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Flocculation process was studied in emulsions formulatedwith 10 wt.% sunflower oil, 2, 5 or 7.5 wt.% NaCas, and
with orwithout addition of sucrose (0, 5, 10, 15, 20 or 30wt.%). Two different processing conditionswere used to
prepare emulsions: ultraturrax homogenization or further homogenization by ultrasound. Emulsions with drop-
lets with diameters above (coarse) or below (fine) 1 μmwere obtained. Emulsions were analyzed for droplet size
distribution by static light scattering (SLS), stability by Turbiscan, and structure by confocal laser scanning mi-
croscopy (CLSM) and small angle X-ray scattering (SAXS). SAXS data were fitted by a theoretical model that con-
sidered a system composed of poly dispersed spheres with repulsive interaction and presence of aggregates.
Flocculation behavior was caused by the self-assembly properties of NaCas, but the process wasmore closely re-
lated to interfacial protein content than micelles concentration in the aqueous phase. The results indicated that
casein aggregationwas strongly affected by disaccharide addition, hydrophobic interaction of the emulsion drop-
lets, and interactions among interfacial proteinmolecules. The structural changes detected in the proteinmicelles
in different environments allowed understanding the macroscopic physical behavior observed in concentrated
NaCas emulsions.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Caseins are a family of unstructured amphiphilic milk proteins
known as αS1, αS2, β and κ, which have the tendency to naturally
form complex aggregates with reported average sizes of up to 300 nm
(Livney, 2010). Sodium caseinate (NaCas) results from the removal of
calcium phosphate and is widely used in pharmaceutical and food in-
dustries as an emulsion stabilizer and foam formation agent. NaCas ex-
ists in aqueous solution at neutral pH as a soluble mixture of casein
monomers and self-assembled protein aggregates of sizes around 10–
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20 nm in diameter and molecular weight of ~2.5 × 105 Da, also called
nanoparticles in literature (Dickinson, 2006).

Among other factors, the extent of aggregation of NaCas is affected
by the presence in the aqueous phase of compounds such as disaccha-
rides. The effect of sucrose on emulsion physical behavior was reported
to be strongly dependent on the pH. At neutral pH light scattering stud-
ies indicated a reduction in aggregation but at pH close to the isoelectric
point (Ip = 4.5) an increase on the radius of gyration was reported
(Belyakova et al., 2003; Dickinson, 2006; Ruis, van Gruijthuijsen,
Venema, & van der Linden, 2007). These results indicated that sucrose
has an important effect on this systemand therefore it is also of great in-
terest to investigate how disaccharides modify the structure of sodium
caseinate stabilized emulsions.

In order to obtain unbiased results when studying emulsion stability
as well as structural properties, the experimental techniques applied
have to be as little invasive as possible. Scattering methods are a good
example of such techniques and can provide important information
on the structural and dynamical properties of heterogeneous fluids
tion process in sodium caseinate-stabilized emulsions, Food Research
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(Alexander & Dalgleish, 2006). However, some of those techniques re-
quire a substantial dilution of the samples. This dilution disrupts emul-
sion structures modifying the actual system. Therefore, the ability to
study the stability of food emulsions in their undiluted formsmay reveal
subtle correlations affecting emulsions physical changes. A relatively re-
cently developed technique, the Turbiscan method, allows registration
of the turbidity profile of an emulsion along the height of a glass tube
filled with the emulsion. The analysis of the turbidity profiles with
time leads to quantitative data on the stability of the studied emulsions
and allows making objective comparisons between different emulsions
(Mengual, Meunier, Cayre, Puech, & Snabre, 1999a). Food emulsions
that can be described by the Turbiscan method have droplet sizes typi-
cally between 0.1 and 100 μm(Huck-Iriart, Álvarez-Cerimedo, Candal, &
Herrera, 2011; Huck-Iriart, Pinzones Ruiz-Henestrosa, Candal, &
Herrera, 2013). Small Angle X-Ray Scattering (SAXS) is a non-invasive
technique generally used in materials and life science. Due to the
short wavelength of X-Rays, this technique provides structural informa-
tion on colloidal particles and complex fluids in the 1–100 nm size
range. Combining both techniques, Turbiscan and SAXS, experimental
data may be obtained in a wide range of sizes.

For the correct analysis and interpretation of the SAXS data, a possi-
ble approach is to assume a certain model for the system, based on pre-
vious knowledge, and compare it with the measured data using least
square methods (Pedersen, 1997). In the past, simple models were
used to describe milk casein in dilute solution (Holt, Kruif, Tuinier, &
Timmis, 2003) and some important structural information was report-
ed. However, in emulsions system, the detailed nature of the molecular
interactions involved in the casein micelles formation and the arrange-
ment of the proteins in the casein micellar aggregates is still not
completely established. Notwithstanding, the existing data serves as a
basis to propose a working micellar model that describes the structure
of more complex systems, such as NaCas oil-in-water (O/W) emulsions.

Emulsions are thermodynamically unstable liquid-liquid disper-
sions. The common strategies to kinetically stabilize these systems in-
volve modification of the liquid-liquid surface tension, the droplet size
and the viscosity of the continuum phase (Ivanov & Kralchevsky,
1997). These strategies are not independent since a complex interaction
between proteins, surfactants, additives and liquid phases might occur
(Jourdain, Schmitt, Leser, Murray, & Dickinson, 2009; Woodward,
Gunning, Mackie, Wilde, & Morris, 2009). Stability of sodium caseinate
emulsions has been widely investigated (Dickinson, Golding, & Povey,
1997; Hemar et al., 2003; Belyakova et al., 2003; McClements, 2004),
to name a few. Flocculation and creamingwere themost frequent mac-
roscopic manifestations reported. According to the literature, floccula-
tion occurred above some critical concentration of stabilizing polymer
andwas sensitive to its concentration. Flocculationwas especially relat-
ed to the excess of unadsorbed protein (Dickinson et al., 1997;
Dickinson & Golding, 1997). Although flocculation mechanism was
widely investigated, recent studies using non disturbing techniques
showed that flocculation process was more complex than reported in
literature (Álvarez-Cerimedo, Huck-Iriart, & Herrera, 2010; Huck-Iriart
et al., 2013). The results reported in those studies suggest that in sodium
caseinate-stabilized emulsions, flocculation is a process that remains
fairly poorly understood.

The aim of the present work was to further study flocculation pro-
cess at themicro andnanoscales from a few nanometers up to hundreds
of microns.

2. Materials and methods

2.1. Materials

α,α-Trehalose dihydrate and sucrose from Sigma (Sigma–Aldrich,
St. Louis, Mo., USA) were used without any further purification. HPLC
water was used for all experimental work. Sodium caseinate (NaCas)
was obtained from ICN (ICN Biomedical, Inc., Aurora, Ohio, USA) and
Please cite this article as: Huck-Iriart, C., et al., New insights about floccul
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used without any further purification. The oil phase was commercial
sunflower seed oil (SFO) which main fatty acids were identified as
C16:0, C18:0, C18:1, and C18:2 with percentages of 6.7%, 3.6%, 21.9%,
and 66.3%, respectively.

2.2. Emulsion preparation

Aqueous phasemay contain no sucrose or 5, 10, 15, 20, or 30wt.% su-
crose added to the continuous phase. Oil phasewas commercial SFO and
in all emulsions represented 10 wt.%. NaCas was used as emulsifier at
2.0, 5.0, and 7.5 wt.% in the aqueous phase. Oil and aqueous phases
were mixed using an Ultra-Turrax (UT) T8 high speed blender (S 8 N-
5G dispersing tool, IKA Labortechnik, Janke & Kunkel, GmbH & Co.,
Staufen, Germany), operated at 20,000 rpm for 1min. Coarse emulsions
(UT) were obtained after repeating this process three times. The resul-
tant coarse emulsions were further homogenized for 20 min using an
ultrasonic liquid processing (US), VIBRA CELL, VCXmodel (Sonics &Ma-
terials, Inc., Newtown, CT, USA). The temperature of the sample-cell was
controlled by means of a water bath set at 15 °Cwith a temperature cut
down control of 40 ± 1 °C during ultrasound treatment. After ultra-
sound treatment fine emulsions were obtained (UT + US). Then, the
samples were cooled quiescently to ambient temperature (22.5 °C).
Subsequently they were analyzed for particle size distribution, stability
in quiescent conditions and microstructure. The pHs of the SFO emul-
sionswere 6.66±0.05, close to 7.No bufferwas added to the emulsions.
Experiments were done in duplicate and results were averaged.

2.3. Particle size analysis

The particle size distribution of the emulsions was determined im-
mediately after emulsion preparation by static light scattering (SLS)
using a Mastersizer 2000 with a Hydro 2000MU as dispersion unit
(Malvern Instruments Ltd., UK). The pump speed was settled at 1800
RPM. Refraction index for the oil phase was 1.4694. Determinations
were conducted in duplicate and values of standard deviations were
b0.2 μm. Distributions were expressed as differential volume. One of
the parameters selected to characterize distributions was the volume-
weighted mean diameter (D4,3) since it has been reported that it is
more sensitive to fat droplet aggregation than Sauter mean diameter
(D3,2) (Relkin & Sourdet, 2005). Other parameters selected to describe
the distribution were distribution width (W) and volume percentage
of particles exceeding 1 μm in diameter (%Vd N 1) (Thanasukarn,
Pongsawatmanit, & McClements, 2006).

2.4. Emulsion stability

The stability of the emulsions was analyzed using a vertical scan an-
alyzer TurbiscanMA 2000 (Formulaction, Toulouse, France). This equip-
ment allows the optical characterization of any type of dispersion
(Mengual, Meunier, Cayre, Puech, & Snabre, 1999b). A scheme of the
equipment was reported in Pan, Tomás, and Añón (2002). The samples
were put in a flat-bottomed cylindrical glass measurement cell and
scanned from the bottom to the top. The backscattering (BS) and trans-
mission (T) profiles as a function of the sample height (total height =
60mm)were studied in quiescent conditions at 22.5 °C. Themechanism
making the dispersion unstable was deduced from the transmission or
the backscattering data. Measurements of the emulsions were per-
formed immediately after preparation and at different time intervals:
2 min per step over the period of 30 min for course emulsions (Ultra
Turrax, UT), and twice a day during a week for fine emulsions
(UT + Ultrasound, US).

Creaming was detected using the Turbiscan as it induced a variation
of the concentration between the top and the bottom of the cell. The
curves obtained byplottingΔBS vs. tube length (whereΔBS is calculated
by subtracting the BS profile at t = 0 from the profile at t = ti, ΔBS =
BSti − BS0, in the so called reference mode), displayed a typical shape
ation process in sodium caseinate-stabilized emulsions, Food Research
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with a wide peak at the initial part of the tube (lower zone) between 0
and 20 mm from which the kinetics of migration of small particles was
calculated (Mengual et al., 1999b). Peak thickness (peak width) was
measured at a fixed value of ΔBS (50% of the maximum height for the
most prominent peak). When creaming was the main destabilization
mechanism, peak thickness vs. time was fitted with a straight line.

Flocculationwas followed bymeasuring the BS average (BSav) values
as a function of storage time in themiddle zoneof the tube (20–50mm).
This region was the best to evaluate flocculation because it was not af-
fected by creaming of small particles.

2.5. Microstructure

The Olympus FV300 (Olympus Ltd., London, UK) confocal laser scan-
ning microscope (CLSM) with a Ar gas laser (k = 488 nm) was used to
collect the images. A 10× ocular was used, together with a 60× objec-
tive for a visual magnification of 600×. The laser intensity used was
below20% to avoid photochemical decomposition of theNile-Red color-
ant (Sigma Aldrich St. Louis, Mo., USA). Images were recorded by using
confocal assistant Olympus Fluoview version 3.3 software provided
with the FV300 CLSM. US samples were analyzed immediately after
preparation. US + UT samples were kept at 22.5 °C for 24 h before
observation.

2.6. Small angle X-ray scattering studies

The SAXS measurements were performed at the DO2A-SAXS2
beamline of the Synchrotron National Laboratory (LNLS, Campinas, Bra-
zil) with a 1.488 Å wavelength. The scattering intensity distributions as
a function of scattering vector q were obtained in the q range between
0.0076 and 0.15 Å−1. The SAXS patterns were recorded with exposure
times of 30 s. A MARCCD 2D detector was used with 2014.73 mm sam-
ple detector distance. One-dimensional curves were obtained by inte-
gration of the 2D data using the program FIT-2D (Hammersley,
Svernsson, Hanfland, Fitch, & Häusermann, 1996). All emulsion systems
were kept at room temperature, and then placed in the beamline vacu-
um-tight temperature-controlled X-ray cell for liquids (Cavalcanti et al.,
2004). The SAXS normalized patterns were fitted using an in-house
written program.

Data analysis using a simple model composed of homogeneous
spherical particles for the primary casein micelles was tested but it did
not provide a good fit for the experimental data. The choice of a model
that adequately fitted the experimental curves was based on the previ-
ously reported neutron scattering experiments describing the primary
casein micelles as closely packed protein aggregates with a denser cen-
tral core and average radius of 7–8 nm (Hansen et al., 1996). The main
difference between both models is that neutron model considers poly-
disperse spheres, which is particularly appropriate for casein micelle
systems.

The normalized scattered intensity is generally represented as a
function of the reciprocal space momentum transfer modulus q, with
q=(4π/λ)sin(θ)whereλ is the radiationwavelength and2θ is the scat-
tering angle. In order to describe the X-ray scattering from the NaCas O/
W emulsions, a model composed of polydisperse core shell spheres, as
mentioned above, was used to fit the experimental data. In this formu-
lation, the normalized amplitude of the form factor of a core shell spher-
ical particle (Pedersen, 2002) is given by:

Acs q;Rð Þ ¼
V R þ Tð ÞΔρout

Δρin
Asph q;R þ Tð Þ− Δρout

Δρin
−1

� �
V Rð ÞAsph q;Rð Þ

V R þ Tð Þ− Δρout
Δρin

−1
� �

V Rð Þ

ð1Þ

where Δρout/Δρin is the ratio between the outer and inner scattering
length contrast for the core shell model, T is the shell thickness, V = 4/
Please cite this article as: Huck-Iriart, C., et al., New insights about floccula
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3πR3 is the sphere volume and Asph is the normalized amplitude form
factor for a solid sphere given by,

Asph q;Rð Þ ¼ 3 sin qRð Þ−qR cos qRð Þ½ �
qRð Þ3

ð2Þ

The core shell particle model used in our calculations assumes the
existence of polydispersity which is taken into account by the distribu-
tion function D(R) included in the final expression for the form factor of
the polydisperse system (Eq. (3)).

PCS qð Þ ¼
Z

D Rð ÞV Rð Þ2ACS q;Rð Þ2dR ð3Þ

For the number size distribution D(R) a Schulz-Zimm normalized
distribution (Zimm, 1948) was used which allows the inclusion of a
polydispersity function with a variance σ around a size average bRN.

D Rð Þ ¼ Að ÞB R
B−1

Γ Bð Þ exp −ARð Þ

A ¼ bRN
σ2

B ¼ AbRN

ð4Þ

Correlation between the particles has to be expressed in terms of a
structure factor S(q). In the present model the total structure factor
was split into two contributions, S(q) = SHS(q) · Sagg(q). The first mul-
tiplying factor takes into account positional correlations between pri-
mary casein micelles. This was accounted for by the use of the Percus-
Yevick approximation (Percus & Yevick, 1958) for closure relation
which leads to the expression:

SHS qð Þ ¼ 1
1þ 24ηG 2RHSqð Þ= 2RHSqð Þ ð5Þ

where,

G wð Þ ¼ a sinw−w coswð Þ
w2 þ β 2w sinwþ 2−w2

� �
cosw−2

� �
w3

þ γ −w4 coswþ 4 3w2−6
� �

coswþ w3−6w
� �

sinwþ 6
� �� 	

w5

and,

α ¼ ð1þ2ηÞ2
ð1−ηÞ4 , β ¼ −6ηð1þη=2Þ2

ð1−ηÞ4 , γ ¼ ηα
2 .

Here, RHS can be understood as an effective hard sphere radius for
the core shell particles. In the expression for the total structure factor
S(q) = SHS(q).Sagg(q), the second multiplying factor Sagg accounts for
the aggregation of the core-shell spheres. The structure factor for a frac-
tal arrangement of spherical particleswas used to account for this inter-
action (Teixeira, 1988).

Sagg q;Rð Þ ¼ 1þ DΓ D−1ð Þ
qRð ÞD 1þ 1= qξð Þ2

h i D−1ð Þ=2 sin D−1ð Þ tan−1 qξð Þ� 	 ð6Þ

Here, D is the fractal dimension and ξ is the cutoff length for the frac-
tal correlation. In this model, the cutoff length is related to the average
size of the larger (supra-micellar) clusters which are formed as a result
of the aggregation of the primary casein micelles. The X-ray scattering
experiments performed in this study covered a size range of 4–40 nm.
Although our SAXS data did not provide information about large clus-
ters resulting from further aggregation of primary casein micelles or
other large aggregates that might be formed by any interaction of the
casein micelles with the lipid phase droplets in the emulsion, the cutoff
length can be understood as a rough estimation of the supra-micellar
cluster size. Also, the fractal dimension is indicative of how the protein
primarymicelles structurally assemblewhen forming larger aggregates.
tion process in sodium caseinate-stabilized emulsions, Food Research

http://dx.doi.org/10.1016/j.foodres.2016.08.026


0,1 1 10
-2

0

2

4

6

8

10

12

14

V
ol

um
e 

(%
)

Droplet Size ( m)µ

Fig. 1. Particle size distributions of emulsions with 10 wt.% sunflower oil (SFO) as lipid
phase and 5 wt.% sodium caseinate (NaCas). Empty symbols: emulsions homogenized
by ultraturrax (UT); Solid symbols: emulsions homogenized by ultraturrax and
ultrasound (UT + US); Square symbols: emulsions without sucrose added; Triangles:
emulsions with 20 wt.% sucrose.
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This is important in stability studies of emulsions prepared with pro-
teins and polysaccharides mixtures. Both parameters D and ξ were ob-
tained from the fitting procedure. The final expression that was used
to compare the calculated intensity with the experimental data is
given by:

I qð Þ ¼ SC PCS qð ÞSHS qð ÞSagg qð Þ þ Back ð7Þ

where SC is an overall scale factor and Back is a constant background.
Typical values for all parameters were initially obtained from the fitting
procedure. The shell thickness and the effective hard sphere radius
(RHS) were fixed for further optimizations. A value of 3 Å was selected
for shell thickness because it is close to the value of the hydration
shell of the caseinmonomers and RHSwas set as 3x bRN. With these set-
tings, for all samples, bRN values of primary casein micelle in aqueous
solutionswere close to the ones reported in literature from light scatter-
ing techniques indicating that the model predictions were correct. A
least squares routine was implemented to fit the experimental data.
The list of fitting parameters is shown in Table 1.

2.7. Statistical analysis

For SLS and Turbiscan data, significant differences between means
were determined by the Student's t-test. An α level of 0.05 was used
for significance. Results are reported as mean and standard deviation.

For the SAXSmodel, parameter “R value”was selected to provide an
indicator of the fit quality (Breßler, Kohlbrecher, & Thünemann, 2015).
It was calculated using the following equation:

R value ¼ ∑N
i¼1 I exp qið Þ

 

− Imod qið Þj j

 



∑N
i¼1 I exp qið Þ

 

 ð8Þ

A R value ranging between 0 and about 0.1 indicates a good to ac-
ceptable fit, whereas large values (up to infinity) denote a poor fit.

3. Results and discussion

3.1. Droplet size distribution in O/W emulsions stabilized with NaCas

An emulsion prepared with 10 wt.% sunflower oil and 5 wt.% NaCas
was selected as an example for describing the effect of processing treat-
ments and disaccharides addition to the aqueous phase on particle size
distribution. Selected particle size distributions are reported in Fig. 1,
and D4,3, W, and Vd N 1 parameters calculated from curves in Fig. 1 are
shown in Table 2. The diameters of the droplets present in the UT ho-
mogenized emulsions formulated with or without sucrose were in the
10–20 μmrange. After US homogenization the diameters of the droplets
fell below 1 μm for both formulations. Table 2 clearly showed that US
Table 1
Structural parameters obtained from the SAXS model.

Description

Unfixed parameter
SC Overall scale factor
Back Constant background
bRN Average shell inner radius
Δρout/Δρin Ratio between the outer and inner scattering length contrast for the

core shell model
σ Width of the polydispersity distribution
D Fractal dimension
ξ Fractal cutoff correlation
ϕe Effective volume fraction of the particles
RHS = 3x
bRN

Effective hard sphere radius

Fixed parameter
T = 3 Å Shell thickness
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treatment significantly reduce D4,3 and Vd N 1 parameters. Distributions
for emulsions without sucrose were bimodal. However, when US was
applied the population with smaller diameters of the two peaks obtain-
ed grew in percentage of total population compared to theUT emulsion.
Addition of sucrose to the aqueous phase modified the particle size dis-
tribution. The droplet size distributions for the sampleswithout sucrose,
that were bimodal, became monomodal after 20 wt.% sucrose addition.
Addition of sucrose also produced in both cases (UT or UT + US)
narrower profiles than for the same emulsions but without sucrose.
This effect wasmore notoriouswhenUSwas applied as indicated by pa-
rameters D4,3, W, and Vd N 1 (Table 2). The effect of sucrose may be un-
derstood in different ways: It may form hydrogen bonds between
hydroxyl groups of sucrose and carboxylic groups of protein or may
act as a solvent of protein modifying interactions among protein mole-
cules. According to our previous (Álvarez-Cerimedo et al., 2010;
Huck-Iriart et al., 2013) and new results, the major factors affecting
the droplet size distributionwere: (a) NaCas concentration, (b) the con-
tinuous phase composition and (c) the way of processing the sample
whichmay affect the NaCas protein structure and its aggregation topol-
ogy at the oil-water interface, as discussed in Section 3.4. Particle size is
one of the factors strongly related to emulsion stability (Álvarez-
Cerimedo et al., 2010). Therefore different destabilization mechanisms
may be expected for the selected emulsions.

3.2. Emulsion stability

Fig. 2 reports the changes in BS profiles with time, in referencemode
(ΔBS), for samples formulatedwith 10wt.% SFO and stabilized by 5wt.%
NaCas. Samples formulated without sucrose were homogenized first by
Table 2
Volume-weighted mean diameter (D4,3, μm), width of the distribution (W), and volume
percentage of particles exceeding 1 μm in diameter (%Vd N 1) of emulsions formulatedwith
10 wt.% sunflower oil (SFO), 5 wt.% sodium caseinate (NaCas), and with or without 20
wt.% sucrose (S), homogenized under different processing conditions.

Emulsion D4.3 (μm) W (μm) %Vd N 1

UT
0 wt.% S 16.40 ± 0.21a 95.61 ± 0.30a 26.01 ± 0.41a

20 wt.% S 9.91 ± 0.13b 91.72 ± 0.41b 19.26 ± 0.12b

US
0 wt.% S 0.76 ± 0.01c 39.71 ± 0.12c 1.93 ± 0.01c

20 wt.% S 0.23 ± 0.01d 0.01 ± 0.01d 0.23 ± 0.01d

Significant differences betweenmeanswere determined by the Student's t-test. Anα level
of 0.05 was used for significance. Data in the same column with the same superscript are
not significantly different.

ation process in sodium caseinate-stabilized emulsions, Food Research
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Fig. 2. Back scattering profiles in referencemode (ΔBS=BSti− BS0), as a function of tube length for different storage times in quiescent conditions. The arrowdenotes time. All emulsions
were formulatedwith 10wt.% SFO and5wt.%NaCas.Without sucrose: A homogenized byUT, B homogenized byUT+US;With 20wt.% sucrose: C homogenized byUT, D homogenized by
UT + US. Abbreviations as in Fig. 1.
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UT (A) and further by US (B). Fig. 2C and D shows the effect of addition
of 20 wt.% sucrose to the aqueous phase. Part C corresponds to the
coarse (UT) and part D to thefine (UT+US) emulsion. For the emulsion
in Fig. 2A, themain mechanism of destabilization was creaming of indi-
vidual particles. This is noticed from the decrease in ΔBSti at the bottom
of the tube (0–20mm) and a concomitant increase inΔBSti in the upper
zone (50–65 mm) attributed to the formation of a cream layer. The
slope of the linear zone of peak thickness vs. time curve (an estimation
of migration rate) was calculated as explained in Section 2.4. Values of
slope and correlation coefficient are reported in Table 3. As shown in
Fig. 3, selected zone of peak thickness vs. time values may be fitted to
a straight line, corroborating that creaming of small particles is the
main mechanism of destabilization for emulsion in Fig. 2A. Application
of ultrasound treatment modified the main destabilization mechanism
changing from creaming to flocculation as noticed by the way in
which ΔBS profiles changed with time (Fig. 2B). ΔBS diminished in
the range 20–50 mm tube length indicating increase in emulsion parti-
cle size with time, which meant that Turbiscan detected particle aggre-
gation. In sucrose containing emulsions, droplet size was significantly
Table 3
Slope of the linear zone (mm/h) and correlation coefficients (R2) evaluated from the kinet-
ics ofmigrationmeasured from theBSprofiles in referencemode in the bottomzoneof the
tube (0–20 mm) as the peak-thickness with time for emulsions in Fig. 3.

Emulsion Slope R2

UT
0 wt.% S 58.0 ± 3.0a 0.988
20 wt.% S 21.0 ± 1.0b 0.991

US
0 wt.% S Flocculation –
20 wt.% S Stable emulsion –

Significant differences betweenmeanswere determined by the Student's t-test. Anα level
of 0.05 was used for significance. Data in the same column with the same superscript are
not significantly different.
R correlation coefficient.
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smaller than in the case of emulsions formulated without sucrose
(Table 2). In addition to producing smaller particle size, sucrose addition
to the UT emulsion led to less destabilization and to a lower migration
rate than in emulsions without sucrose (Fig. 2C, Table 3). Value of
slope of the linear zone of peak thickness with time curve for sugar ad-
dition was significantly lower than value for formulation without su-
crose (Fig. 3, Table 3). In the case of US treated samples, addition of
sucrose allowed obtaining a stable emulsion (Fig. 2D). Fig. 2D clearly
shows that sucrose suppressed flocculation.

It was reported that the stability behavior of sodium caseinate-stabi-
lized emulsions was closely related to oil-to-protein ratio (Dickinson &
Golding, 1997). According to these authors, the reversible flocculation
of emulsion samples of high protein content is readily explicable in
terms of depletion flocculation of droplets by unadsorbed protein
existing in the form of approximately spherical caseinate submicelles.
Our data, however, showed that two emulsions formulated in the
same way (Fig. 2A and B), that is, with the same total protein content
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Fig. 3. Linear region of peak thickness with time curves measured at the bottom zone of
the tube (0–20 mm tube length) for UT emulsion without sucrose (empty symbol) and
UT emulsion with 20 wt.% sucrose (solid symbol). Abbreviations as in Fig. 1.
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but prepared using different processing conditions, destabilized by dif-
ferent mechanisms, creaming (Fig. 2A) or flocculation (Fig. 2B), having
the same oil-to-protein ratio. In addition, since droplet sizeswere small-
er for emulsion in Fig. 2B (Table 2), unadsorbed protein should be lower
than for emulsion in Fig. 2A. Kalnin, Ouattara, and Ollivon (2004), dem-
onstrated that the ratio aqueous phase/interface of NaCas in emulsions
was depending on the surface area of the interface. Therefore, it would
be expected that emulsion in Fig. 2A showed a stronger tendency to
flocculation. The behavior described by Turbiscan analysis was the op-
posite than expected taking into account previous reports in literature.
This indicated that interfacial protein should also play an important
role in flocculation and that this destabilization mechanism is more
complex than described.

3.3. Emulsion microstructure

The confocal laser scanningmicroscopy (CLSM) images of emulsions
formulated with 10 wt.% sunflower oil, 5 wt.% sodium caseinate
(NaCas), and with different aqueous phase composition, processed in
different conditions are presented in Fig. 4A, B, C, and D. The CLSM re-
sults can be correlated with the particle size distributions shown in
Fig. 1 and the results of the Turbiscan analysis for the same samples,
displayed in Section 3.2, Fig. 2A, B, C, and D.

The 10 wt.% SFO emulsion stabilized with 5 wt.% NaCas without
sugar in the aqueous phase and processed by Ultraturrax destabilized
mainly by creaming as can be seen in Fig. 2A. This emulsion had the larg-
estmean particle size of the 4 samples reported in Fig. 1 asmeasured by
SLS. In agreement with Turbiscan and particle size analysis, the CLSM
image of the emulsion in Fig. 4A shows big droplets with a wide disper-
sion sizes. When the emulsion in Fig. 4A was further homogenized by
Fig. 4. Confocal laser scattering microscopy (CLSM) images of emulsions with 10 wt.% SFO and
20 wt.% sucrose: C homogenized by UT, D homogenized by UT + US. Abbreviations as in Fig. 1
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ultrasound, the droplet size diminished significantly but the size distri-
bution changed from almostmonomodal to bimodal (Fig. 1). This emul-
sion destabilized mainly by flocculation (Fig. 2B) and, as expected, its
CLSM image in Fig. 4B displayed a microstructure formed by flocs.

Sucrose addition diminished droplet sizes (Fig. 1) and slowed down
creaming kinetics (Fig. 2D). This result was consistent for all techniques.
The CLSM image in Fig. 4C shows an emulsion containing droplets
smaller than those observed in Fig. 4A, thus being expected to destabi-
lize with a slower creaming rate. Calculation of the slope of peak thick-
ness with time curve related to migration rate confirmed this
hypothesis (Table 3). When the emulsion in Fig. 4C was further homog-
enized by ultrasound treatment, the average droplet size diminished
significantly and a monomodal homogeneous population was obtained
(Fig. 1). This emulsion was stable for a week (Fig. 2D). In agreement
with these findings the CLSM image in Fig. 4D showed small droplets
evenly distributed. The droplet size in sunflower oil emulsions prepared
both, by UT or by UT and further homogenized by ultrasound
(UT + US), became smaller when sucrose at 20 wt.% was added. Addi-
tion of sugars also suppressed flocculation after ultrasonic treatment.
These results show the relevance ofmicrostructure in emulsion stability
which is also closely related to the casein micelles structure, as will be
discussed in the next section.

3.4. SAXS measurements

Since the oil droplets in the samples under study are very large, their
scattering contribution cannot be detected in the q-range measured in
our experiments. Therefore the SAXS signal ismainly caused by the pro-
tein micelles in solution. The complex model used in the fitting calcula-
tions was based on the existence of three major contributions on the
5 wt.% NaCas. Without sucrose: A homogenized by UT, B homogenized by UT+ US; With
.
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SAXS data. Fig. 5A shows the contribution of each factor considered in
the calculated intensity, I(q) (Eq. (7)). The analyzed sample was the
emulsion formulated with 5 wt.% NaCas. At higher angles, the spherical
core shell form factor from the primary casein micelles was predomi-
nant while at very low angles the contribution from the micellar aggre-
gates was more noticeable, causing an upturn in the scattering curves.
The intermediate zone presented a visible broad peak that can be attrib-
uted to the primary caseine micelles correlation (SHS). Any correlation
existing among the supra-micellar aggregates could only be appreciable
at very small angles, in regions inaccessible to our experiment. There-
fore, this scattering contributionwas not included in themodel. Howev-
er, the presence of the abovementioned regions in the experimental
curve allowed proposing a working model from which parameters de-
scribing aggregation were extrapolated. The goodness of the full curve
fitting indicated that reliable parameters can be calculated.

Fig. 5B reports the normalized intensity vs. scattering vector q for UT
emulsions formulatedwith 10wt.% SFO, 2.0, 5.0 or 7.5wt.%NaCas, with-
out sucrose added to the aqueous phase. Experimental data are indicat-
ed with symbols and calculated values with a continuous line. The
maximum of the hard sphere structure factor (SHS) shifted to higher q
values as the sodium caseinate concentration increases. This result
was previously described in the literature (Kalnin, Quennesson,
Artzner, Schafer, Narayanan & Ollivon, 2004; Kalnin, Ouattara &
Fig. 5. (A) Separate graphs of the calculated form factor (Pcs), (solid line), hard sphere
structure factor (SHS), (dashed line), structure factor contribution due to large
aggregates (Sagg), (dotted line) for the 5 wt.% NaCas stabilized emulsion homogenized
by UT. Experimental data are indicated with empty symbols. (B) Normalized intensity
vs. scattering vector q for emulsions homogenized by UT, formulated with 10 wt.% SFO.
Without sucrose added to the aqueous phase, and stabilized by 2.0 (□), 5.0 (Δ), or 7.5
(ο) wt.% NaCas. Experimental data: empty symbols; proposed model fitting: continuous
line. The curves where shifted for clarity. (C) Normalized intensity vs. q for the 5 wt.%
NaCas emulsion homogenized by UT. Empty symbol: no sucrose added. Solid symbol:
20 wt.% sucrose. Experimental data: symbols; proposed model fitting: continuous line.
(D) Normalized intensity vs. q for emulsions homogenized by UT + US, formulated with
10 wt.% SFO, 5 wt.% NaCas, and different levels of sucrose in the aqueous phase: ■
0 wt.%, □ 5 wt.%, ▲ 10 wt.%, Δ 15 wt.%, ♦ 20 wt.%, and ◊ 30 wt.% sucrose. Experimental
data: symbols; proposed model fitting: continuous line. Abbreviations as in Fig. 1.
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Ollivon, 2004). The shift to higher q values suggested that primary ca-
sein micelles should be smaller or that distances among primary casein
micelles should be shorter as the concentration of sodium caseinate in-
creased. Fig. 5C andD report the normalized intensity vs. scattering vec-
tor q for emulsions formulated with 10 wt.% SFO and 5.0 wt.% NaCas
with andwithout sucrose homogenized by UT andUT+US, respective-
ly. It can be observed from experimental data that the maximum inten-
sity of the broad peak decreased with sucrose concentration and with
ultrasound treatment. More insight about primary micelle correlation
can be obtained after the analysis of the contribution of the calculated
structure factors. Fig. 6 shows the total structure factor (A) as well as
its two separate contributions SHS(q) (B) and Sagg(q) (C) for the SFO
emulsions formulated with 5 wt.% NaCas reported in Fig. 1. Addition
of sugar or application of US to the UT emulsion shifted the position of
the maximum SHS(q) to lower values of q. Primary casein micelles cor-
relation was almost lost when 20 wt.% sucrose was added to the emul-
sion prepared by UT + US treatments. It should be noted that at the
highest concentration of sucrose (30 wt.%), micelle correlation was
completely lost (Fig. 5D). On the other hand, comparison of the samples
with the same sodium caseinate concentration showed that Sagg(q)
shifted to higher values upon sugar addition or when homogenized by
UT + US treatments suggesting the loss of supra micellar correlation.
These changes in correlation between the primary casein micelles and
among supra micellar aggregates were closely related to sugar concen-
tration, and may be the consequence of the interaction of sucrose with
casein. The presence of sucrose decreased the protein-protein interac-
tion, hindering the aggregation of the casein. The application of US
helped the dispersion of the aggregates and supra-structures formed
by the aggregation of primary casein micelles. It is worth to mention
that the loss of correlation corresponded to a marked diminution in
size of droplets of the emulsions as can be deduced by comparison of
Fig. 5. C and D with Fig. 1 and Fig. 4. These issues will be discussed
further.

Experimental data reported in Fig. 5 were evaluated with the pro-
posed model. Table 4 summarizes numerical values of themain param-
eters obtained from the curve fitting using the model described in
Section 2.6. The internal radii bRN obtained from the core shell model
calculations were around 4.0 ± 0.2 nm for all samples. The average
Schulz-Zimm variance, for all experiments, was 2.0 ± 0.3 nm, which
corresponded to a large polydispersity of 50%. A plot of the particle vol-
ume distribution shows that up to 60% of the particles are between 5
and 10 nm with an average radius of 7.0 nm (data not shown). In all
cases the fractal dimension D is around 3, indicating that the arrange-
ment of the nanoclusters evolves to form a volume fractal (or an inter-
facial 3D network). Interestingly, the results indicated that the core shell
form factor had no significant changes with formulation or homogeni-
zation treatment as regards its defining parameters (R, T and σ)
Fig. 6. Structure factors calculated for emulsions formulated with 10 wt.% SFO and 5 wt.%
NaCas. Empty symbols: homogenized by UT; full symbols: homogenized by UT + US.
Circles: 0 wt.% sucrose; squares: 20 wt.% sucrose. (A) Total structure factors: S(q) =
SHS(q) · Sagg (q). (B) SHS(q): hard sphere structure factors for casein micelles. (C)
Sagg(q): structure factors due to large aggregates.
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Table 4
Parameters that best fit the experimental data of I vs. q using Eq. (7). The shell thickness (T)wasfixed at 3 Å and the effective hard sphere radius considered for the optimizationwas RHS=
3x bRN.

Sample bRN (nm) Δρout/Δρin Φe σ (nm) D ξ (nm) R valuea

Solutions
5 wt.% NaCas
0 wt.% S 4.18 ± 0.02 −1.2 ± 0.01 0.21 ± 0.01 2.35 ± 0.04 3.02 ± 0.01 560 ± 70 0.023
20 wt.% S 3.92 ± 0.03 −1.2 ± 0.03 0.24 ± 0.01 2.13 ± 0.05 3.02 ± 0.01 200 ± 20 0.025

Emulsions
UT
2 wt.% NaCas

0 wt.% S 3.91 ± 0.04 −1.0 ± 0.1 0.19 ± 0.01 1.8 ± 0.2 2.96 ± 0.01 600 ± 200 0.042
20 wt.% S 4.10 ± 0.05 −1.7 ± 0.2 0.16 ± 0.01 1.8 ± 0.02 3.07 ± 0.08 400 ± 100 0.012

5 wt.% NaCas
0 wt.% S 3.90 ± 0.04 −1.2 ± 0.01 0.22 ± 0.01 2.03 ± 0.02 3.00 ± 0.02 480 ± 40 0.017
20 wt.% S 3.96 ± 0.02 −0.11 ± 0.07 0.24 ± 0.01 2.14 ± 0.02 3.17 ± 0.05 380 ± 30 0.062

7.5 wt.% NaCas
0 wt.% S 3.78 ± 0.02 −0.9 ± 0.1 0.24 ± 0.01 2.26 ± 0.03 3.03 ± 0.01 260 ± 10 0.058
20 wt.% S 3.89 ± 0.01 −1.0 ± 0.1 0.28 ± 0.01 1.82 ± 0.05 3.1 ± 0.1 200 ± 10 0.058

US
5 wt.% NaCas

0 wt.% S 4.0 ± 0.1 −0.8 ± 0.02 0.21 ± 0.01 2.69 ± 0.01 3.03 ± 0.02 74 ± 5 0.052
5 wt.% S 4.2 ± 0.1 −0.8 ± 0.02 0.21 ± 0.01 2.75 ± 0.01 3.00 ± 0.01 72 ± 3 0.012
10 wt.% S 4.1 ± 0.1 −0.8 ± 0.02 0.21 ± 0.01 2.70 ± 0.04 3.00 ± 0.01 39 ± 2 0.012
15 wt.% S 4.1 ± 0.1 −0.8 ± 0.02 0.20 ± 0.01 2.71 ± 0.04 3.00 ± 0.01 23 ± 5 0.016
20 wt.% S 3.8 ± 0.1 −0.8 ± 0.02 0.0 ± 0.0 2.3 ± 0.1 3.00 ± 0.01 7 ± 3 0.015
30 wt.% S 3.9 ± 0.1 −0.8 ± 0.02 0.0 ± 0.0 2.3 ± 0.1 3.00 ± 0.01 7 ± 5 0.027

a R value was calculated as explained in Section 2.7.
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(Table 4). This indicated that this simple form factor is capable of de-
scribing the primary casein micelles in all the emulsions or solutions
studied. In other words, there were no significant changes in the
NaCas micellar structure in aqueous solution or in any of the emulsions
with or without additives. On the other hand, there were important
changes on the total structure factor, depending on the sample compo-
sition. The core shell hard sphere radius RHS and the fractal cutoff corre-
lation length (ξ) provided information on the average distance between
the primary caseinmicelles and on the order ofmagnitude of the overall
micellar aggregates size, respectively. These parameters allowed de-
scribing the NaCas aggregates as a function of the environment. RHS

showed negligible variationwith the environment but ξwas notably af-
fected by emulsion composition and homogenization treatment. Table 4
summarizes values of ξ for solutions and emulsions homogenized under
different processing treatments and with different compositions of the
aqueous phase. The greatest ξ corresponded to 5 wt.% NaCas solution
without sucrose. Emulsions showed smaller values of ξ than solutions
in all cases indicating that hydrophobic interaction between protein
and the oil phase led to aggregation loss. There are about two orders
of magnitude between the NaCas ξ values in emulsions with sugar
when compared with UT emulsions without sugar. The effect of sugar
is enhanced when the oil-water interface is increased by ultrasonic
treatment (Table 4). For US formulations with 20 or 30 wt.% sucrose,
the correlation almost disappeared (Fig. 5D) and the ~7 nm calculated
ξ value was the only remaining effect. Consequently, most of the
supra-micellar structure is lost. These analyses are consistent with the
changes in SHS with composition and homogenization treatment
discussed above. Our results indicated that the NaCas aggregation loss
is produced by simple sugar addition, most likely because sucrose af-
fected protein-protein interactions as mentioned before. The most evi-
dent consequence of the loss of aggregation is the appearance of
smaller droplets in the emulsions, as determined by SLS (Fig. 1) and
CLSM (Fig. 4). In agreement with these results, experimental measure-
ments in similar systems showed that addition of sucrose strongly di-
minished oil-water surface tension (Huck-Iriart et al., 2013).The
decrease in droplets size led to a stable emulsion (Fig. 2D) due to loss
of protein ability to aggregate as a consequence of interactions su-
crose/casein.

The change in behavior observed in the scattering curves in the case
of emulsions (Fig. 5B, C, and D) is an experimental evidence of the
Please cite this article as: Huck-Iriart, C., et al., New insights about floccul
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synergistic effects that appear as a result of the combination of disaccha-
rides and proteins at the oil/water interface, causing an important de-
crease of ξ values. Values of ξ for solutions with sucrose were in
agreement with the hydrodynamic radii of the NaCas micellar aggre-
gates in solutions, as measured by light scattering techniques, reported
in literature (Belyakova et al., 2003). This correlation provided evidence
that this model allowed calculating reliable parameters.

The results obtained by light scattering and SAXS techniques con-
firmed that there was no direct correlation between flocculation and
primary micelle aggregation capability in the aqueous phase. The
5wt.% NaCas emulsion homogenized by UT+US had a low value of pa-
rameter ξ (Table 4). However, for this emulsion themainmechanism of
destabilization was flocculation (Fig. 2B). UT emulsion without sucrose
had one of the highest ξ values (Table 4); however, this emulsion
destabilized mainly by creaming (Fig. 2A). Therefore, flocculation is a
process more complex than described in literature and it is related to
the capability of aggregation of protein molecules at the interface as
well as in the aqueous phase. Flocculation occurred as a result of the
combination of several factors. Among them, homogenization process
that defined droplets size distribution and aggregation topology of pro-
tein at the oil-water interface are very relevant andwere not considered
in literature.

4. Conclusions

In this work we described structural changes of the NaCas micellar
and supra-micellar entities present in emulsionswith different formula-
tions and their relation to the emulsion macroscopic properties. New
correlations were obtained from the results of light scattering based
methods, confocal microscopy and SAXS measurements. This last tech-
nique provided structural parameters of the O/W emulsion that were
not previously reported and new information about protein aggregation
behavior that is very relevant to flocculation mechanism was obtained.
More experimental evidence at themolecular level of the effect of disac-
charides on sodium caseinate micelles and their aggregation properties
was also found. The nanoscopic interpretation provided was necessary
for explaining emulsion physical behavior at the microscopic level.
SAXS was a very useful tool for this investigation and the analysis of
the SAXS data provided a goodmodel for the determination of structur-
al parameters of the casein primary micelles and their supra-micellar
ation process in sodium caseinate-stabilized emulsions, Food Research
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aggregates in the O/W environment. This study allowed obtaining a
deeper insight of flocculation process than previously reported. The im-
portant decrease in the fractal cutoff correlation length obtained from
SAXS data confirmed the molecular interaction of disaccharides and
proteins at the oil/water interface and in the aqueous solution. This in-
teraction explained why flocculation can be controlled by suppression
of protein aggregation upon sugar addition. A 20 wt.% sucrose addition
to fine emulsions allowed obtaining a stable emulsion. Our results
proved that the flocculation regime was preponderant when the emul-
sion droplet size distribution was below onemicron and NaCas concen-
tration was above 2 wt.%. On the other hand, when gravitational forces
overcame protein-protein interactions, emulsions destabilized by
creaming. Flocculation was a consequence of the capability of aggrega-
tion of NaCas molecules determined by total protein content, interac-
tions protein/oil at the interface, protein/sucrose in the aqueous phase,
droplets size distribution and aggregation topology of protein at the
oil-water interface.
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