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A B S T R A C T

Hydrogels obtained by acidification with glucono-δ-lactone (GDL), starting from nanoemulsions formulated with
different concentrations of sodium caseinate (1–4 wt%) or 4 wt% sodium caseinate and sucrose (2–8 wt%), were
prepared with the aim of quantifying structural parameters of both, initial nanoemulsions and hydrogels after
2.5 h of GDL addition, using the Guinier-Porod (GP) or the generalized GP models. Gelation process was followed
by performing in situ temperature-controlled X-ray small angle scattering experiments (SAXS) using synchrotron
radiation. In nanoemulsions, the calculated radius of gyration for oil nanodroplets (Rgoil) decreased with
increasing protein concentration and for the 4 wt% protein nanoemulsion, with increasing sucrose content.
Calculated values of Rgoil were validated correlating them with experimental Z-average values as measured by
dynamic light scattering (DLS). For hydrogels, radii of gyration for the sphere equivalent to the hydrogel scat-
tering object (Rgsph) were close to 3 nm while correlation distances among building blocks (Rg2) were dependent
on formulation. They increased with increasing contents of sodium caseinate and sucrose. Rg2 parameter linearly
correlated with hydrogel strength (G’∞): a more connected nanostructure led to a stronger hydrogel.
1. Introduction

Milk can be considered to be a colloidal emulsion of casein particles,
historically called micelles. The native casein micelles are composed of
a complex of associated protein and calcium phosphate of about
200 nm. The protein fraction of the casein micelles, which represents
~93% of its dry mass, is composed of four individual sub-micelles,
called αs1-, αs2-, β- and κ-casein (De Kruif et al., 2012). Sodium
caseinate (NaCas) is a commercial milk product obtained by removing
most of calcium phosphate. The final product contains disaggregated
sub-micelles of approximately 10–12 nm. Owing to its high nutritional
value, health benefits, and desirable functional properties such as
emulsification, water and fat-binding, thickening and gelation, sodium
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carriers (Guo et al., 2013; L�opez-Hortas et al., 2019), calorie reduction
(Chung et al., 2013), trans and saturated fat replacements in desserts
(Montes de Oca-�Avalos et al., 2019), and oral delivery of lipophilic active
ingredients (Zhang et al., 2015), among others. The structural properties
of those hydrogels were closely related to their performance for an
intended application.

Nanoemulsions are usually defined as a thermodynamically unsta-
ble colloidal dispersion consisting of two immiscible or partially
miscible liquids, with one of the liquids being dispersed as small
spherical droplets (discontinuous phase) in the other liquid (continuous
phase), with radius sizes of droplets smaller than 100 nm (McClements,
2012). Nanoemulsions present several advantages over conventional
emulsions due to the small droplets size they contain: high optical
clarity, good physical stability against gravitational separation or
droplet aggregation, and enhanced bioavailability of encapsulated
substances (Montes de Oca-�Avalos et al., 2017). Films or hydrogels
prepared from sodium caseinate-stabilized nanoemulsions showed ad-
vantages compared to the ones obtained from conventional systems.
The enhancement in properties was explained by higher homogeneity
in the structure, in terms of distribution of dispersed phase and absence
of droplets aggregates as analyzed by confocal laser scanning micro-
scopy (Montes de Oca-�Avalos et al., 2019; Montes-de-Oca-�Avalos et al.,
2018). In nano-based sodium caseinate films, this homogeneity led to
improved physical properties such as water vapor permeability and
stability with respect to oil release (Montes-de-Oca-�Avalos et al., 2018),
while in nano-based hydrogels, led to lower porosity as described by
X-ray microtomography and improved rheological properties (Montes
de Oca-�Avalos et al., 2019).

Small-Angle X-ray Scattering (SAXS) is a technique that has been
increasingly used in the past ten years to describe food structure (Montes
de Oca-�Avalos et al., 2019; Ramel et al., 2016; Huck-Iriart et al., 2016;
Fasolin et al., 2018; Li et al., 2018; Muneer et al., 2018;Wang et al., 2019;
Martins et al., 2019), to name a few. SAXS technique has the advantage
over other very established methods such as microscopy approaches
(data are collected on a focal plane) that the obtained results give aver-
aged information on the samples, analyzed in bulk, evaluating the whole
volume with statistical significance (Costa da Silva et al., 2015; Anitas,
2019). The high photon flux of the synchrotron source allows in situ
characterization of hydrogel formation in a sample holder and as samples
suffer no manipulation or treatment, structure is analyzed without dis-
turbing the systems. Besides, turbid samples such as nanoemulsion-based
hydrogels are successfully analyzed (Montes-de-Oca-�Avalos et al., 2018).
SAXS is a technique by which nanoscale density differences in a sample
can be quantified by analyzing the elastic scattering behavior of X-rays
when travelling through it. SAXS has been used for characterizing
nanoscale electron density correlations and/or the shape of nanoscopics
objects with sizes up to ~100 nm. Quantifying structure in nanoscale is of
great importance since it has been proved in several systems that struc-
tural characteristics correlated with macroscopic properties such as
rheological behavior under small or large deformation (Ramel et al.,
2016; Wang et al., 2019). Traditionally, small angle X-ray scattering
(SAXS) data are characterized by the Guinier and Porod regions. The
model used in this work for fitting SAXS data is an empirical model that
allows describing scattering objects of different geometries, from spher-
ical (the Guinier-Porod model) to nonspherical objects such as rods,
platelets or lamellae (the generalized Guinier-Porod model), (Ham-
mouda, 2010).

The aim of the present work was to quantify structural elements of
sodium caseinate hydrogels prepared by acidification with GDL and of
the nanoemulsions from which they were prepared. The Guinier-Porod
and the generalized Guinier-Porod models were used to calculate radii
of gyration and structural parameters. The calculated data were
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compared with data measured with experimental techniques based on
different principles than those of SAXS.

2. Materials and methods

2.1. Materials

Sodium caseinate (NaCas), sucrose (S), glucono delta-lactone (GDL),
and sodium azide were purchased from Sigma (Sigma–Aldrich, St. Louis,
Mo., USA). Ethyl acetate was obtained from Sintorgan (Sintorgan S.A.,
Buenos Aires, Argentina). All reagents used were of analytical grade. No
further purification was performed. Bidistilled water was used in all ex-
periments (18 mΩ; Milli-Q Water System, Millipore Corporation, Bill-
erica, MA, USA). The lipid phase selected was commercial sunflower seed
oil (SFO) with the following fatty acids composition: palmitic (5.7 wt%),
stearic (4.3 wt%), arachidic (1.6 wt%), behenic (1.1 wt%), oleic (82.6 wt
%), and linoleic (3.9 wt%) acids.

2.2. Hydrogels preparation

Hydrogels were obtained by acidifying nanoemulsions with GDL.
Nanoemulsions were prepared using a combination of a high-energy
homogenization and evaporative ripening methods previously reported
for whey protein-stabilized systems, with minor changes (Lee and
McClements, 2010). For studying the effect of protein and sucrose con-
centrations, eight nanoemulsions were prepared. Solutions with con-
centrations of 1, 2, 3, or 4 wt% of NaCas in water were prepared. The 4 wt
% NaCas-stabilized nanoemulsion may also contain S added to the
aqueous phase in concentrations of 2, 4, 6, or 8 wt%. The lipid phase was
a solution of 15 wt% SFO in ethyl acetate. In all nanoemulsions prepared,
the ratio NaCas/SFOwas kept constant at 0.6. Sodium azide was used in a
percentage of 0.01 wt% to prevent microbial contamination. Nano-
emulsions preparation method comprises three stages: the formation of a
coarse emulsion (droplets in the microns), further homogenization to
obtain a fine emulsion (droplets from 0.2 to 0.6 μm in diameter) and
solvent evaporation to give nanoemulsions. In the first step, lipid and
aqueous phases were mixed using an Ultra-Turrax (UT) T18 high-speed
blender (S 18N-19G dispersing tool, IKA Labortechnik, Janke & Kun-
kel, GmbH & Co., Staufen, Germany), operated at 20,000 rpm for 1 min.
Samples were kept in an ice bath (0 �C) during processing. The process
was repeated three times. In the second step, the resultant coarse emul-
sions were further homogenized for 20 min using an ultrasonic liquid
processing (US), VIBRA CELL, VC750 (power 750 W, frequency 20 kHz)
model (Sonics & Materials, Inc., Newtown, CT, USA), with a 13-mm-dia-
meter and 136-mm-length tip. The selected amplitude was 30%. The
temperature of the sample-cell was controlled by means of an ice bath
(0 �C) with a temperature cut down control of 20 � 1 �C during ultra-
sound treatment. After ultrasound treatment, fine emulsions were ob-
tained, but droplets were still in the conventional emulsions range. In the
third step, the prepared fine emulsions were placed in a rotary evaporator
Buchi model R 100 (Buchi, Postfach, Switzerland) connected to a vacuum
pump and a recirculating chiller to eliminate ethyl acetate. The degree of
ethyl acetate evaporation was determined by carrying out a mass balance
of emulsions before and after solvent evaporation (Lee and McClements,
2010). The process was performed at 45 �C for 20 min. Then, the samples
were cooled quiescently to room temperature (22.5 �C). The pHs of the
SFO emulsions were 6.66 � 0.05, close to 7. No buffer was added to the
emulsions. Nanoemulsions were analyzed for droplet size distribution
immediately after preparation. The average diameter of droplets
(Z-average) was obtained from the distribution in volume using a DLS
device NanoBrook 90Plus Particle Size Analyzer (Brookhaven In-
struments Corporation, New York, USA), equipped with a laser and
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operated at room temperature. Nanoemulsions were diluted in distilled
water until the final concentration of NaCas was 0.1 wt%. The mea-
surements were performed in duplicate with a scattering angle of 90�. For
hydrogel formation, GDL was added to nanoemulsions at a GDL/NaCas
ratio of 0.2. This GDL/NaCas ratio was chosen because it was the one that
allowed obtaining the best rheological properties of all the ratios tested
(Montes de Oca-�Avalos et al., 2019). The final pH value was 4.75� 0.20.
The required amount of GDL was accurately weighed and added to 10 g
of nanoemulsions. GDL was dissolved by stirring tubes with a vortex for
10 s and nanoemulsion was immediately placed in a SAXS cell for liquids
previously described (Cavalcanti et al., 2004).
2.3. SAXS measurements

Small angle X-Ray scattering (SAXS) measurements were performed
in the SAXS1 beamline of the Brasilian National Laboratory of Synchro-
tron Light (LNLS, Campinas, Brazil). For all experiments, the selected
wavelength was 1.548 Å. A Pilatus 300K detector was used with a dis-
tance sample/detector of 3090.7 mm. The scattering intensity distribu-
tions as a function of scattering vector q were obtained in the q range
between 0.035 and 1.33 nm�1, with q ¼ (4π/λ) sin(θ) ¼ 2π/d, where λ is
the radiation wavelength, 2θ is the scattering angle, and d is the inter-
planar distance. The SAXS patterns were recorded with exposure times of
1 min and a resting time of 1 min. Samples were analyzed for up to 2.5 h.
Temperature in the liquid cell was controlled at 22.5 �C using a water
bath. One-dimensional curves were obtained by integration of the 2D
data using the program FIT-2D (Hammersley et al., 1996). The SAXS
normalized patterns were fitted using the Guinier-Porod and the gener-
alized Guinier-Porod model (Hammouda, 2010). Samples were analyzed
by duplicate.

2.3.1. Nanoemulsions characterization: the Guinier-Porod (GP) model
In nanoemulsion systems (initial state of gelation process), three ob-

jects contributed to the scattered intensity, I (q): nanodroplets (Ioil), protein
adsorbed on the interface (Iads), and protein dispersed on the aqueous
phase (free protein, Ifree). The total intensity may be expressed as:

I ðqÞ¼ Ioil þ Iads þ Ifree þ back (1)

where back is a constant background parameter.
To take into account the relative contribution of each scattering

element, a scale factor (SC) was included:

I ðqÞ¼ SCoilPoilðqÞ þ SCads PadsðqÞ þ SCfree Pfree ðqÞ þ back (2)

with Poil, Pads, and Pfree the form factors of oil nanodroplets, adsorbed
protein, and free protein, respectively.

To evaluate P, a Guinier–Porod empirical model developed by Ham-
mouda was selected (Hammouda, 2010). The form factor is given by two
contributions, the Guinier (P1) and Porod (P2) terms:

P1ðqÞ¼ 1
qsc

exp

 
� q2R2

g

3� s

!
for q � qc (3)

P2ðqÞ¼ D
qd

for q � qc (4)

where Rg is the radius of gyration, s is a parameter related to object
symmetry, d is the Porod exponent, and D is a scaling factor. Parameter s
is equal to 0 for spherical objects, to 1 for rods or rigid cylinders, and to 2
for flat objects or lamellas. In addition, a Porod exponent of 4, points to
particles with smooth surfaces while a value of 3, points to very rough
surfaces (Guinier et al., 1955).

With the requirement that the values of the Guinier and Porod terms
and their slopes (derivatives) be continuous at a value qc, the following
relationships are obtained:
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=
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(5)
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g

3� s

!
qd�s
c (6)

and therefore, including D, equations (3) and (4) may be written as
follows:

P1ðqÞ¼ 1
qsc

exp

 
� q2R2

g

3� s

!
for q � qc (7)

P2ðqÞ¼ exp

 
� q2cR

2
g

3� s

!
qd�s
c

qd
for q � qc (8)

Due to the large oil/water interface area of nanoemulsions, free
NaCas lose the casein-casein correlation, which is visible as a broad peak
at intermediate angles (Huck-Iriart et al., 2016), in consequence, no
structure factor was employed to interpret the systems studied in this
work.
2.3.2. Gels characterization: the generalized Guinier-Porod (GP) model
The model in 2.3.1 is not suitable for nonspherical scattering objects

(Hammouda, 2010). To evaluate protein contribution in hydrogels, the
selected model was the generalized Guinier-Porod approach, which is
applicable for quantifying structures with scattering objects such as rods
or lamellae (Luzzati, 1960; Hjelm et al., 1992; Hammouda, 2010). NaCas
was the matrix in hydrogels, and therefore, adsorbed (molecules at the
interface oil/water) and free (micelles dispersed in the aqueous phase)
protein cannot be distinguished since molecules are connected to form a
tridimensional network. In the case of hydrogels, equations (1) and (2)
became:

I ðqÞ¼ Ioil þ Iprot þ back (9)

where Iprot is the scattered intensity of total protein.

I ðqÞ¼ SCoilPoilðqÞ þ SCprot PprotðqÞ þ back (10)

As in the case of nanoemulsions, in hydrogels, the scattering param-
eters of nanodroplets were evaluated from Poil using the Guinier-Porod
approach. Protein scattering objects were quantified from Iprot using the
generalized Guinier-Porod model, with the following equations:

P1ðqÞ¼ 1
qs2

exp

 
� q2R2

g2

3� s2

!
q � q2 (11)

P2ðqÞ¼ G
qs1

exp

 
� q2R2

g1

3� s1

!
q2 � q � q1 (12)

P3ðqÞ¼ D
qd

q � q1 (13)

where G and D are scaling factors, S1 and S2 are two slopes in the Guinier
zone, and Rg1 and Rg2 are distances corresponding to the scattering ob-
ject, with Rg1<Rg2. According to (Hammouda, 2010), “3 - s2 and 3 - s1 are
the dimensionality parameters, and Rg2 and Rg1 are the radii of gyration
for the short and overall sizes of the scattering object”. In this work,
interpretation of Rg2 parameter was the same as the cutoff distance for the
fractal model (Huck-Iriart et al., 2016). This approach was previously
reported by Pink et al. (2013) and Quinn et al., 2014. In those articles,
parameters obtained from other X-ray techniques such as ultra-small
X-ray scattering (USAXS) were also interpreted in a fractal way (Pink
et al., 2013; Quinn et al., 2014). Considering that the global function and
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their slopes (derivatives) must be continuous at q1 and q2, the following
relationships are obtained:

q2 ¼

0
BB@ s1 � s2

2
3�s2

R2
g2
� 2

3�s1
R2
g1

1
CCA

1=2

(14)

G¼ exp

"
� q22

 
R2
g1

3� s1
� R2
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3� s2
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qðs2�s1Þ
2 (15)

q1 ¼ 1
Rg1

�
ðd � s1Þ 3� s1

2

�1=2
(16)

D¼G exp

 
� q21R

2
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3� s1

!
qðd�s1Þ
1 (17)

Including these expressions in P, the generalized Guinier-Porod
model may be written as follows:

P1ðqÞ¼ 1
qs2

exp

 
� q2R2

g2

3� s2

!
q � q2 (18)

P2ðqÞ¼ qðs2�s1Þ
2
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P3ðqÞ¼ Gqðd�s1Þ
1

qd
exp

 
� q21R

2
g1

3� s1

!
q � q1 (20)

The values of Rg1 do not correspond to scattering objects with
spherical symmetry. To compare the parameters calculated for hydrogels
with that calculated for nanoemulsions, radius of gyration of the sphere
equivalent to the hydrogel scattering object (Rgsph) were obtained with
the following equation:

Rgsph ¼ 2
ffiffiffi
3

p
Rg1

½ð4� s1Þð3� s1Þ�1=2
(21)

The Guinier-Porod model allows calculating droplet coverage (C),
that is total surface occupied by adsorbed protein, by the limit in the
Porod region as follows (Guinier et al., 1955):

C ∝
SCads

�
Pads
GP ðqÞ q4�q → ∞
Δρ2ads

(22)

where, Δρads is the difference in electronic density between adsorbed
protein and the background. Protein density was set at 1,1 � 10�5 Å2,
taken into account literature values, and density change due to sucrose
addition was considered as reported (Perriman et al., 2008). Replacing
the expression for Porod region in Ec. 22, and considering that d ¼ 4 and
s ¼ 0, it becomes:

C ∝
SCads

Δρ2ads

36 e2

R4
g

(23)

2.4. Rheological measurements

Gelation under shear was followed by dynamic oscillatory rheology
using a Paar PhysicaMCR 300 rheometer (Anton Paar Inc., Ashland,
USA). After adding GDL, approximately 1.2 g of emulsion was immedi-
ately loaded into parallel plates (PP30/S) separated by 1mm and changes
in G0 and G00 moduli with time were monitored. Data were taken at
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22.5 �C, every 2 min, and were recorded for up to 3 h. Studies were
performed with a 0.01% strain at a constant frequency of 1 Hz. Asymp-
totic values of G’ (G’∞) were calculated from G0 vs. time curves using
values of time higher than the time at which G’ ¼ G00, with the following
empirical equation:

logG0 ¼ logG
0
∞

�
k1t

1þ k1t

�
(24)

where k1 is a constant and t is the time. Values of G’∞ are the average of
three determinations.
2.5. Statistical analysis

For the SAXS model, the parameter “R value” was selected to provide
an indicator of the fit quality (Breβler et al., 2015). It was calculated using
the following equation:

R value¼
PN

i¼1

��jIexpðqiÞj � jImodðqiÞj
��PN

i¼1

��Iexp ðqiÞ�� (25)

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

3. Results

3.1. Quantification of nanoemulsions structure

3.1.1. SAXS data
Fig. 1 shows the results obtained when all nanoemulsions were

analyzed by SAXS. As may be observed, for all q values, total intensity
increased with increasing concentrations of protein. In a previous work,
Z-average of these nanoemulsions was reported to decrease with
increasing NaCas concentrations (Montes de Oca-�Avalos et al., 2017). In
other words, the percentage of droplets in the nano range (not invisible
for SAXS technique) increased for the 4 wt% NaCas nanoemulsions
compared to the 1 wt%NaCas system. Changes in total intensities were in
agreement with these findings. The number of scattering objects with
sizes within SAXS measurements range (~100 nm) increased and
therefore intensity was the highest for the more concentrated formula-
tion (4 wt% NaCas nanoemulsion). The increase in sucrose concentration
led to an increase in intensity only in the low q values, showing a
different behavior than for protein concentration. The effect of sucrose
on total intensity could be expected to involve other mechanisms of ac-
tion (see below results and discussion sections).
3.1.2. Nanoemulsions fitted by GP model

Table 1 reports the values of Guinier-Porod model parameters
selected for fitting nanoemulsions SAXS curves. All scattering objects, oil
droplets, protein micelles (free in bulk), and protein adsorbed at the
interface were considered spherical, and therefore, parameter swas set at
0. All surfaces were considered smooth with parameter d equal to 4.
Values of calculated parameters corresponded to average values of
scattering objects. A lower limit of 15 nm for Rg values of oil droplets was
selected taken into account previous DLS results (Montes de Oca-�Avalos
et al., 2017). Radius of protein objects adsorbed at the interface was
considered 3 nm as previously reported (Huck-Iriart et al., 2016).

As an example, Fig. 2 shows the results of fitting the 4NaCas0S-nano-
emulsion SAXS curve with the GP model. The experimental data, the
calculated total intensity, and the contributions of the three scattering
objects (nanodroplets, adsorbed protein, and free protein) are reported.
The sum of the three contributions fitted experimental values very well as
may be observed from values of parameters R (Table 2). As expected,



Table 1
Values of Guinier Porod model parameters selected for fitting nanoemulsions
small angle x-ray scattering (SAXS) curves.

Oil nanodroplets (oil) Adsorbed
Protein (ads)

Free Protein (free)

Scaling Factor Free Free Free
Rg Free (>15 nm) Fix at 3 nm Free
d Fix at 4 (smooth surface) Fix at 4 Fix at 4
s Fix at 0 (sphere) Fix at 0 Fix at 0

Fig. 2. Results of fitting the 4NaCas0S-nanoemulsion SAXS curve with the
Guinier-Porod (GP) model. The plot shows experimental data (Iexp), global fit of
the model (Imodel), and the contribution of the three scattering objects consid-
ered: oil nanodroplets (Ioil), adsorbed protein (Iads) and free protein (Ifree).

Table 2
Gyration radii for oil nanodroplets (Rgoil) and free protein (Rgfree) for all
nanoemulsions.

Sample Protein Oil nanodroplets Goodness of fit

Rgfree (nm) Rgoil (nm) R

1NaCas0S 10.18 � 0.05a 36.0 � 0.2a 0.041
2NaCas0S 10.65 � 0.05b 35.0 � 0.2b 0.053
3NaCas0S 11.74 � 0.05c 32.6 � 0.02c 0.037
4NaCas0S 10.74 � 0.05d 26.44 � 0.09d 0.026
4NaCas2S 10.33 � 0.05e 25.63 � 0.02e 0.027
4NaCas4S 9.7 � 0.2f 24.84 � 0.02f 0.026
4NaCas6S 9.0 � 0.1g 24.80 � 0.02g 0.021
4NaCas8S 8.8 � 0.2g 23.9 � 0.06h 0.031

� Error of calculated parameter.

Fig. 3. Diameters obtained by fitting small angle X-ray scattering (SAXS) data
with the Guinier-Porod (GP) model, (empty bars), and diameters measured by
dynamic light scattering (DLS Z-average), (grey bars), for nanodroplets present
in the emulsions studied. Different letters among each data set indicates sig-
nificant differences (p<0.05).

Fig. 1. Normalized scattered intensity (Arb.U.) as a function of scattering vector
q (nm�1) for nanoemulsions prepared with a) 1, 2, 3 or 4 wt% NaCas without
sucrose and b) 4 wt% NaCas with 0, 2, 4, 6, or 8 wt% sucrose.
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from the analysis of all curves (see supplementary materials), Ioil
increased with increasing protein and sucrose contents since nano-
droplets number also increased in both cases (lower z-average for higher
protein and sucrose contents). Iads and Ifree increased when NaCas con-
centrations increased from 1 to 4 wt%. However, addition of sucrose to
the 4 wt% NaCas nanoemulsion diminished both protein-intensities,
indicating that protein/sucrose interactions were strong and able to
modify protein/protein interactions.

The calculated radii of gyration for oil nanodroplets (Rgoil) and free
protein (Rgfree) are reported in Table 2. Rgfree slightly increased with
increasing protein concentration up to 4 wt% NaCas, while Rgoil always
decreased; for the 4 wt% NaCas nanoemulsion Rgfree significantly
diminished.When protein content was 4 wt%, both radii diminished with
increasing sucrose concentration. Taken into account that sphere radius

(RS) and Rg are related by RS ¼
ffiffi
5
3

q
Rg (Ramel et al., 2016), since each

system presented a given size distribution, Rs is a weighted average
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radius (larger particles scatter X-ray more than small ones), the radius of
a sphere composed of a nanodroplet covered by a layer of spherical
protein particles, and therefore the diameter of droplet/covering scat-
tering element, may be calculated. Fig. 3 reports the diameters calculated
by fitting SAXS data with the GP model and the diameters (Z-average)
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obtained by measuring droplets size distribution using DLS for all
emulsions studied. As may be observed calculated values were always
smaller than values measured by DLS. However, tendencies were similar:
values significantly diminished with increasing concentrations of pro-
tein, and for the same protein concentration, with increasing sucrose
concentrations (p < 0.05). Although significant, differences due to the
addition of sucrose were smaller than the ones obtained increasing NaCas
concentration. It was expected that DLS values were greater than values
calculated from SAXS curves. DLS measures not only droplets/coverage
size but also hydration layer that moves with nanodroplet. In addition to
R values (Table 2), the fact that values from two different techniques
correlated indicated that SAXS model assumptions regarding geometry
and particle surface were correct.
Fig. 5. Scattered intensity obtained every 20 min after glucone-δ-lactone (GDL)
addition to the nanoemulsion with 4 wt% sodium caseinate (NaCas) and 8 wt%
Sucrose, (GDL/NaCas ratio ¼ 0.2). Lower inset: zoom of the Guinier zone. Upper
inset: zoom of the Porod zone.
3.1.3. Droplet coverage

Fig. 4 reports droplet coverage (C), as total surface occupied by
adsorbed protein, for all samples. C significantly increased with
increasing protein content (p 7< 0.05). C value for the 1 wt% NaCas-
stabilized nanoemulsion was 4 times smaller than C value for the 4 wt
% nanoemulsion since there is a higher concentration of total protein in
the nanoemulsion and a higher dispersed oil concentration that must be
coated to be stabilized. Thus, the molecules preferred to be located at the
interface than to remain in solution formingmicelles. On the other side, it
might be expected that sucrose did not have an effect on droplet coverage
since it is not a surfactant. However, for the 4 wt% NaCas-stabilized
nanoemulsion, C slightly increased with increasing sucrose content: 2%
coverage for every 2% increase in sucrose concentration. Sucrose slightly
increased the tendency of being at the interface most likely because it
interacted with protein molecules modifying protein/protein in-
teractions and protein molecules affinity for the interface.
3.2. Quantification of nanogels structure

3.2.1. Gelation kinetics
Fig. 5 shows, as an example, gelation kinetics of the nanoemulsion

formulated with 4 wt% NaCas and 8 wt% S. SAXS patterns reported were
obtained every 20 min. As time passed, the intensity in the Guinier zone
diminished (lower inset) while in the Porod zone increased (upper inset),
indicating that there were structural changes confirming the occurrence
of sol/gel transition. Changes in patterns indicated that the size of
Fig. 4. Total area occupied by the adsorbed protein (C, in arbitrary units),
calculated from the Porod zone. Different letters indicates significant differ-
ences (p<0.05).
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scattering elements and connections of matrix building blocks changed as
the gelation progressed. These changes in the structure were very
complicate and therefore only initial and final states were characterized.

3.2.2. Structural characterization of gels

SAXS curves for gels measured after 2.5 h of GDL addition were fitted
by the GP model for nanodroplets and the generalized GP model for
protein matrix. Table 3 summarizes the selected values for the models
parameters. For oil nanodroplets, as was done when fitting nano-
emulsions SAXS curves, s was set at 0 (sphere) and d at 4 (smooth sur-
face). For protein scattering elements, s2 was set at 0 since the Guinier
region was successfully fitted using only one slope, and s1 value was fitted
by the program. In all cases, results were very close and therefore a fixed
value of 2.6, which was the average value calculated for all SAXS curves,
was selected for parameter s1. As the radius of gyration of the sphere
equivalent to the hydrogel scattering object (Rgsph) depends on s1 and Rg1,
by fixing s1, Rgsph only depended on Rg1. Distances Rg1 and Rg2 varied
freely and were fitted by the program because the behavior during sol/
gel transition was not known and therefore these values were hard to
predict. Rg1 corresponded to the size of the scattering object, which was
not spherical since protein formed a network and no isolate protein ob-
jects can be identified in this matrix. Rg2 was related to the length of
interactions among building blocks and it might be expected that the
higher the Rg2 value the stronger the gel.

Fig. 6 reports the intensity vs. q curve for the hydrogel prepared from
the 4NaCas8S nanoemulsion. Fig. 6 shows experimental data (Iexp),
global fit of the model (Imodel), and the contributions of the two scattering
elements considered: oil nanodroplets (Ioil) and protein (Iprot). The
calculated intensity fitted the experimental data very well. Parameter R
also confirmed the goodness of the fit (Table 4). For all samples, both
Table 3
Values of the GP and the generalized GP models parameters selected for fitting
nanogels SAXS data.

Oil nanodroplets (GP) Protein (Generalized GP)

Scale Factor Free Free
Gyration radius Rg Free (>15 nm) Rg1 and Rg2 free
d Fix at 4 (smooth surface) Fix at 4
s Fix at 0 (sphere) s2 fix at 0

s1 fix at 2.6



Fig. 6. Results of fitting small angle X-ray (SAXS) data with the generalized
Guinier-Porod (GP) model for the 4 wt% sodium caseinate (NaCas) 8 wt% su-
crose nano-based hydrogel. The plot shows experimental data (Iexp), global fit of
the model (Imodel), and the contribution of the two scattering elements consid-
ered: oil nanodroplets (Ioil) and protein (Iprot).
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contributions, Ioil and Iprot increased with increasing contents of protein
and sucrose, indicating that more scattering elements were present in
hydrogels containing a higher solid mass (see supplementary materials).
Table 4 reports values of parameters obtained from the GP model for
nanodroplets, from the generalized GP model for protein scattering ob-
jects, and values of radius of gyration of the sphere equivalent to the
hydrogel scattering object (Rgsph). As mentioned before, Rg1 and Rg2 may
be interpreted as radius of gyration for building blocks and correlation
length between building blocks, respectively. Rg1 slightly increased with
increasing protein concentration and for the 4 wt% NaCas hydrogel, no
significant differences were found with increasing sucrose concentration,
indicating that building blocks were similar for different formulations
(p < 0.05). Rg2 significantly increased with increasing protein concen-
tration and for a fixed protein content, slightly increased with increasing
sucrose content. Connections among building blocks were improved for
hydrogels containing a higher solid mass. Radius of gyration of oil
nanodroplets (Rgoil) significantly diminished with increasing protein and
sucrose concentrations. According to these calculations, nanodroplets
kept their original nanosize, which slightly increased from nanoemulsion
to gel. These results showed that droplet coalescence was negligible
during the sol/gel transition and that scattering objects of hydrogel had
nanosizes.

3.3. Sol/gel transition by rheology

Fig. 7 reports the evolution of G0 and G00 moduli as a function of time
for the nanoemulsion/hydrogel transition. The starting nanoemulsion
selected as example was the one formulated with 4 wt% NaCas and 8 wt
Table 4
Gyration radii for oil nanodroplets (Rg) and protein (Rg2 and Rg1) as well as the rad

Sample Protein

Rg2 (nm) Rg1 (nm)

N1NaCas0S 7.11 � 0.05a 0.30 � 0.002a

N2NaCas0S 8.88 � 0.06b 0.43 � 0.003b

N3NaCas0S 11.68 � 0.08c 0.42 � 0.003b

N4NaCas0S 13.03 � 0.09d 0.56 � 0.004c

N4NaCas2S 13.44 � 0.09e 0.55 � 0.003c

N4NaCas4S 14.18 � 0.1f 0.55 � 0.003c

N4NaCas6S 14.56 � 0.1g 0.60 � 0.004c

N4NaCas8S 14.64 � 0.1g 0.52 � 0.003c

� Error of calculated parameter.
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% sucrose. At the beginning of the run, the behavior of G0 and G00 with
time was characteristic of a liquid system.G0 and G00 values varied around
zero. As the hydrogel formed, both moduli increased sharply. There is a
time at which G0 is equal to G00 and after this point, G0 is always signifi-
cantly higher than G’‘. There is a general agreement among authors
considering gelation time as the time at which both moduli have the
same value. After that time hydrogel was structured until reached a
plateau value forG0 andG’‘. As was reported the degree of stiffness of gels
may be inferred from asymptotic values of G’ (G’∞), (Raak et al., 2019).
Fig. 8 shows a plot of log G’∞ vs. log Rg2. As may be noticed both pa-
rameters correlated. Longer distances of interactions among building
blocks corresponded to greater gel strength. The hydrogel prepared from
the 4 wt%NaCas/8 wt% sucrose nanoemulsion was not included in Fig. 8
because for this sample there was a notorious increase in G’∞, greater
than the one expected from the linear tendency showed for the other
formulations. This hydrogel had the greatest strength of all systems
studied and the highest solid mass of all. In this formulation, in addition
to building blocks connections, solid mass also contributed to rheology.

4. Discussion

Previous work on sodium caseinate/trehalose conventional emul-
sions showed that the protein-to-oil ratio modified droplets size of
discontinuous phase and strongly influences stability and destabilization
mechanisms (Cerimedo et al., 2010). In this article, the protein-to-oil
ratio was fixed at 0.6. However, for the prepared nanoemulsions,
Z-average and polydispersity index as measured by DLS decreased while
stability as evaluated by Turbiscan notoriously increased (de Oca-�Avalos
et al., 2017), indicating that droplets size and stability depended on more
than one parameter. Other factors such as total solid mass were also
important since they affected droplet coverage (C), influencing the af-
finity of protein molecules for the interface, and also the interactions
among protein molecules, as may be inferred from parameter C. This
increase in droplet coverage was in agreement with the fact that radius of
gyration of free protein (Rgfree) significantly diminished for the 4 wt%
NaCas-stabilized nanoemulsion while droplets size notoriously
decreased, indicating that more protein was at the interface and less
molecules interacted in solution to form micelles. As previously reported
this formulation was stable for 2 months (Cerimedo et al., 2010). The
effects of total solid mass were also noticeable in the nanoemulsion-based
hydrogels as evidenced by the behavior of parameters Rg2 and G’∞. The
highest the solid mass the greater the correlation distances and final
strength of hydrogels.

Increasing sucrose content had a lower effect on systems parameters
than increasing protein concentration. However, sucrose modified in-
teractions among protein molecules increasing parameter C, and
decreasing Rgfree and Rgoil values. In conventional systems, addition of
20 wt% sucrose to a 5 wt% NaCas emulsion modified the long-term
adsorption of NaCas at oil/water interface, and significantly changed
interfacial dynamic characteristics, indicating that because of sucrose
addition, NaCas became a better surfactant. In those systems, the in-
teractions between sucrose and NaCas modified protein functionality,
ius of the equivalent sphere for all nanogels.

Oil Nanodroplets Goodness of fit

Rgsph (nm) Rg (nm) R

1.80 � 0.01a 43.57 � 0.3a 0.061
2.56 � 0.02b 42.88 � 0.3b 0.039
2.50 � 0.02b 48.74 � 0.4c 0.018
3.33 � 0.02c 46.90 � 0.3d 0.014
3.28 � 0.02c 39.99 � 0.3e 0.019
3.31 � 0.02c 33.45 � 0.2f 0.026
3.56 � 0.03c 32.38 � 0.2g 0.027
3.11 � 0.02d 27.34 � 0.2h 0.030



Fig. 8. Plot of log G’∞ vs log Rg2. Data were linearly fit, equation and R2 are
shown in the graph.

Fig. 7. Elastic (G0) and loss (G00) moduli as a function of gelation time for the
nanoemulsion formulated with 4 wt% sodium caseinate (NaCas) and 8 wt%
sucrose. Black symbols: G0, grey symbols G’‘.
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which led to a dramatic change in emulsion microstructure and stability
(Huck-Iriart et al., 2013). SAXS calculated parameters supported this
effect on nanosystems too. However, as stability of nanoemulsions is
notoriously higher than the one of conventional emulsions with the same
formulations, it occurred in less extent. Microtomography analysis of
hydrogels prepared from nanoemulsions showed that porosity decreased
and wall thickness increased with increasing sucrose content (Montes de
Oca-�Avalos et al., 2019). Sucrose was part of hydrogel structure, indi-
cating that protein/sucrose interactions are strong and that these in-
teractions modified the affinity among protein molecules. These findings
are in agreement with the fact that Rg2 distance increased with increasing
sucrose concentration, indicating interactions among a higher number of
building blocks. Rheological parameter G’∞ showed good correlation
with Rg2 distance as reported in Fig. 8. A more connected nanostructure
led to a stronger hydrogel.

The curve Iprot vs. q was also fitted using a fractal approach (see
supplementary materials). The fractal dimension obtained was 2.5, a
value very close to s1 value, a Guinier slope in the medium zone of I vs. q
curve, showing that all nano-based hydrogels had the same symmetry
for connections between building blocks. The linear correlation be-
tween Rg2 and G’∞ reported in Fig. 8 confirmed that all hydrogels were
fractal in nature. The calculated slope was 2.3, a value close to the
fractal dimension calculated by the fractal model. The correlation
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distances calculated from the fractal model were in agreement with Rg2
distances, which supported the physical interpretation chosen for
parameter Rg2.

5. Conclusions

Hammouda approach (Hammouda, 2010) was successfully used to
interpret nano-based sodium caseinate/sucrose hydrogels and the
nanoemulsions that were used to prepare them.

In hydrogels, two different types of objects were described together:
oil droplets and protein building blocks. These objects had different ge-
ometries, however, they were quantified from a curve that described the
whole q range. Themodel had the advantage of allowing protein building
blocks quantification without assigning a geometry to them. Guinier zone
was fitted with only one slope with low error, which indicated that all
analyzed hydrogels had the same symmetry for building blocks connec-
tions. In both, nanoemulsions and nano-based hydrogels, model param-
eters correlated with macroscopic physical properties: calculated values
of radius of gyration of nanodroplets (Rgoil) showed the same tendencies
as Z-average values measured by DLS, and long distances, assigned to
connections between building blocks, (Rg2), correlated with G’∞ values,
indicating that the connections between building blocks (nano scale)
strongly influenced hydrogel strength (macroscopic system).
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