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Abstract: The correlation between interfacial properties and emulsion microstructure is a topic of
special interest that has many industrial applications. This study deals with the comparison between
the rheological properties of oil-water interfaces with adsorbed proteins from legumes (chickpea or
faba bean) and the properties of the emulsions using them as the only emulsifier, both at microscopic
(droplet size distribution) and macroscopic level (linear viscoelasticity). Two different pH values
(2.5 and 7.5) were studied as a function of storage time. Interfaces were characterized by means of
dilatational and interfacial shear rheology measurements. Subsequently, the microstructure of the
final emulsions obtained was evaluated thorough droplet size distribution (DSD), light scattering
and rheological measurements. Results obtained evidenced that pH value has a strong influence on
interfacial properties and emulsion microstructure. The best interfacial results were obtained for the
lower pH value using chickpea protein, which also corresponded to smaller droplet sizes, higher
viscoelastic moduli, and higher emulsion stability. Thus, results put forward the relevance of the
interfacial tension values, the adsorption kinetics, the viscoelastic properties of the interfacial film,
and the electrostatic interactions among droplets, which depend on pH and the type of protein, on
the microstructure, rheological properties, and stability of legume protein-stabilized emulsions.

Keywords: bulk rheology; droplet size distribution (DSD); dilatational rheology; emulsion stability;
interfacial shear rheology

1. Introduction

A wide variety of commercial fluid products (e.g., for food or pharmaceutical applications)
basically consist of colloidal disperse systems, such as emulsions and foams, whose primary
characteristic is the formation and stabilization of a large interfacial area. Proteins are highly efficient
for the stabilization of fluid—fluid interfaces as they tend to form two-dimensional (2D) microstructures
at the interface, which are referred to as complex interfaces. Such complex interfacial microstructure
leads to rheological complexity. In fact, the properties of the fluid-fluid interfaces (e.g., surface tension,
surface dilatational, or surface shear moduli) may show a dominant effect on the overall dynamics
of these systems. Hence, an understanding of the interfacial properties of adsorbed protein layers is
considered to be essential for controlling the physio-chemical stability properties of such colloids [1,2].
However, the dynamic behavior of protein-adsorbed fluid-fluid interfaces can be analyzed by using
different rheological approaches. Dilatational rheology has been related to the dynamics of emulsion
formation [3,4] but involves changes in the surface area and surface concentration [5,6]. On the other
hand, interfacial shear rheology is attracting increasing attention since it has been postulated to be
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more sensitive to the application of small deformations over which the surface area remains unaltered.
In addition, the interpretation of these measurements is analogous to that of widely used techniques in
bulk rheology [7,8]. However, a correct interpretation of interfacial films requires of both techniques
(dilatational and interfacial shear rheology). Although several tools have been used to overcome the
challenges of interfacial shear rheology, double wall ring (DWR) geometry has demonstrated many
advantages, where the effect of adjoining subphases may be conveniently neglected in most of practical
conditions [9,10].

The dynamics of model proteins (mainly coming from milk fractions), adsorbed at oil/water
(O/W) interface, has been widely studied [9-11]. However, these proteins systems are not
cost-competitive enough for the manufacturing of commercial emulsions. An attractive alternative for
the formation and stabilization of emulsions has been the use of plant proteins, not only because they
are more cost-competitive but also because they exhibit high nutritional quality and allow avoiding
the use of animal sources. Among them: legume proteins, which constitute the world’s fourth
most important crop and are particularly interesting due to their excellent nutritional properties and
composition as they are rich in carbohydrates, proteins, fibers, vitamins, and minerals [12,13]. In fact,
the protein content in legumes is higher than in cereals (reaching up to 20 wt.%) and similar to that
found in meat products [14].

In addition to the characterization of the emulsion at a nanoscale (interfacial properties), it is
essential to relate the emulsion stability to its properties at a microscale (i.e., droplet size distribution,
DSD), as well as to the macroscopic properties, such as the rheology of the continuous phase, both of
which depend on the interactions among droplets [15] and can be used to predict some destabilization
phenomena (e.g., creaming and flocculation) [16].

The aim of this work was to evaluate the links between the interfacial properties of legume
protein-adsorbed O/W layers and the microscopic and macroscopic properties of emulsions stabilized
by using these proteins, either from chickpea (CP) or faba bean (FB). Additionally, the influence of
pH value was analyzed (pH 2.5 and 7.5). To achieve this objective, the interfacial characterization
was carried out by means of dilatational and interfacial shear rheology measurements (using a
DWR geometry). Moreover, the microstructure and stability of final emulsions were evaluated
by means of droplet size distribution (DSD) and multiple light scattering (MLS) analysis whereas
their bulk rheological properties were determined by using small amplitude oscillatory shear
(SAOS) measurements.

2. Materials and Methods

2.1. Materials

Two protein systems were used in this study. The HerbaPro F65 (from faba bean) and the CD
300 (from chickpea). Both protein concentrates were supplied by Herba Ingredients (San José de la
Rinconada, Seville, Spain). The former protein system was obtained by direct milling, followed by a
dry densification process. The light effluent rich in proteins (56.4 £ 0.1 wt.%) was used in this work [17].
The later protein system was obtained by direct milling of chickpea, however it was concentrated by
protein solubilization, followed by isoelectric precipitation (pH 4.0) [18]. The final protein content of
this protein system (CP) was previously reported by the authors (65.2 £ 0.1 wt.%) [18]. On the other
hand, the sunflower oil was purchased from a local producer (COREYSA, Seville, Spain) and all other
chemical reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA). The isoelectric point of
each protein system was previously determined, being 3.5 for the FB protein system [17] and 4.0 for
the CP protein system [18].
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2.2. Interfacial Characterization

2.2.1. Pendant Droplet Measurements

Kinetics of protein adsorption was determined by pendant droplet measurements. Transient
and steady-state interfacial dilatational measurements were carried out using the TRACKER
pendant-droplet tensiometer (IT Concept, Nice, France). The shape of an axisymmetric droplet
was analyzed through a charge-coupled device (CCD) camera coupled to a computer. Droplet
profiles were processed according to the Laplace equation as was described by Castellani et al. [19].
Transient measurements were carried out at 0.62 rad/s and 10% strain amplitude. On the other hand,
after reaching the pseudo-equilibrium state (i.e., after 10,800 s), the mechanical spectra were obtained
by means of a frequency sweep test (from 0.048 to 0.62 rad/s). All the experiments were carried out, at
least in triplicate, at the saturation protein concentration of the O/W interface, using an optical glass
cuvette (8 mL), which contained the oil phase, at 20.0 + 0.1 °C.

2.2.2. Interfacial Shear Rheological Properties

Protein adsorption kinetics was also determined by interfacial measurements. Transient and
steady-state interfacial shear measurements were carried out using the Double wall-ring geometry,
coupled to the high-sensitive DHR-3 rheometer (TA Instruments, New Castle, DE, USA). Interfacial
shear characterization was carried out by means of interfacial small amplitude oscillatory shear
measurements (i-SAOS) measurements [8]. Time sweep experiments were carried out during the
protein adsorption (i.e., over 10,800 s) at 0.62 rad/s, obtaining the interfacial shear mechanical spectra.
Subsequently, frequency sweep tests were performed after protein adsorption from 0.062 to 6.2 rad/s.
Prior to frequency sweep tests, stress swept tests were performed to determinate the linear viscoelastic
region (LVR). All these experiments were carried out at the saturation protein concentration of the
O/W interface, at least in duplicate, where the experimental set-up was thermostated at 20.0 + 0.1 °C
by placing the double wall cup directly onto the Peltier bottom plate.

Moreover, the contribution of the subphase to i-SAOS results was assessed by calculating the
Boussinesq number (Bo) (Equation (1)):

_ s
Bo = T (1

where 75 and 7, represent the viscosities of the interface and the bulk, respectively and a is the
characteristic length for the for geometry used (0.07 mm).

Bo was higher than 100 in all cases (Bo > 100), indicating that the response obtained is solely
related to the interfacial contribution [8,20].

2.3. Emulsion Preparation

Emulsions were prepared following a two-stages method. In the first stage, protein dispersion
(50/50) was adjusted at the selected pH value: either below the isoelectric point (IEP) (pH 2.5) or
above the IEP (pH 7.5) [17,18]. Subsequently, high-oleic sunflower oil (Coreysa S.A. de C.V., Sevilla,
Spain) was gradually blended with the aqueous protein dispersion. The protein concentration was
selected according to the concentration of protein required for the saturation of the O/W interface:
2.5 wt.% for pH 2.5 and 4 wt.% for pH 7.5. Blends were subjected to high-shear mixing using the
Ultraturrax T-50 (IKA, Staufen, Germany) over 2 min at 5000 rpm, obtaining pre-emulsions. The second
stage consisted on passing once the pre-emulsions through the high-pressure valve homogenizer
EmulsiFlex-C5 (Avestin, Mannheim, Germany) at 200 KPa. After that, the emulsions were ready for
further characterization.
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2.4. Emulsion Characterization

2.4.1. Droplet Size Distribution Measurements

DSD measurements were carried out by laser diffraction with the Mastersizer X (Malvern
Instruments, Malvern, UK). To disrupt floccules, 1 wt.% of sodium dodecyl sulphate (SDS) was
added to the water/emulsion dispersion, followed by a soft stirring [21]. The Sauter mean droplet
diameter was calculated as follows:
¥omd?
E n ldlz
where 7; is the number of droplets which have d; as diameter. DSD measurements were carried out the
day after emulsion preparation and 28 days later.

D(3,2) = @)

2.4.2. Bulk Rheological Properties

Linear viscoelastic properties of legume protein-stabilized emulsions were determined by SAOS
measurements, carried out using the AR-2000 rheometer (TA Instruments, New Castle, DE, USA).
Prior to frequency sweep tests, stress sweep tests were performed at three different frequencies (0.62,
6.20, and 12.52 rad/s) to define the linear viscoelastic region (LVR). Subsequently, frequency sweep
tests were carried out from 0.062 to 125 rad/s, at constant stress within the LVR. Serrated plates of
35 mm were used in these measurements to avoid slipping phenomena. SAOS measurements were
carried out the day after emulsion preparation and 28 days later.

2.4.3. Backscattering Measurements

MLS measurements were carried out with a Turbiscan Lab Expert (L'Union, Toulouse, France).
A light source on a glass tube, which contains the sample, was applied. The backscattering profile
was obtained as a function of the tube length. The stability of these emulsions was analyzed during
28 days. Relative backscattering (ABS) as a function of time was defined as follows:

ABS (%) = (BSg — BS;) x 100 3)

where BS( and BS; are the BS values obtained for the full profile at 50 mm tube length the day 0 and
after time, f (1,7, 14, 21, and 28 days), respectively.

2.5. Statistical Analysis

At least three replicates of each measurement were carried out. Measurement uncertainty was
determined by means of standard deviation. Moreover, significant differences (p < 0.05) were analyzed
by means of analysis of variance (ANOVA) tests (Excel statistical package). Different letters in tables
indicate significant differences.

3. Results
3.1. Interfacial Characterization

3.1.1. Dilatational Measurements

Figure 1A shows the rheokinetics of the protein adsorption at O/W interface at two different pH
values (2.5 and 7.5) for the two protein systems studied (FB and CP). As can be observed, the initial
adsorption of the protein at the interface involves an increase in the apparent elastic modulus (E’s), as
well as a decrease in the apparent viscous modulus (E”s) which corroborates that the interfacial film is
progressively being formed in all cases [7,22,23].
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Figure 1. Evolution of the dilatational viscoelastic moduli (E’s and E”) of the oil/water O/W interface
at two different pH values (2.5 and 7.5) for the two protein systems studied (faba bean (FB) and chickpea
(CP)): (A) during protein adsorption; (B) after reaching the pseudo equilibrium state.

This initial behavior has been previously related with protein diffusion and penetration to the
O/W interface. This first step is typically followed by protein opening and consequently unfolding,
leading to a decrease in rate changes of the apparent viscoelastic moduli (E’s and E”s), eventually
showing a tendency to reach a constant value of E”s or E’s. This is the behavior observed for both
protein systems at pH 2.5, however at pH 7.5 the trend to a constant value is achieved after a shoulder
in E’s. This different behavior, regardless of the protein used, has been attributed to some protein
rearrangements which might take place at this pH value [24], as well as to the formation of a protein
multilayer [25]. In any case, previous studies indicated that the protein adsorption at low pH value
(i.e., 2.5) took place faster since protein is denatured before reaching the O/W interface, leading to a
faster protein unfolding at the interface.

This plot also reveals that the interfacial films developed are stronger for pH 2.5 than for pH 7.5,
regardless of the protein system that studied FB or CP. Among them, CP interfacial films exhibit higher
viscoelastic response. On the other hand, Figure 1B exhibits apparent dilatational viscoelastic moduli
after 10,800 s protein adsorption at two different pH values (2.5 and 7.5) as a function of frequency
value (from 0.048 to 0.62 rad/s). As can be observed, E’s is always above E”s, corroborating that
the formation of a gel-like interfacial film at the O/W interface takes place [9]. These gel-like results
(low frequency dependence and high apparent viscoelastic moduli) have been previously obtained
for other protein adsorbed at O/W interface [22,26,27]. Moreover, this plot also indicates that the
pH value exerts a marked effect on both apparent viscoelastic moduli (E’s and E”s). In this sense,
the mechanical spectra obtained for the different systems studied also indicate that the best results (i.e.,
the strongest gel-like response) were obtained for CP-adsorbed films at pH 2.5. These results were
related to unfolded proteins found at this pH value, allowing better interaction among different protein
chains [28] and leading to stronger interfacial films at low pH value due to higher protein-protein
interactions (related to hydrophobic forces) [29]. However, some precautions should be taken upon
analysis of these results since it is recognized that the apparent dilatational moduli obtained in complex
fluid-fluid interfaces may be affected by bending rigidity, as well as by the changes in the surface area
which take place during dilation and contraction [30].

3.1.2. Interfacial Shear Measurements

Figure 2A shows the protein adsorption rheokinetics of the O/W interface at two different pH
values (2.5 and 7.5) for the two protein systems studied (FB and CP) obtained by means of interfacial
shear measurement.
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Figure 2. Evolution of the interfacial shear viscoelastic moduli (G’s and G”s) of the O/W interface
at two different pH values (2.5 and 7.5) for the two protein systems studied (FB and CP): (A) during
protein adsorption; (B) after reaching the pseudo equilibrium state.

The comparison between interfacial dilatational and shear measurements have been proposed as
a key tool to understand the rheological behavior of complex interfaces. Thus, whereas the former
may be affected by bending rigidity and changes in surface area, the latter is not affected by these
phenomena. According to this plot, the evolution of G’s and G” is similar to the behavior found from
dilatational measurements (E’s and E”s), where G’s experienced a fast initial increase followed by a
tendency to reach a plateau zone. Interestingly, the interfacial shear measurements do not show the
above-mentioned shoulder found at pH 7.5. Moreover, the G”s modulus decreases until reaching a
constant value. This response reflects the protein adsorption at the O/W interface which leads to the
development of an interfacial film [31]. The interfacial films formed at low pH value exhibit higher
elastic interfacial modulus than the interfaces stabilized at higher pH value, which is consistent with
the results obtained from dilatational measurements.

In contrast, when comparing the two protein systems, the consistency between interfacial shear
and dilatational measurements only remains at pH 7.5, at which CP displays higher values than
FB. However, the strongest gel-like response found at pH 2.5 for CP over FB-adsorbed films, under
dilatational measurement, is not observed by interfacial shear measurements.

On the other hand, Figure 1B shows the experimental mechanical spectra of the O/W
interfaces obtained for CP and FB protein systems adsorbed at the O/W interface after reaching
the pseudo-equilibrium state at two different pH values (2.5 and 7.5). These mechanical spectra
confirm the development of the protein network, which is reflected by a 2D gel-like behavior. However,
the G’ values obtained by interfacial shear measurements are more frequency-dependent, suggesting
that the E’s values may be affected by Gibbs elasticity caused by changes in surface area, which takes
place in dilatational measurements [7]. The above-mentioned inconsistency found between both
techniques over protein adsorption at pH 2.5 remains for the mechanical spectra obtained after the
pseudo-equilibrium. At pH 7.5, however, both techniques lead to highest mechanical spectra for
CP-adsorbed films.

3.2. Emulsion Characterization

3.2.1. Droplet Size Distribution Measurements

Figure 3 shows the DSD profiles obtained for CP or FB-stabilized emulsions the same day of
emulsion preparation (Figure 3A) and 28 days later (Figure 3B) at two different pH values (2.5 and 7.5).
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Figure 3. Droplet size distribution (DSD) profiles for FB and CP-stabilized emulsions at two pH values
(2.5 and 7.5): (A) the same day of the emulsion preparation; (B) after 28 days emulsion storage.

In order to explain the results from DSD measurements, the equilibrium interfacial tension
values for CP or FB-adsorbed O/W interfaces were previously measured by tensiometry (using a
Whilhelmy plate fitted to a KSV-Sigma 701 tensiometer (KSV Instruments Ltd, Helsinki, Finland)).
The values obtained for CP films at pH 2.5 and 7.5 were 5.0 + 0.3 and 2.5 £ 0.5 mN/m, respectively,
whereas FB-adsorbed films at pH 2.5 and 7.5 showed interfacial tension values of 9.3 & 0.4 and
3.5 4+ 0.3 mN/m, respectively.

According to Figure 3A the lower droplet sizes were obtained with CP protein at pH 2.5, despite
the higher tension value shown at this pH as compared to pH 7.5. Similar results were found
previously for other protein systems, being related with the ability of proteins to cover the overall
surface droplet [32]. In fact, the adsorption kinetics is faster at low pH, as was shown in Figure 1A
and Figure 2A, leading to faster droplet breakage. In addition, the faster development of the 2D
network found at this pH also seems to contribute to protect the interface against recoalescence,
which is particular important at the beginning of the emulsification process. Thus, higher interfacial
viscoelastic response was related to smaller droplet sizes and stronger interfacial films for the same
protein system [33]. In contrast, the high value obtained for the interfacial tension of FB at low pH
seems to be dominant leading to a DSD profile with the highest droplet sizes. In any case, the lower
interfacial tension values of CP-adsorbed films as well as its faster adsorption kinetics contribute to
obtain lower droplet sizes for CP-stabilized emulsions. The lower values found for the loss tangent of
CP-adsorbed layers (data not shown) also contributes to protect the O/W interface against coalescence.

Nevertheless, when comparing DSD profiles for emulsions measured at the same day of
preparation (Figure 3A) with those measured 28 days after emulsion preparation (Figure 3B), it
may be concluded that these emulsions are rather stable regardless of the pH or protein system used.
The only exception is the FB-stabilized emulsion at low pH which shows a moderate evolution of the
DSD profile towards higher sizes, which may be associated to some coalescence. According to previous
studies on O/W emulsions stabilized by protein as the only emulsifier, an average size (D(3,2)) lower
than 3 pm would lead to highly stable emulsions [34]. All the emulsions studied show D(3,2) values
well below this value, excepting for the FB-stabilized emulsion prepared at pH 2.5 whose D(3,2) is
close to this limit.

These excellent results of emulsion stability, obtained in absence of any stabilizer, are closely
related to the gel-like viscoelastic response found for these O/W complex interfaces, since the
development of strong interfacial films avoid droplet coalescence which eventually would lead to
emulsion destabilization by creaming.

3.2.2. Bulk Rheology

Figure 4 shows the mechanical spectra obtained by means of frequency sweep tests for CP and
FB-stabilized emulsions, just the same day after emulsion preparation at two different pH values (2.5
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and 7.5). The frequency sweep tests showed that the values of G” were always above G” within the
frequency interval studied, indicating that these emulsions have a gel-like behavior regardless of the
protein and pH value studied. In agreement with the mechanical spectra obtained from interfacial
films, the G" and G” values obtained from emulsions showed a moderate frequency-dependence, which
is particularly remarkable for CP-stabilized emulsions at pH 2.5. In fact, this is the emulsion showing
higher values for the viscoelastic functions, whose response is typical of a well-developed elastic
network. On the other side, the lowest G” values were obtained for the system stabilized with FB at pH
7.5, which confirm the weakness of the network formed [35,36]. As may be observed, CP-stabilized
emulsions show higher viscoelastic responses at both pH values. This viscoelastic behavior is similar
to the viscoelastic response found for full-fat emulsions stabilized by whey proteins [37]. This study
indicated that the viscoelastic moduli of these emulsions exhibited a soft frequency dependence,
whereas the elastic moduli reached a value of c.a. 2000 Pa.
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Figure 4. Mechanical spectra from frequency sweep tests obtained for FB and CP-stabilized emulsions
at two different pH values (2.5 and 7.5) the same day of emulsion preparation.

SAQS results for emulsions are generally in agreement with DSD results shown in Figure 3, where
the smaller droplet sizes correspond to the higher elastic moduli, and consequently to the most stable
emulsions. Previous studies also found the same relationship between droplet sizes and viscoelastic
properties, where the more stable systems correspond to the lower droplet sizes and higher viscoelastic
moduli [38,39]. However, the viscoelastic properties of the emulsions are also strongly dependent on
pH that may have a relevant role on the electrostatic interactions among droplets, thus conditioning
the formation of the 3D elastic network.

3.2.3. Back Scattering Measurements

Figure 5 shows Backscattering ABS profiles and results for CP and FB-stabilized emulsions at two
different pH values (2.5 and 7.5). Although one of the greatest advantages of these measurements is
the prediction of emulsion destabilization in early stages, the profiles obtained for these emulsions
are fairly constant after 28 days of ageing, especially for CP-based emulsions. Thus, ABS profiles
were calculated in order to elucidate any slight change. These results indicate that only the emulsion
stabilized with FB at the lowest pH value shows an apparent change over storage time. This poorer
stability has been also observed by analyzing the evolution of DSD profiles. The rest of the emulsions
show only very slight increases of droplet sizes over storage time and small slopes for ABS profiles
(lower than 0.04), which reflect a good emulsion stability response against coalescence and creaming.
This type of kinetic stabilization has been previously found for other emulsions systems, and it is able
to provide them quite fairly long-term stability [40].
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Figure 5. Results from multiple light scattering measurements as a function of storage time:
(A) Backscattering (BS) profiles for CP-stabilized emulsions at pH 2.5; (B) BS profiles for FB-stabilized
emulsions at pH 2.5; (C) ABS for FB and CP-stabilized emulsions at pH 2.5 and 7.5.

4. Conclusions

The results from the interfacial dilatational and shear viscoelastic measurements indicate that
proteins are able to form a film with a gel-like behavior at the O/W interface, whose strength depends
on the pH value and the type of protein used. Comparing the two techniques it can be inferred that,
i-SAOS measurements have shown to be more sensitive to pH modifications and more useful to follow
the evolution of viscoelastic properties over protein adsorption.

As for the macroscopic results obtained for legume protein-stabilized emulsions it may be
concluded that DSD profiles, which is also strongly affected by pH and the type of protein, depend
on the interfacial tension value and on the adsorption kinetics and on the viscoelastic properties of
the interfacial film. SAOS and DSD results for legume protein-stabilized emulsions are generally in
agreement, where the smaller droplet sizes correspond to the higher elastic moduli, and consequently
to the most stable emulsions. However, electrostatic interactions among droplets also promote an
enhancement of the 3D elastic network.

A comparison between the bulk and interfacial mechanical spectra of these systems reveals
that both the pH of the continuous phase and the type of protein yield analogous effects on their
corresponding bulk and interfacial viscoelastic moduli. However, it is also apparent that the changes
induced on the mechanical spectra of the bulk are much more remarkable. There is a direct relationship
between interfacial and bulk properties, which is more evident for the CP protein concentrate,
particularly at pH 2.5. In any case, emulsions stabilized with FB at pH 2.5, at which the highest
interfacial tension value was obtained, show the poorest DSD results and emulsion stability.

Moreover, results obtained from emulsion stability seem to agree with the interfacial rheology
response of legume protein systems. This is particularly clear for the results obtained from i-SAOS
measurements, since dilatational measurements seems to overestimate the solid character of the
interface. Therefore, it may be concluded that emulsion stability cannot be solely predicted by
interfacial rheology since interactions among droplets may also show a significant contribution on the
bulk rheological response.
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