·L-1 NaCas final concentration, pH 6.8, and 25 °C. After
concentration measurements, 0.2 g ·L-1 sodium azide was added
as a bacteriostatic agent, and the solutions were stored at 4 °C.

Determination of Colloidal Stability of CCA. Two milliliters
of desired concentration [(0 to 40) mmol ·L-1] of calcium
chloride in 0.2 mol ·L-1 imidazole buffer at pH 6.8 were added
to 2 mL of (5, 10, and 15) g ·L-1 protein solution in thick-
walled centrifuge tubes. The tubes were inverted three times
and allowed to stand in a 25 °C water bath for 1 h. Tubes were
centrifuged at 1500 times gravity for 20 min in a Luguimac
LC 10 centrifuge (Buenos Aires, Argentina).10 Precipitates
(insoluble casein aggregates) and supernatant (casein colloidal
aggregates, CCA) were obtained. Each experiment was repli-
cated at least in triplicate.

For a thermodynamic study of the precipitation process of
CN by Ca2+ and to gain a better understanding of colloidal
stability of CCA, an approach based on the concepts of
Wyman’s thermodynamic linkage was used. The solubility study
of CN was carried out at different protein concentrations and
in the presence of lactose (Lac) or sucrose (Suc).

The approach assumed two kinds of binding sites for the Ca2+,
the first type of sites giving rise to nonsoluble complexes
(salting-out), whereas the binding to the second type of sites
would lead to the resolubilization (salting-in) of the mentioned
complexes. Equilibria involved are formulated as:

p + nCa 798
K1

n

pCan + mCa 798
K2

m

pCanCam (1)

where p is the unbound protein concentration, n and m are the
number of moles of Ca2+ bound to species pCan and pCanCam,
and K1 and K2 are the apparent salt-binding equilibrium
constants. K1 is the salting-out constant, and K2 is the salting-
in constant.

The amount of protein that was determined in the supernatant
is named the apparent solubility (Sap):

Sap ) fpS0 + fpCan
S1 + fpCanCam

S2 (2)

where S0, S1, and S2 are the solubilities of p, pCan, and pCanCam,
respectively. Sap is a measure of colloidal stability at a given

total calcium concentration, and fi are the protein fractional
components of species i. The incorporation of the salt-binding
equilibrium constants to the last expression leads to the
following:

Sap )
S0

1 + K1
n[Ca]n

+
S1K1

n[Ca]n

1 + K1
n[Ca]n

+
(S2 - S1)K2

m[Ca]m

1 + K2
m[Ca]m

(3)

Equation 3 is valid when K1 > K2, when the n sites become
saturated with calcium prior to significant binding of calcium
to the m sites and when the sites do not interact between them.
When the total concentration of protein is small compared to
the free salt concentration ([Ca2+]), under this circumstance the
total salt concentration ([Ca2+]T) can replace the latter in the
last expression and considering only the salting-out process gives
rise to:

Sap )
S0 + S1K1

n[Ca]T
n

1 + K1
n[Ca]T

n
(4)

All solubility profiles were analyzed by nonlinear regression,
fixing the value of n and calculating the best least-squares fit
for the K1 and S1 values. The n value was then fixed to a new
value, and the whole procedure was repeated. The n value which
yielded the minimum root-mean-square and lowest error value
for K1 was then reported.10 A kind of “shoulder” in the solubility
profiles at [Ca2+]T above 20 mmol ·L-1 was observed, and then
it was necessary to add a new term to the last equation:

Sap )
S0 + S1K1

n[Ca]T
n

1 + K1
n[Ca]T

n
+

(S'1 - S1)K'1
n'[Ca]T

n'

1 + K'1
n'[Ca]T

n'
(5)

The new value of n′ was fixed, while repeating all of the
procedure and using the n, K1, and S1 values estimated in the
first calculation allowed us to calculate K′1 and S′1 values.11

Colloidal Stability of CCA in the Presence of Sugars. The
system under study was prepared by adding to a NaCas (20
g ·L-1) aqueous solution the following reagents: imidazole-HCl
buffer at pH 6.8 and CaCl2 solution to obtain a (1 to 40)
mmol ·L-1 Ca2+

T final concentration range, and (5, 10, and 15)
g ·L-1 Cas final concentration and tested sugars up to 20 g ·L-1

when necessary. The tubes were let standing at room temper-
ature for 1 h and then were centrifuged for 15 min at 1500 times
gravity.10 In the supernatant the [Cas] was determined by the
Kuaye method which is based on the ability of strong alkaline
solutions to shift the spectrum of the amino acid tyrosine to
higher wavelength values in the UV region.12

CCA AWerage Size. NaCas and CCA possible size changes
and/or degree of compactness were followed by the dependence
of turbidity (τ) on the wavelength (λ). τ was measured as
absorbance (A) in the (400 to 600) nm range, where there is no
protein chromophore group absorbance.

For monodispersed particles of molecular weight M, con-
centration c, and with a refractive index close to that of the
solvent, the turbidity is given by:

τ ) HcMQ where H )
32π2n0

2(∂n1

∂c )2

3Nλ4
(6)

where n0 and n1 are the refractive indexes of the pure solvent
and the solution, respectively, N is the Avogadro’s number, and
δn1/δc is the specific refractive index increment. The dissipation
factor Q results from the internal interference of light scattered
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by the particle at all angles θ. The function Q depends on the
particle size and can be defined as:

Q ) 3
8 ∫0

π
P(q,R)(1 + cos2 θ) sin θ dθ (7)

where θ is the dispersion angle of light and P(q,R) is a size
factor function of the wavelength vector q and the ratio R of
the particle.13

Simulation studies using different models for particle ag-
gregation have highlighted the fractal nature of the colloidal
aggregates obtained.14 For an object with fractal structure, the
expression for Q takes the form:

Q ) 3
8 ∫0

π
P(q,R)S(q)(1 + cos2 θ) sin θ dθ (8)

where S(q) is a structure factor that describes the special
arrangement of the dispersion elements or monomers within the
aggregate.15

From eq 6, we can obtain at constant c the derived equation:

R ) ∂ log τ
∂ log λ

) ∂ log Q
∂ log λ

+ 2
∂ log(n∂n

∂c )
∂ log λ

- 4 (9)

The parameter R is then related to the size, shape, and degree
of compactness of the particles, and it can be used to detect
changes in them under different conditions.

Taking into account that some samples to be studied are not
monodispersed, τ will be a function of the weight average of
the molecular weight (Mj w) and of the z average of the dissipation
factor (Qz) that depends on the size distribution of the particles:

τ ) HMj wQz (10)

From eq 10, it is possible to find the inverse relationship
between R and the diameter average of the particle.16

τ was measured as the absorbance using a diode array diode-
array spectrophotometer SPEKOL 1200 (Analytikjena, Bel-
gium), pouring 3 mL of the different samples into a 1 cm
spectrophotometer cuvette in a jacketed cuvette holder at a
temperature maintained by water circulation. The R value is
calculated from the slope of log τ versus log λ plots.

Protein Composition. Protein composition was analyzed by
sodium dodecyl sulfate polyacrylamide gel electrophoresis.17

The relative intensity of the stained bands was determined
by gel scanning, and an analysis of the pixel densities of the
digitized protein bands was determined using specially designed
software (X-Gel) for this purpose, including deconvolution of
the scanning pattern curves when necessary. Protein band
identification was made using commercial Rs-, �-, and κ-CN
(Sigma Chem. Co., Steinheim, Germany).

Further details on the method are given in the Supporting
Information.

Viscosity (η) and Specific Volume (υj2). For NaCas and CCA
viscosity determinations a thermostatized Ostwald’s capillary
viscosimeter was used, which is suitable for Newtonian liquid
viscosity determinations. In accordance with the Poiseuille law,
the time for the meniscus solution to move between two marks
was measured (tsol) and the relative viscosity (ηr) was calculated
as:

ηr )
tsol · Fsol

t0 · F0
(11)

where Fsol is solution density, F0 is buffer density without the
protein, and t0 is the time for meniscus buffer to move between
two marks.

Intrinsic viscosities of samples ([η]), related to the protein
conformation, are defined by the following equation:

[η] ) lim
c2f0

(η/η0) - 1

c2
(12)

where c2 is the protein concentration in (0.006 to 0.014) g ·mL-1

and η and η0 are the solutions and solvent viscosities,
respectively. The [η] was determined by η measurements of
diluted solution series, plotting ((η/η0) - 1)/c2 versus c2 and
extrapolating to zero concentration.18

The υj2 of a component of a solution for macromolecules
which usually interact with the solvent depends on the solution
concentration and is defined by:

υ2 ) ∂V
∂m2

(13)

Because solution concentration variations are related to
density (F) variations, it would be possible to express υj2 at any
concentration in terms of F rate of change, ∂F/∂c2. Using the
latter and c2, we can write the following equation:

υ2 ) ( 1
F0

) · (1 - ∆F
c2

) (14)

where ∆F/c2 is the slope of the regression line of the experi-
mental data and F0 is density at zero concentration.

[η] and υj2 are related by the following equation:

[η] ) ν · υ2 (15)

where ν is a shape-dependent constant, related directly with the
macromolecule conformation.19

The NaCas solution and CCA suspensions at different Ca:
Cas ratio densities were measured at pH 6.8 and 30 °C. Then,
the values of F versus concentration were plotted. The resultant
plots were linear in the protein concentration studied range, (6
to 14) g ·L-1. The Ca:Cas concentration ratio was kept always
in a range where no precipitation was observed, (0 to 0.5)
mmol ·g-1.

Spectrofluorimetric Determinations. Mixtures of 0.15 g ·L-1

NaCas in water with CaCl2, (0 to 4.2) mmol ·L-1, or with sugars,
(0 to 20) g ·L-1, and isoionic pH 6.8 were put into quartz cells.
Emission spectra were obtained every 0.2 nm, between (300
and 400) nm, with an excitation wavelength (λex) of 281 nm
and 25 °C, using a Aminco-Bowman series 2 spectrophotof-
luorometer (Thermo Fisher Scientific, USA).

Surface hydrophobicity (S0) was calculated using the Kato
and Nakai method,20,21 with the ammonium salt of ANS as a
fluorescent hydrophobic probe at the constant temperature of
25 °C.

The fluorescent relative intensity (FI) of samples containing
3 mL of 0.04 mmol ·L-1 ANS with consecutive additions of
NaCas or CCA at different Ca:Cas ratios (FIb) was measured
and also the protein alone in the correspondence buffer (FIp) at
the same protein concentration, with λex and emission wave-
length (λem) of (380 and 468) nm, respectively. The difference
between FIb and FIp (∆F) was calculated as the initial slope
from ∆F versus the [NaCas] or [CCA] obtained curve.

Statistical Analysis. Several determinations were performed
at least in triplicate. The data were reported as the average value
( their standard deviation. The statistical analysis was per-
formed with Sigma Plot 8.0 software. The relationship between
variables was statistically analyzed by correlation analysis using
the Pearson correlation coefficient (r). The statistical significance
was considered for p < 0.05 values.
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Results and Discussion

Colloidal Stability of CCA. Collected results for the Sap

determinations at different Ca2+ concentrations and the corre-
sponding nonlineal regression curve are presented in Figure 1
(parts a, b, and c).

In Table 1 the calculated values for parameters S1 and S′1,
K1 and K′1, and n and n′ at constant temperature and pH are
shown.

It is possible to observe that in the salting-out first stage n1

and K1 values remained constant, but in the salting-out second
stage there is a reduction in the value of K′1 and a constant
value of n′, except for a [NaCas] of 5 g ·L-1. Therefore, this
would indicate that the calcium-induced salting-out first stage
is not affected by changes in [NaCas] (K1 almost constant). In
this first stage pre-existing aggregates would present the same
accessibility to the calcium ion,and this ion would interact with
the same population of binding sites. On the other hand, in the
first step, when the Ca2+ concentration is equal to the inverse
of K1, the apparent solubility (Sap) is determined by eq 16:

Sap )
S0 + S1

2
(16)

The Sap value obtained under this condition ranged from (11.8
to 13.9) mmol ·L-1.

The salting-out second stage equilibrium constant K′1 showed
a slight decrease indicating that the salting-out second stage is
being altered by the NaCas concentration ([NaCas]) utilized.
For higher concentrations, the corresponding lesser value of K′1
indicates an increase in CCA stability. This could be caused by
a variation in the population of binding sites of the Cas available
and susceptible to associate with Ca due to structural changes.
The protein composition may be different if a higher amount
of protein is present. The n and n′ binding sites calculated are
mean values of population of sites, and they would be in some
manner related to the number of phosphoserine and carboxilate
residue groups of the CN which act as the aforementioned
binding sites.

Since Cas conformation and composition in the presence of
Ca2+ could change as the protein concentration is modified, it
is interesting to evaluate the Sap at different [NaCas] for a given
Ca:Cas ratio. In Figure 2, it is shown that for a certain Ca:Cas
ratio the fractional Sap decreases at the same time that values of
[NaCas] increase, indicating that a higher amount of present
protein would favor the calcium precipitation equilibrium.

The fitting parameters values for 10 g ·L-1 [NaCas] were
lower than those obtained in a previous work.11 These differ-
ences could be attributed to the different source of the Cas
samples. In this work we used commercial Cas, and in the
previous study it was prepared from the dissolution in NaOH
of acid casein obtained by isoelectric precipitation of bovine
nonfat milk.

Composition. The R-, �-, and κ-CN composition of com-
mercial NaCas and of CCA, (5, 10, and 15) g ·L-1, was
determined by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) of the corresponding samples, and
the fractional percent composition was calculated using a
software especially developed for the analysis of pixel density
of the digitalized protein bands (X-GEL).

Using this method we collected the following mass fraction
of CN composition for the solutions of NaCas: 0.44 R-CN, 0.33
�-CN, and 0.24 κ-CN. These values are similar to that published
in the literature by Mora-Gutierrez.10

For 15 g ·L-1 NaCas, an equal precipitation for all of CN
(Figure 3a) was evidenced. For 10 g ·L-1 NaCas a significant
R- and κ-CN protein precipitation and consequently rising �-CN
fraction in the CCA (Figure 3b) were observed. For 5 g ·L-1

NaCas, a remarkable R-CN protein precipitation and a constant
composition for κ-CN resulting in the rise of the �-CN mass
fraction (Figure 3c) were found. The higher precipitation of
R-CN could be related to the appearance of a kind of “shoulder”
in the solubility curve.

In the salting-out second stage, a diminution in R-CN mass
fraction and an increase in the �- and κ-CN ones under all of

Figure 1. Mean experimental values (n ) 3) of CCA suspensions solubility
(Sap) at different [Ca2+]T (fitting from eq 5). NaCas concentrations: (a) 5
g ·L-1, (b) 10 g ·L-1, and (c) 15 g ·L-1. The error bars represent the standard
deviation for each data point (normal distribution of errors).

Table 1. Average (n ) 3) Parameter Values of CCA Colloidal
Stability at Different Cas Concentrations at 25 °C and pH 6.8a

NaCas S1 K1 S′1 K′1
g ·L-1 g ·L-1 L ·mol-1 n g ·L-1 L ·mol-1 n′

5 2.78 ( 0.01 78.2 ( 0.4 8 1.77 ( 0.05 43 ( 1 18
10 6.9 ( 0.2 82 ( 3 8 3.2 ( 0.2 41 ( 1 8
15 11.4 ( 0.3 76 ( 4 8 5.1 ( 0.3 36 ( 1 8

a Note: errors are standard errors derived from the fitting of eq 5.

Figure 2. Mean experimental values (n ) 3) of fractional apparent solubility
(Sap) of CCA versus Ca:Cas ratio/mmol ·g-1. NaCas concentration: O, 5
g ·L-1; b, 10 g ·L-1; and 4, 15 g ·L-1. The error bars represent the standard
deviation for each data point (normal distribution of errors).
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three [NaCas] analyzed can be observed. We could infer that
even if ultimately all CN precipitate, the R-CN does it in a
greater extent. These results are consistent with those obtained
by Pitkowski et al.22

EWaluation of CCA State. Change in the AWerage Size of
the CCA. The degree of aggregation of the CCA was studied
by τ determination of suspensions of NaCas at (5, 10, and 15)
g ·L-1.

In Figure 4 we can appreciate, in all cases, an initial increase
of τ values with a following decrease of this τ value without
reaching back its initial value. This would indicate an increase
in the number of particles as a result of the increase in the
[Ca2+]T. It could be assumed that Ca2+ would have the ability
to dissociate pre-existing aggregates of NaCas. Because τ
depends on the concentration of particles, this last factor would
explain the increase in the τ value for a given Ca:CAS ratio.

A study of the variation of average size of the CCA was also
performed. In Figure 5 it can be seen that for all studied [NaCas]
in the presence of a raising [Ca2+]T, the average size of the CCA
decreases initially (increase in R) until it reaches a minimum
followed by an slight increase in the average size but, in all
cases, being below its initial value. When [Ca2+]T increases,
the pre-existing aggregates undergo a sharp drop in its average
size until they reach a minimum at (7.5 to 10) mmol ·L-1 [Ca2+]T

range, prior to reaching half of the destabilization of the salting-
out first stage. As a consequence, the size of aggregates increases
up to a constant value.

Intrinsic Viscosity and Partial Specific Volume. Intrinsic
viscosity and partial specific volume were determined from η
and F measurements in a [NaCas] range from (6 to 16) g ·L-1

and under different constant ratios of Ca:Cas, (0, 0.2, 0.25, and
0.5) mmol ·g-1 (Figures 6 and 7).

In Table 2 the corresponding values for [η], υj2, and ν are
shown.

Results reveal a reduction in [η] and in υj2 as the Ca:Cas ratio
increases, probably due to a diminution in the degree of
hydration of the CCA. The values of ν decrease significantly,
indicating that the increase in the Ca:Cas ratio also would cause
an increment in the symmetry of the CCA.

[η], υj2, and ν determinations lead us to infer that the caseinate
aggregates in the presence of Ca2+ reach a higher symmetry
and a lower hydration degree (more compact structure) than in
the absence of the cation.

Spectrofluorimetric Determinations. S0 of the CCA was
determined for 5 g ·L-1 NaCas and for different Ca:Cas ratios.
In the presence of Ca2+, the values for S0 turned out to be higher,
but varying with regard to Ca:Cas ratio (Table 3). The results
would point to the formation of CCA with a more compact
structure caused by action of Ca2+ but rendering hydrophobic
patches exposed on its surface that probably belong to κ-CN
which would be responsible for the stability of the CCA.

Emission spectra of intrinsic fluorescence of aqueous suspen-
sions of NaCas in the absence and in the presence of CaCl2

were also obtained and are presented in Figure SI1 (Supporting
Information).

Effect of Sugars on the CCA Colloidal Stability. To evaluate
the colloidal stability of the CCA in the presence of sugars, the
solubility of mixtures of 10 g ·L-1 NaCas and different Ca2+,
Suc, and Lac concentrations were analyzed. NaCas solutions
were prepared by dissolution of acid casein in NaOH and
subsequently adjusted at a pH of 6.8.

A previous study about the effect of both sugars on the initial
average size and conformation of NaCas suspensions as well
as measurements of the viscosity of the media were carried out.
The initial average size of NaCas suspensions obtained in the
aforementioned study was constant in the presence of sugars at
all assayed concentrations.

The effect of both sugars on the intrinsic FI of Cas can be
observed in Figure SI2 (see Supporting Information).

Because of the fact that aggregation is limited by particles
diffusion, we determined the effect on the viscosity caused by
the addition of sucrose or lactose. Figure 8 shows a regular

Figure 3. Protein composition (bars): (empty) R-CN, (increasing diagonal)
�-CN, and (decreasing diagonal) κ-CN; and protein solubility (O with +)
of CCA versus [Ca2+] at different Cas concentrations: (a) 15 g ·L-1, (b) 10
g ·L-1, and (c) 5 g ·L-1. The gray lines represent the fitting from eq 5.

Figure 4. Mean experimental values (n ) 3) of the CCA turbidity (τ) as A
at 600 nm versus Ca:Cas ratio/mmol ·g-1. NaCas concentration: O, 5 g ·L-1;
b, 10 g ·L-1; and 4, 15 g ·L-1. The error bars represent the standard
deviation for each data point.
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increment of ηr with the concentration of tested sugars, in a
greater extent for lactose.

Average (n ) 3) parameter values after fitting the experi-
mental data for the colloidal stability of the CCA under the
different concentrations of Suc and Lac analyzed are shown in
Table 4.

In the first stage at a certain [Ca2+], and in the presence of
disaccharides, a decrease in K1 values was observed. This effect
was more significant in the presence of Lac. Once the sites with
a stronger affinity were occupied, a subsequent decrease in the
K′1 value was also revealed, this effect also being more
pronounced for Lac. These results would indicate that the
presence of disaccharides affects both binding stages of Ca2+

to Cas and this effect would be dependent on Suc and Lac
concentrations in the range of concentrations studied. The
decrease of K1 and K′1 constant values is related to a stabilizer
effect of both sugars even though for a given concentration Lac
gives rise to more stable CCA than Suc. This effect can be
observed in the Figure 9, where we plotted the Ca2+ concentra-

Figure 5. Mean experimental values (n ) 3) of the CCA parameter R versus Ca:Cas ratio/mmol ·g-1. NaCas concentration: O, 5 g ·L-1; b, 10 g ·L-1; and
4, 15 g ·L-1. The error bars represent the standard deviation for each data point.

Figure 6. Mean experimental values (n ) 3) of ηsp/[Cas] as function of
[Cas] for Ca:Cas ratio/mmol ·g-1: b, 0; 0, 0.2; 4, 0.25; 3, 0.5. The lines
represent the fitting according Richards.19

Figure 7. Mean experimental values (n ) 3) of density (F) vs Cas
concentration for Ca:Cas ratio/mmol ·g-1: b, 0; 0, 0.2; 4, 0.25; 3, 0,5.

Table 2. Calculated Values of [η], υj2, and ν Obtained from
Equations 12, 14, and 15, Respectively, at Different Ca:Cas
Ratios/mmol ·g-1

Ca:Cas ratio [η]a υj2
a

mmol ·g-1 mL ·g-1 mL ·g-1 νa

0.0 21.6 ( 0.3 0.73 ( 0.02 29.6 ( 0.1
0.2 16.3 ( 0.5 0.66 ( 0.02 24.7 ( 0.1
0.25 15.2 ( 0.4 0.64 ( 0.02 23.6 ( 0.1
0.50 12.8 ( 0.2 0.60 ( 0.02 21.2 ( 0.1

a Note: errors are standard errors derived from the fitting of eqs 12,
14, and 15, respectively.

Table 3. Average (n ) 3) Parameter Values of Surface
Hydrophobicity (S0) in Mixtures of 0.15 g ·L-1 NaCas at Different
Ca:Cas Ratios, 25 °C, and pH 6.8a

Ca:Cas ratio S0

mmol ·g-1 mL ·g-1

0.0 1.35 ( 0.07
1.5 1.37 ( 0.04
2.5 1.37 ( 0.01
4.0 1.49 ( 0.01
5.0 1.40 ( 0.02

a Note: errors are standard deviations of S0.
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tion values which are the inverse of K1 (eq 16) against sugar
concentrations.

The results obtained for protein-calcium-sugars systems,
in the assayed range of concentrations at constant pH and
temperature indicate that caseinate particles are involved in
multiple equilibria. Therefore, we propose a model in an attempt
to explain these equilibria. Further details about this model are
given in the Supporting Information.

The first equilibrium occurs between associated protein (pn)
and dissociated protein (p):

pn a np

This is based on the study of Lee and Timasheff23 about the
stabilization of proteins by sucrose, low-molecular-weight sugars
excluded, at least partially, from the protein domain. This effect
might be due to a specific repulsion between the protein and
the sugar molecules or possibly as a result of an unspecific
mechanism where the cosolute is accumulated in the bulk of
solution instead of in the interfacial surface. The introduction
of these sugars into the protein solution tends to drive the system
toward a state where the contact surface between the protein
and the solvent is reduced.

On the other hand, Belyacova et al.24 suggest that the sugars
promote protein dissociation. The porous nature of caseinate
submicelles favors the accessibility of sucrose molecules and
the formation of direct hydrogen bond between sugars and
proteins. The multiple hydrogen bonds with low-molecular-
weight sugars could weaken the original intramolecular interac-
tions in the interior of the protein associates.

The last part of the model proposed attempts to explain the
changes on the parameters of Ca2+ binding in the presence of
sugars. The second equilibrium would correspond to the
incorporation of calcium to caseinates (first stage of salting-
out). This cosolute would initially bind to the dissociated protein
because of its easy access to the binding sites available:

p + Ca2+ a p ∼ Ca

where p represents casein molecules (R, �, and κ), and p∼Ca
casein particles bound to calcium. The binding of Ca to the
protein would move the position of the first equilibrium,
producing a decrease in the amount of aggregated particles and
the average size of particles in suspension. In the presence of
sugars, an increase of n and a decrease of K1 were observed. A
shift of first equilibrium toward the dissociation allows us to
explain the rise of n. A drop of K1 could be due to a lower
accessibility of Ca2+ to protein affinity sites because of
interactions between the protein and the sugars. Lactose, which
has a free anomeric carbon, may open its ring structure and
generate a more significant steric impediment for Ca2+ binding.
On the other hand, the increment of the medium viscosity
induced by lactose is higher than the effect caused by sucrose,
making the diffusion of Ca2+ toward binding sites more difficult
in its presence.

Moreover, the diminution of protein intrinsic viscosity would
indicate that calcium generates more compact and smaller CCA
as Ca:Cas increases. During this stage, the turbidity of samples
increases, indicating an increment in the amount of smaller
particles until p ∼ Ca becomes higher (R decrease) as it is shown
in the third equilibrium involved:

n(p ∼ Ca) a (p ∼ Ca)n

where (p ∼ Ca)n stands for the p∼Ca biggest aggregates. This
aggregation process would be favored by the higher exposure
of hydrophobic patches.

Conclusions

The stability of CCA depends on initial protein concentration
for the same Ca:Cas ratio. A higher amount of protein would
favor the salting-out process due to the increment of effective
collision probability. Moreover, for the same Ca:Cas ratio, an
increase of Ca2+ concentration diminishes the energetic barrier
produced by the electrostatic repulsion of negative protein

Figure 8. Mean experimental values (n ) 3) of relative viscosity (ηr)
variations in the presence of b, Lac or O, Suc. Cas concentration was 5
g ·L-1 and temperature 25 °C.

Table 4. Average (n ) 3) Parameter Values of Colloidal Stability of
CCA in the Presence or Absence of Sucrose (Suc) or Lactose (Lac)
at 25 °C and pH 6.8a

sugar S1 K1 S′1 K′1
g ·L-1 g ·L-1 L ·mol-1 n g ·L-1 L ·mol-1 n′

without sugar 5.3 ( 0.6 114 ( 5 5 5.1 ( 0.2 55 ( 1 7
Suc 3 5.7 ( 0.4 97 ( 2 7 1.8 ( 0.1 52 ( 1 7
Suc 6 5 ( 0.4 98 ( 2 7 1.7 ( 0.1 50 ( 1 7
Suc 9 6.1 ( 0.3 101 ( 3 7 1.9 ( 0.1 50 ( 1 7
Suc 12 4.6 ( 0.4 85 ( 1 7 1.7 ( 0.1 46 ( 1 7
Suc 15 5.4 ( 0.6 99 ( 3 7 1.8 ( 0.1 50 ( 1 7
Lac 3 5.6 ( 0.4 92 ( 2 8 1.9 ( 0.1 54 ( 1 10
Lac 6 5.6 ( 0.4 85 ( 2 9 1.9 ( 0.2 48 ( 1 10
Lac 9 4.4 ( 0.5 82 ( 1 9 1.8 ( 0.1 47 ( 1 11
Lac 12 5.1 ( 0.3 75 ( 2 11 2.0 ( 0.2 45 ( 2 10
Lac 15 4.1 ( 0.4 91 ( 1 5 1.7 ( 0.1 44 ( 1 9

a Note: errors are standard errors derived from the fitting using eq 5.

Figure 9. Mean experimental values (n ) 3) of calcium concentration which
is equal to 1/K1 as function of b, Lac or O, Suc concentrations. Cas
concentration was 10 g ·L-1, temperature 25 °C, and pH 6.8.
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surface, favoring a consequent drop of solubility. On the other
hand, the addition of Ca2+ to NaCas leads to conformational
changes in the protein, giving rise to more compact and
symmetrical structures.

The presence of sugars produces significant modifications on
the protein stability. Sucrose and lactose increase the protein
solubility in the presence of calcium for a particular caseinate
concentration. Lactose is responsible for a more effective
stabilization than sucrose.

The results of this work would allow us to know the calcium
availability with regards to caseinate concentration and in the
presence or absence of lactose and sucrose. These considerations
could be taken into account when these cosolutes are used to
supplement the food formula containing calcium.
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