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Abstract Many sectors of the food industry are interested in
replacing synthetic or animal-based ingredients with plant-
based alternatives to create products that are more natural,
environmentally friendly, and sustainable. In this study, the
ability of several plant protein concentrates to act as natural
emulsifiers in oil-in-water emulsions fortified with omega-3
fatty acids was investigated. The impact of emulsifier type on
the formation and stability of the emulsions was determined
by measuring changes in droplet characteristics (size and
charge) under different homogenization, pH, salt, and temper-
ature conditions. Pea (Pisum sativum), lentil (Lens culinaris)
and faba bean (Vicia faba) protein concentrates all proved to
be effective emulsifiers for forming and stabilizing 10 wt%
algae oil-in-water emulsions produced by high-pressure ho-
mogenization. The droplet size decreased with increasing
emulsifier concentration, and relatively small oil droplets
(d < 0.3 μm) could be formed at higher emulsifier levels
(5% protein). Lentil protein-coated droplets were the most
stable to environmental stresses such as pH, ionic strength
and temperature changes. These results have important impli-
cations for the production of functional foods and beverages
from natural plant-based ingredients.
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Introduction

Emulsifiers are surface active molecules that adsorb to the
surfaces of oil droplets and form protective coatings
around them [1]. Many proteins act as natural emulsifiers
because they have an appropriate balance of hydrophilic
and hydrophobic amino-acid groups, and adopt three-
dimensional conformations where some of the hydropho-
bic groups are exposed at their surfaces [2]. Proteins there-
fore have the tendency to adsorb to oil droplet surfaces
during homogenization and reduce the interfacial tension,
which facilitates further droplet fragmentation by decreas-
ing the Laplace pressure [3]. After adsorption, they may
undergo conformational changes that increase the number
of protein hydrophobic groups in contact with the oil
phase, which may also lead to interfacial cross-linking of
the proteins [4]. The protein coating formed around oil
droplets also helps protects them against aggregation by
generating electrostatic and steric repulsive forces [5].
Finally, the protein layer may also provide protection
against chemical degradation by acting as a physical barri-
er, chelating agent, or antioxidant [6]. Compared to
animal-based proteins, such as those from milk, eggs, meat
or fish, the emulsification properties of plant-based pro-
teins are much less well understood [1].

Proteins from legumes are of particular interest for
use in the food industry due to their widespread abun-
dance, low-cost, sustainability, low allergenicity, nutri-
tional benefits, positive consumer perception, and good
functional attributes [1, 7]. Pulses, which are the edible
seeds of legumes, have been shown to contain
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amphiphilic proteins that form relatively thick layers
around oil droplets, thereby enhancing emulsion forma-
tion and stability [8]. Legume proteins contain around
70% globulins and 10–20% albumins [9–11]. The main
globulins found in legume proteins are vicilin and
legumin [12]. Vicilin was found to be a better surface-
active material than legumin, due to its low molecular
weight and more flexible tertiary structure [13].

In this study, we investigated the ability of legume
protein concentrates to act as plant-based emulsifiers in
the development of emulsions fortified with omega-3
polyunsaturated fatty acids (PUFAs) from a non-animal
source (algae). Two of the most biologically active
sources of PUFAs currently utilized in the food industry
are eicosapentaenoic acid (22:5 omega-3, EPA) and
docosahexaenoic acid (22:6 omega-3, DHA). A diet rich
in these omega-3 PUFAs may help prevent a variety of
health problems, including cardiovascular disease, inflam-
mation, diabetes, cancer, asthma, schizophrenia and de-
pression [14–16]. Individuals can obtain nutritionally ben-
eficial levels of these bioactive lipids by consuming suf-
ficient quantities of fatty fish or isolated fish oils [14].
However, many individuals do not consume enough of
these oil sources, including vegans, vegetarians, pregnant
women (avoiding mercury), or people who dislike the
taste of fish [14]. Consequently, there is considerable in-
terest in identifying alternative sources of these long-
chain omega-3 PUFAs, such as algae oil. In this case, it
is necessary to incorporate the algae oil into a functional
food or beverage product that consumers find desirable.
There are a number of challenges associated with fortify-
ing foods with omega-3 PUFAs due to their poor water
solubility and high susceptibility to lipid oxidation [7].
These challenges can often be overcome by using well-
designed emulsion-based delivery systems that can be
used to conveniently incorporate these beneficial lipids
into functional food and beverage products [17, 18].

The aim of the present study was to provide an un-
derstanding of the relative advantages and disadvantages
of three different kinds of legume protein concentrate
(pea, lentil, and faba bean) as natural emulsifiers for
formulating emulsions enriched with omega-3 PUFAs.
The influence of protein type, protein concentration,
and processing conditions on emulsion formation and
stability was investigated. This is the first part of a
more comprehensive study using the same proteins,
which also includes studies of their ability to inhibit
lipid oxidation and their potential gastrointestinal fate
to be published later. The information obtained from
these studies may benefit the food industry by demon-
strating the potential benefits of pulse protein concen-
trates as natural emulsifiers for formulating functional
foods and beverages.

Materials and Methods

Materials

Pea, lentil, and faba bean protein concentrates (Vitessence
Pulse 1550, 2550 and 3600, respectively) were kindly do-
nated from Ingredion Inc. (Bridgewater, NJ). The compo-
sition of the legume protein concentrates is shown in
Table 1. Glutamine and asparagine were the most abundant
amino acids in the legume protein concentrates, making up
to 17.8–19.5% and 11.6–12.8% of total amino acids, re-
spectively. Whey protein isolate with 94% protein content
(BiPro JE 011–4-420) was provided by Davisco Foods
International Inc. (Le Sueur, MN). Algae oil (O55-O100
life’sOMEGA 60) was provided by DSM Nutritional prod-
ucts LLC (Parsippany, NJ). This product was reported to
have a total omega-3 content of at least 550 mg/g, with
300 mg/g coming from DHA and 150 mg/g from EPA.
All other chemicals were purchased from Sigma-Aldrich
(St. Louis, MO, USA).

Methods

Protein Content of Plant Protein Concentrates

Information about the protein content of the plant protein con-
centrates was obtained using a modification of the method
described by Joshi et al. (2011) [19]. Protein concentrates
were dissolved in distilled water (20% w/w) and the mixture
was adjusted to pH 8 using NaOH solutions. The dispersions
were then stirred for an hour at room temperature. Any insol-
uble materials were then removed by centrifugation (Sorvall
Lynx 4000 Centrifuge, Thermo Scientific, Agawam, MA) at
15,000 g for half an hour. The supernatants were collected and
the solutions were adjusted to pH 4.5 using hydrochloric acid
(HCl) solutions. The solutions were centrifuged as described
above and the protein concentrates were collected in petri
dishes and frozen by placing them into a − 80 °C freezer.
The frozen protein concentrates were then freeze-dried over-
night using a Virtis Freeze-dryer (Virtis Company, Gardiner,
NY, USA). The dried protein concentrates were ground using
a mortar and pestle.

The Lowry assay was used to quantify the protein content
of the legume protein concentrate solutions [20]. The amount
of protein present was calculated using a calibration curve
prepared using bovine serum albumin as a standard.

The protein contents of the freeze-dried faba bean, lentil
and pea protein concentrates were 74.5, 76.1 and 76.2%,
respectively. This suggests that there must have been other
components within the powders that co-precipitated with
the proteins at pH 4.5, such as lipids, carbohydrates, or
minerals.
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Protein Solubility Assays

Protein solubility was determined following a modifica-
tion of the method used by Aluko and Yada (1997) [21].
Protein concentrates were dispersed in sodium phosphate
buffer (0.05% w/v) with sodium azide (0.02% w/v). For
the pH-solubility assay, the pH values of the solutions
were then adjusted to pH 2–9 using 1 N NaOH or HCl
solutions. The solutions were then stirred overnight at
room temperature and the pH values were re-adjusted to
the appropriate values. To determine the total soluble pro-
tein content, a control group was carried by mixing the
same concentration of the protein concentrates in 0.1 N
NaOH solution. The protein solutions were centrifuged at
10,000 g for 20 min using a benchtop centrifuge (Sorvall
ST8, Thermo Scientific, Tewksbury, MA, USA) and the
protein concentrat ions of the supernatants were

determined by the Lowry method [20]. Protein solubility
(PS%) was calculated as:

PS %ð Þ ¼ 100 x
protein content of sample

protein content of control

Emulsion Formation

Emulsions were prepared using algae oil as the dispersed
phase and a buffered protein solution as the continuous phase
(10 mM sodium phosphate buffer, pH 7). These conditions
were selected to simulate food and beverage products that
have pH values around neutral. The powdered plant-protein
concentrates were initially dissolved in sodium phosphate
buffer overnight at 4 °C at concentrations ranging from 0.25
to 5% (w/w) based on the mass of the powder used. The pH

Table 1 Compositional information and color of the pea, lentil and faba bean protein concentrates used in this study (provided by the supplier)

Vitessence Pulse 1550 (Pea) Vitessence Pulse 2550 (Lentil) Vitessence Pulse 3600 (Faba bean)

Color Pale yellow Pale yellow Pale cream, gray

Protein (%) 55 55 60

Fat (%) 3.1 3.0 3.1

Ash (%) 5.0 4.9 5.0

Moisture (%) 8.0 8.0 9.0

Carbohydrates (%) 33 33 27

- Dietary fiber 14 13 11

- Sugars 4.2 3.2 2.8

- Other 15 17 13

Amino acid
composition (%)

/100 g product /100 g total amino acids /100 g product /100 g total amino acids /100 g product /100 g total amino acids

Arginine 3.8 8.9 3.5 8.3 4.8 10.1

Histidine 1.2 2.8 1.1 2.6 1.4 3.0

Isoleucine 1.9 4.4 2.2 5.2 2.2 4.7

Leucine 3.7 8.7 3.7 8.8 3.9 8.3

Lysine 3.6 8.4 3.6 8.6 3.4 7.2

Methionine 0.5 1.2 0.4 1.0 0.4 0.8

Phenylalanine 2.3 5.4 2.6 6.2 2.2 4.7

Threonine 1.7 4.0 1.7 4.0 1.9 4.0

Valine 2.3 5.4 2.3 5.5 2.5 5.3

Alanine 2.1 4.9 1.9 4.5 2.2 4.7

Asparagine 5.4 12.6 5.4 12.8 5.5 11.6

Cysteine 0.6 1.4 0.4 1.0 0.6 1.3

Glutamine 7.6 17.8 7.6 18.0 9.2 19.5

Glycine 2.0 4.7 1.8 4.2 2.4 5.1

Serine 2.1 4.9 2.2 5.2 2.6 5.5

Tryptophan 0.5 1.2 0.4 1.0 0.5 1.1

Tyrosine 1.4 3.3 1.3 3.1 1.5 3.1

Non-protein nitrogen 8.7 N/A 9.3 N/A 8.9 N/A
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values of the protein solutions were adjusted back to pH 7
after they were dissolved using sodium hydroxide (NaOH)
solution. The manufacturer reported that these commercial
ingredients contained 55–60% of protein, and therefore the
actual protein contents were quantified using the Lowry meth-
od (Table 1). After dispersion in sodium phosphate buffer the
protein concentrates tended to form cloudy dispersions. For
this reason, the protein concentrate solutions were centrifuged
(Sorvall Lynx 4000 Centrifuge, Thermo Scientific, Agawam,
MA) at 15,000 g for 15min to remove any insoluble particular
matter. Emulsions were prepared using both centrifuged and
non-centrifuged protein solutions, to determine the influence
of this process on their functionality.

Coarse oil-in-water emulsions were prepared by blending
the oil (10% w/w) and aqueous (90% w/w) phases together
using a high-shear mixer (M133/1281–0, Biospec Products
Inc., Bartlesville, OK) for 2 min at 10,000 rpm. This coarse
emulsion was then passed three times through a high-pressure
homogenizer (PureNano microfluidizer, Microfluidics,
Newton, MA) operating at 10,000 psi. This system includes
a Y- and a Z-type chamber to decrease the droplet size. The
temperature of the emulsions was kept low (<15 °C) during
homogenization by using an ice bath to cool the interaction
chamber. This was done to prevent excessive heating of the
emulsions at the high pressures used.

Emulsion Stability

A series of tests was carried out to establish the impact of
environmental stresses on the stability of protein-coated oil
droplets. These environmental stresses were selected to cover
a range of representative conditions that emulsions may expe-
rience in commercial food products:

pH: Emulsions were prepared at pH 7 and then diluted
10-fold using 10 mM sodium phosphate buffer. A series
of emulsions with different pH values (2 to 9) was then
obtained by adjusting the diluted emulsions to the speci-
fied pH values using NaOH and HCl solutions.
Ionic strength: Emulsions were prepared at pH 7 and then
they were diluted 10-fold using pH 7 sodium phosphate
buffer containing a range of salt levels to achieve the final
values of 0 to 500 mM sodium chloride (NaCl).
Temperature: Emulsions prepared at pH 7 were diluted
10-fold using pH 7 sodium phosphate buffer. They were
then placed in glass test tubes (10 mL each), incubated in
water baths set at different temperatures (20 to 90 °C) for
30 min, and then cooled down to room temperature.

After preparation, all of the emulsions were stored in the
dark for 24 h at room temperature prior to analysis for particle
size, particle charge, and emulsion appearance using the
methods described in the following sections.

Droplet Characteristics

Droplet sizes were measured using a static light scattering
instrument (MasterSizer 2000, Malvern Instruments,
Westborough, MA). The resulting data is presented as particle
size distributions or surface-weighted mean diameters (d32).
Droplet surface potentials (ζ-potentials) were measured by
particle electrophoresis (Zetasizer Nano ZS Series, Malvern
Instruments). Samples were diluted 1:100 with sodium phos-
phate buffer having the same pH and salt concentration as the
sample prior to analysis to avoid multiple scattering effects.

Data Analysis

All data shown represents the mean values ± standard devia-
tion of three repeated measurements from two replicates. Data
results were analyzed by analysis of variance (ANOVA) using
IBM SPSS Statistics 20 package program.

Results and Discussion

Emulsion Formation

The protein contents of the protein solutions were measured
before and after centrifugation and are reported in Table 2. The
percentages of proteins present were calculated from the ratio
of the measured value to the amount of protein concentrate
added to the solution. For the non-centrifuged samples, the
protein contents were around 51.0%, 53.2%, and 63.5% for
the pea, lentil, and faba bean proteins, respectively, which is in
good agreement with the manufacturer’s specifications. For
the centrifuged samples, the protein contents were around
43.1%, 43.3%, and 58.3% for the pea, lentil, and faba bean
proteins, respectively. These results suggest that an apprecia-
ble amount of insoluble proteins were removed by centrifuga-
tion. Whey protein isolate was also used to compare the plant-
based proteins with a widely-used animal-sourced protein for
their potential to fabricate omega-3 emulsions.

The particle size distributions of emulsions stabilized using
the centrifuged and non-centrifuged protein solutions were
measured to determine the influence of this processing step
on protein functionality (Fig. 1). The emulsions prepared from
the non-centrifuged protein concentrates had a bimodal distri-
bution, with a population of relatively small particles (peak
around 0.2 μm) and another population of relatively large
particles (peak around 20 μm). Optical microscopy images
of the emulsions before centrifugation indicated that they did
not contain any large individual oil droplets (data not shown),
which suggests that the large particles in the bimodal distribu-
tions were probably insoluble protein particles. Conversely,
the emulsions prepared from the centrifuged protein concen-
trates had a monomodal distribution, with a single peak
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around 0.5 μm. These results suggest that the non-centrifuged
samples contained some relatively large insoluble particles
that contributed to the light scattering signal measured by
the instrument used to measure the particle size distribution.
Interestingly, the population of small particles in the emul-
sions prepared from non-centrifuged solutions was smaller
than those in the emulsions prepared from centrifuged solu-
tions (Fig. 1). This suggests that there may have been some
small particles that were also removed by centrifugation, or
that there were some highly effective emulsifiers in the non-
centrifuged samples that produced small lipid droplets during
homogenization, but that were removed by centrifugation.
Further work is clearly needed to determine the physicochem-
ical origin of this interesting effect. Our results suggest that it

may be advantageous for the manufacturers of the plant
protein-based emulsifiers to include additional steps to re-
move any large insoluble aggregates from ingredients
intended for applications in emulsions. Alternatively, it may
be possible to dissolve the insoluble aggregates under certain
pH, salt, or temperature conditions, but further work is needed
to establish whether this is possible.

The influence of protein type and concentration on the
mean droplet diameter (d32) of the emulsions was also in-
vestigated (Fig. 2). All the plant proteins used in this study
led to a similar trend of decreasing mean particle size with
increasing protein concentration. For both non-centrifuged
(Fig. 2a) and centrifuged (Fig. 2b) protein solutions, the
mean droplet diameter decreased with increasing protein
content. This trend has been attributed to the fact that the
droplet size that can be produced in a homogenizer is lim-
ited by the amount of emulsifier available to cover the
surfaces of the droplets formed [22]. Commercially, it is
important that fortified emulsions have relatively small
droplet sizes (d < 0.5 μm) to reduce creaming and increase
bioavailability [23]. In most previous studies using pea,
bean, lentil, and chickpea protein concentrates to form
oil-in-water emulsions it was reported that it was difficult
to produce oil droplets with diameters below about 1 μm
[24–26]. However, one study was able to produce smaller
droplets by continuously passing pea protein stabilized
emulsions through a high pressure homogenizer [12]. In
the present study, we were able to fabricate emulsions with
mean particle diameters below 0.35 μm for all plant pro-
tein concentrates. For example, for pea, lentil, and faba
bean protein concentrates (5% w/w) the mean droplet di-
ameters were 0.35, 0.35, and 0.28 μm for the centrifuged
samples, respectively. The smaller size of the droplets pro-
duced in the current study may be due to the fact that a
microfluidizer was used to produce the emulsions, which is
known to be more efficient than high-pressure valve ho-
mogenizers at producing small droplets. It is also possible

Table 2 Protein concentrations of the protein powders measured using the Lowry method before and after centrifugation

Protein concentrate Protein Concentration (mg/mL)

2.5 3.4 5 7.5 10 20 30 40 50

Pea Protein

Non-centrifuged 1.29 ± 0.02 1.61 ± 0.03 2.54 ± 0.04 3.77 ± 0.08 5.30 ± 0.25 11.0 ± 0.7 15.4 ± 0.1 21.4 ± 0.8 25.5 ± 0.6

Centrifuged 0.92 ± 0.01 1.25 ± 0.01 1.98 ± 0.02 2.94 ± 0.05 4.25 ± 0.08 8.40 ± 0.13 12.9 ± 0.2 19.2 ± 0.6 21.6 ± 1.2

Lentil Protein

Non-centrifuged 1.25 ± 0.02 1.62 ± 0.03 2.47 ± 0.02 3.65 ± 0.06 5.34 ± 0.10 10.1 ± 0.3 15.9 ± 0.3 22.3 ± 1.0 26.6 ± 0.5

Centrifuged 0.89 ± 0.02 1.22 ± 0.01 1.77 ± 0.02 2.60 ± 0.02 3.50 ± 0.03 7.31 ± 0.13 10.8 ± 0.4 15.4 ± 0.3 21.7 ± 0.2

Faba bean

Non-centrifuged 1.35 ± 0.03 1.50 ± 0.01 2.80 ± 0.04 3.65 ± 0.31 5.81 ± 0.19 10.9 ± 0.6 16.5 ± 0.7 22.9 ± 0.1 31.8 ± 1.0

Centrifuged 1.11 ± 0.02 1.43 ± 0.02 2.4 ± 0.3 3.33 ± 0.03 4.62 ± 0.02 9.66 ± 0.05 14.4 ± 0.4 19.1 ± 0.4 29.2 ± 0.4
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Fig. 1 Particle size distributions of algae oil-in-water emulsions formed
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protein-to-oil mass ratio used was 0.27:1
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that the nature of the proteins used in this study was dif-
ferent from that used in previous studies due to differences
in origin or isolation. Overall, our results suggest that the
faba bean protein concentrates were able to produce the
smallest droplets under standardized homogenization
conditions.

For the remainder of this study, the centrifuged protein
samples were utilized because they produced emulsions with
a monomodal particle size distribution, which would be more
suitable for most commercial applications.

Surface Load Calculations

The saturation surface load (Γsat) is the mass of emulsifier
adsorbed per unit surface area when an interface is completely
covered with emulsifier, and it therefore provides a useful
indication of the amount of emulsifier needed to prepare an

emulsion [3]. The saturation surface load can be calculated
from the following expression:

Γ ¼ CS :d32
6:∅

ð1Þ

whereCS is the emulsifier concentration in the emulsion, d32 is
the surface-weighted mean droplet diameter, and ∅ is the
disperse phase volume fraction [3]. In our study, the initial
emulsions were prepared with a disperse phase mass fraction
of 0.1 (10% w/w), and so it is necessary to convert this value
into a volume fraction [3]:

∅ ¼ ∅mρ1
ρ1∅m þ 1−∅mð Þρ2

ð2Þ

Here ρ1 and ρ2 are the densities of the continuous and
dispersed phases, respectively. This equation was used to
calculate the disperse phase volume fraction (∅ = 0.104)
from the densities of the two phases and the mass fraction
(∅m = 0.100).

The lowest emulsifier concentration required to produce
small droplets was obtained for the whey protein-stabilized
emulsions (Fig. 2a) probably because they had the lowest
surface load (Fig. 2a), i.e., whey protein was themost effective
emulsifier among those tests in this study. Eq. 1 suggests that a
plot of d32 against 1/CS should be a linear line with a slope
equal to 6Γ∅ (Fig. 3). This approach was therefore used to
estimate the saturation surface loads of the different
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emulsifiers (Table 3). As expected from the particle size data,
faba bean protein concentrate proved to be the most efficient
plant-based emulsifier, i.e., it had the lowest surface load.
Relatively small globular proteins (such as bovine serum al-
bumin, α-lactalbumin, and β-lactoglobulin) typically have
surface loads around 1 to 3 mg m−2 [27–32]. On the other
hand, relatively large globular proteins (such as soy proteins)
and some flexible proteins (such as casein) have been reported
to have surface loads around 4 to 11 mg m−2 [33–35]. The
higher values for these proteins may be due to their high mo-
lecular weights or their ability to form multilayers around oil
droplets [32, 34]. It should be noted that the method used to
calculate the surface load in our study is based on the assump-
tions that all of the proteins adsorb to the droplet surfaces, and
that the surface load does not depend on initial protein con-
centration. In practice, these assumptions may not be valid,
which would lead to some errors in the estimated values.
Nevertheless, this approach does provide some valuable infor-
mation about the effective surface load of emulsifiers under
conditions that simulate those that would be used commercial-
ly to fabricate emulsions.

Effect of Environmental Stresses on Emulsion Stability

For the stability studies, 10% (w/w) oil-in-water emulsions
containing 3% (w/w) protein (centrifuged to remove insoluble
matter) were prepared, because the droplet size appeared to
reach a plateau region between 2 to 3% protein (Fig. 2b). The
properties of the emulsions were measured after they had been
exposed to the different pH, salt, and temperature conditions
described earlier (Section 2.2.4).

Effect of pH

For commercial applications, it is often important that the
emulsifier-coated oil droplets stay stable over the range of
pH values typically found in emulsion-based food and bever-
age products. The aim of this study was therefore to evaluate
the impact of storage pH on the properties of emulsions stabi-
lized by the different legume protein concentrates. The elec-
trical properties of the oil droplets were characterized by

measuring their ζ-potential versus pH profiles (Fig. 4a). All
of the emulsions exhibited a fairly similar behavior, with the
ζ-potential moving from positive at low pH values to negative
at high pH values, with an isoelectric point (pI) around pH 5.
Legumes typically consist of a major fraction of globulins and
a minor fraction of albumins [9–11]. The pI for globulins is
around pH 4.5, whereas the pI of albumins is around pH 6,
[13] and so the pH where the droplets have net zero charge
would be expected to be between these values. Other re-
searchers have also reported that pea, lentil, and soy protein
concentrates have a low net charge around pH 5 [36].

The emulsions stabilized by lentil protein concentrate were
the most stable to pH changes with the mean particle diameter
being relatively low at all pH values except pH 5 (Fig. 4b),
which is close to the pH where the droplets carry no charge.
However, extensive phase separation due to creaming was
observed from pH 4 to 6 in this system (Fig. 4c). The most
likely reason for this observation is that the flocs were only
held together by relatively weak attractive forces and so they
were easily disrupted when the samples were diluted for the
light scattering measurements. For the emulsions stabilized by
pea protein concentrate, extensive droplet aggregation and
creaming occurred in the range from pH 3 to 6. The emulsions
stabilized by faba bean protein concentrate were the least sta-
ble to pH changes, with extensive aggregation and creaming
occurring from pH 2 to 6. These results can be attributed to
changes in the magnitude of the electrostatic repulsion be-
tween the droplets with pH [5, 37]. The protein-coated drop-
lets have a high net charge at pH values well above or below
their isoelectric point, which generates a strong electrostatic
repulsion between them. Conversely, they have a low net
charge at pH values around the pI, and so the electrostatic
repulsion is not strong enough to overcome the van der
Waals attraction, thereby leading to flocculation.

Interestingly, even though the electrical potential of the
droplets was fairly similar for all the emulsions (Fig. 4a), the
lentil protein-coated droplets were more stable to extreme pH
values (Fig. 4c). This suggests that electrostatic interactions
were not the only important colloidal interaction contributing
to the overall aggregation stability of the emulsions. It is likely
that those proteins that formed thick interfacial layers, such as
the lentil proteins (high surface load), generated a longer-
range steric repulsion between the droplets and therefore im-
proved their aggregation stability.

It is interesting to compare the flocculation stability of the
protein-coated emulsion droplets to the solubility of the pro-
tein molecules in solution, since both of these phenomena
depend on electrostatic interactions, i.e. either between protein
molecules or between protein-coated lipid droplets. For this
reason, we measured the protein solubility as a function of pH
(Fig. 4d). All of the plant proteins have a relatively high sol-
ubility at relatively high or low pH values because of the
strong electrostatic repulsion between them, but they all

Table 3 Calculated surface loads of the various plant proteins used.
The plant proteins were centrifuged before making the emulsions to
remove insoluble matter. The results for whey protein isolate are shown
as a comparison

Protein source Surface load (mg/m2) Correlation
coefficient

Whey 1.68 0.946

Pea 5.94 0.912

Lentil 10.6 0.888

Faba bean 4.97 0.799
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aggregate around the isoelectric point because of the reduction
in electrostatic repulsion. Thus, the solubility behavior of the
protein molecules in solution follows a similar trend as the
aggregation stability of the protein-coated droplets in
emulsions.

Effect of Salt

Foods and beverages contain different levels of mineral ions
and so it is important to understand the impact of salts on the
properties of protein-coated oil droplets. For this reason, we
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Fig. 4 Influence of pH on (a) droplet charge, (b) particle size, and (c)
physical appearance of algae oil-in-water emulsions stabilized by
different plant proteins. The protein-to-oil mass ratio in the emulsions

was 0.27:1. The influence of pH on (d) the solubility of the protein in
buffer solutions is also shown
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examined the impact of NaCl on the stability of legume pro-
tein concentrate-stabilized emulsions at pH 7.

The influence of salt concentration on the particle size,
particle charge, and physical appearance of the emulsions
was measured (Fig. 5). For all the protein concentrates, there
was a decrease in the magnitude of the ζ-potential with in-
creasing salt concentration (Fig. 5a), which can be attributed
to electrostatic screening, i.e., the preferential accumulation of
counter-ions (Na+) around the negatively charged droplet sur-
faces [3, 5]. Nevertheless, there were large differences in the
stability of emulsions with different salt concentrations de-
pending on the nature of the protein used. No increase in mean
particle diameter or visible creamingwas observed in the lentil
protein-emulsions for all salt levels studied (Fig. 5b and c),

which suggested that this protein concentrate produced drop-
lets that were highly resistant to salt addition. Conversely, an
increase in mean particle diameter and extensive creaming
was observed in the faba bean-emulsions at 100 and
200 mM NaCl, and in the pea protein-emulsions at 100 mM
(Fig. 5b and c). Surprisingly, these emulsions became stable to
aggregation again at higher salt levels. Thus, it appeared that
these emulsions were only unstable to salt at intermediate
ionic strengths. This effect may be due to the ability of salt
to alter various types of electrostatic interactions in the emul-
sions, both attractive and repulsive. The addition of salt will
screen the electrostatic interactions between the droplets,
which should decrease the electrostatic repulsion between
the droplets and lead to flocculation [5]. On the other hand,
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addition of salt may also alter the conformation of the
adsorbed protein molecules leading to a thicker interfacial
layer that increases the steric repulsion between the droplets.
Alternatively, the adsorption of salt ions to oppositely charged
groups on droplet surfaces can increase the hydration repul-
sion between droplets due to the water of hydration associated
with the salt ions [38, 39].

Other studies have also reported that emulsions stabilized
by certain types of plant proteins are stable to aggregation at
elevated salt levels, such as coconut or tomato seed proteins
[40–42]. This effect can be partly attributed to the fact that the
solubility of some proteins increases with increasing salt con-
tent due to the ability of the salts to weaken the attractive
interactions between protein molecules (also known as the
`salting in` effect) [43, 44].

Effect of Temperature

Foods and beverages may be exposed to elevated tempera-
tures during their processing, transportation, storage, and han-
dling, and so it is useful to study the impact of thermal pro-
cessing on the stability of protein-coated oil droplets. For this
reason, the influence of temperature on the stability of emul-
sions prepared using different plant protein concentrates was
examined.

In the absence of added salt, the ζ-potential on the droplets
changed appreciably after heat treatment depending on the
holding temperature (Fig. 6a). The magnitude of the negative
charge on the droplets was much higher at temperatures below
60 °C, than at higher temperatures. This result suggests that
there was some change in the electrical characteristics of the
droplets induced by heating. This change may have been
brought about by a conformational change of the adsorbed
proteins above their thermal denaturation temperature, which
altered the exposure of charged groups or altered the number
of counter-ions bound. The thermal denaturation temperatures
of a number of plant proteins have been reported previously:
faba bean protein, 88 °C [45]; pea protein, 80–86 °C [46, 47];
red bean globulin, 90 °C [48]; legume proteins, 84 °C [49];
and lentil proteins, 80 °C [50]. Typically, a protein will start to
unfold considerably below its thermal denaturation tempera-
ture, and so it is possible that protein conformational changes
may explain the observed effects on droplet charge with tem-
perature (Fig. 6a). Alternatively, the solubility of any mineral
ions in the system (such as calcium) may have changed with
temperature, which could have altered their interactions with
the adsorbed proteins, thereby modifying the surface
potential.

Despite the observed decrease in droplet charge with
heating in the absence of salt, the emulsions were still
relatively stable to droplet aggregation (Fig. 6b) and
creaming (data not shown). Presumably, the electrostatic
and steric repulsions between the droplets were still

strongly enough to prevent flocculation at low ionic
strengths, as it was in other studies [51].

In the presence of salt (150 mM NaCl), the ζ-potential on
all the coated droplets remained fairly constant (−9 to
−16 mV) regardless of the temperature the emulsions were
held at (Fig. 7a). This result suggests that there was little
change in protein conformation or ion binding effects with
temperature in the presence of relatively high salt levels. It
has been reported that the denaturation temperature of oat
globulin, [52] faba bean protein, [45] red bean globulin [48]
and pea proteins [47] increase with NaCl addition.
Consequently, it is possible that the unfolding of the proteins
did not occur at the higher temperatures studied in the pres-
ence of salt. However, this effect is unlikely, because we did
observe extensive droplet aggregation (Fig. 7b) and creaming
(Fig. 7c) in some of the emulsions after they were exposed to
the higher temperatures. This phenomenonmay have occurred
due to an increase in the hydrophobic attraction between the
oil droplets when the protein molecules unfold and expose
non-polar amino acids normally buried in their hydrophobic
interiors [53]. Alternatively, the association of counter-ions
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with the charged groups on the protein surfaces may have
changed with temperature, which would alter the magnitude
and range of the repulsive electrostatic interactions [53].
Interestingly, the lentil protein-coated droplets appeared to
be relatively stable to aggregation across the entire tempera-
ture range studied, since we observed little change in their
mean particle diameter (Fig. 7b) or creaming stability
(Fig. 7c) with storage temperature.

The origin of the stability of the lentil protein-emulsions is
currently unknown, but may be due to differences in the sur-
face hydrophobicity or thickness of the adsorbed protein layer.
The fact that the electrical characteristics of all the plant
protein-coated droplets was similar (Fig. 7a), suggests that
differences in hydrophobic or steric interactions are more like-
ly to account for this effect than differences in electrostatic
interactions.

Conclusions

This study has shown that omega-3 fortified emulsions can be
produced using plant proteins as emulsifiers. These emulsions
are completely free of synthetic or animal-based ingredients,
and may therefore be suitable for consumers with particular
dietary requirements, such as vegans and vegetarians. The
initial droplet size decreased with increasing protein concen-
tration, and relatively small droplets (d < 0.3 μm) could be
produced using all plant protein types. The lentil protein-
stabilized emulsions had better stability to environmental
stresses (pH, salt, and temperature) than the faba bean- and
pea protein-stabilized ones. The origin of the higher physical
stability of the lentil protein-stabilized emulsions is currently
unknown. However, the fact that the electrical characteristics
of all the protein-coated droplets were very similar suggests
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that the higher stability of lentil protein-stabilized emulsions is
due to differences in surface hydrophobicity or interfacial
thickness. In summary, the results generated through this
study may provide practical strategies for the food industry
to formulate clean-label fortified foods and beverages, as well
as other commercial emulsion-based products, such as person-
al care or cosmetic products.
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