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The effects of different extraction methods on the structure–functionality and emulsification behaviour of

pea and faba bean protein isolates, and concentrates were studied at pH 7 and 2, and a regression model

was developed to predict emulsion characteristics based on protein properties. The concentrates produced

by air classification had lower protein content but higher solubility in water compared to the isolates

produced by isoelectric precipitation. The protein secondary structure did not show a consistent

difference; however, much higher intrinsic fluorescence was observed for the soluble compared to the

insoluble fractions. Interfacial tension of all faba proteins was lower than pea, while there was no

significant difference between the concentrates and isolates. The higher protein content of the isolates

was found to improve their water holding capacity. Canola oil (40 wt%)-in-water coarse emulsions,

prepared with 2 wt% proteins and 0.25 wt% xanthan gum showed smaller particle size at pH 7 than pH 2,

while the zeta potential, viscosity and gel strength were higher at pH 7. Emulsions stabilized with

concentrates were better or comparable to the isolates in terms of particle size, zeta potential, and

microstructure. The regression model predicted that an increase in solubility, intrinsic fluorescence,

water and oil holding capacities are more favourable to decrease emulsion particle size, while an

increase in solubility, intrinsic fluorescence would lead to higher emulsion destabilization. A decrease in

interfacial tension was more favourable to lower destabilization. Emulsion viscosity was more dependent

on water holding capacity compared to any other factor. Such models could be extremely beneficial for

the food industry to modulate processing for the development of desired pulse protein ingredients.
1. Introduction

Plant proteins are gaining more interest, across the globe, due
to their wide range of applications in plant-based food
systems.1,2 In the food industry, plant proteins are used to
replace animal proteins to meet consumer demand, improve
nutritional quality, and maintain similar functionality and
sensory characteristics (i.e. texture, avour, and colour).3

Protein concentrates and isolates from soybean and wheat are
widely used in the food industry. However, dry legumes or
pulses, as a critical and inexpensive product, are fast emerging
as a popular source of plant proteins in food.4 Pulses are rich in
proteins, starch, bre, vitamins and minerals. In recent years,
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they are being considered as alternative protein sources to
replace animal and soybean proteins due to their higher protein
content, lower cost, lower allergenicity and wider acceptability.5

Numerous methods for the extraction of proteins from pulse
ours are being studied to optimize the quantity while maxi-
mizing the quality.6–8 In general, protein extraction processes
can be classied into dry and wet methods.1 In the dry pro-
cessing, the our is nely milled, and then the large starch
granules are separated from the smaller protein-rich particles
by air classication based on size, shape and density.9 For
complete separation of protein that still adheres to the starch
granules, a secondmilling step is also used, whichmay increase
the presence of damaged starch. The major advantages of dry
processing are maintaining the functionality of native protein,
lower energy and water use. However, the products of dry pro-
cessing, the protein concentrates, are usually lower in protein
content (up to 50–60% protein).10 In wet processing, two of the
most commonly used methods are acid/alkali extraction–
isoelectric precipitation and salt extraction (SE).8 The process of
acid/alkali extraction–isoelectric precipitation starts by solubi-
lizing pulse our under alkaline or acidic conditions followed
by centrifugation to separate the soluble protein fraction.11
RSC Adv., 2021, 11, 12117–12135 | 12117
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Then, the protein is precipitated by adjusting the pH to its
isoelectric point (pI) and separated from the rest of the solu-
tion.12 Finally, the precipitated protein is re-solubilized by
adjusting to pH 7 and dried.13 The nal protein isolates are rich
in purity (usually 80–90% protein), but the major drawback is
the loss of the native functionality of the proteins.10 In the SE,
proteins are extracted by the salting-out process, which leads to
protein separation followed by de-salting using micellization or
dialysis and recovery of the protein isolate via precipitation and
drying.1,14 The behaviour of proteins in food is affected by their
structure, conformation, physicochemical properties and
interaction with other food components and the nature of the
environment.15,16 These properties, in turn, depends on the
processing methods used during protein extraction; hence, the
behaviour of a pulse protein in food would largely depend on
the choice of ingredients, concentrates or isolates. For example,
a lower protein content, higher protein solubility, foaming
capacity and gelling ability of the dry-fractionated faba bean
protein (FBP) compared to the isolate produced by acid/alkali
extraction–isoelectric precipitation was observed.17 Karaca
et al.6 found that the isoelectric-precipitated chickpea and lentil
protein isolates had higher surface charges and formed emul-
sions with smaller droplet size than the SE isolates. Emulsi-
cation is one of the most critical functionalities of food
proteins. During emulsication, proteins stabilize dispersed oil
droplets by lowering the interfacial tension (IT), covering the
droplets with a protein layer and preventing coalescence by
forming a strong viscoelastic membrane.18 The carbohydrates
present in the protein concentrate, or isolates, remain
dispersed in the continuous phase and act as a viscosity
enhancer and bulky barriers between the oil droplets, prevent-
ing emulsion destabilization.19 Moreover, the excess unab-
sorbed biopolymers may also act as depletant and induce
depletion occulation in beverage emulsions.20

These functionalities of proteins might also be affected by
the exposure to severe environmental conditions during food
processing (such as thermal treatment, the addition of salt,
extreme pH conditions, organic solvents and surfactants) that
can change their structure, leading to protein denaturation.21

The thermal treatment has been used to improve functionality
by resolving the “beany avour” problem of faba bean by inac-
tivating the peroxidase and lipoxygenase.22 However, a progres-
sive decrease in oil emulsication was observed by heating pea
protein concentrate (PPC).23 Pressure or thermally induced
unfolding of the 11S globulin Vicia faba protein led to the
formation of emulsions with larger droplets than those made
with the native protein.24 Protein aggregation of pea proteins
(PP) was shown to increase by thermal treatment; however,
emulsions were formed with higher protein adsorption and
creaming stability than those formed with unheated proteins.25

In spite of such a wide range of research on plant proteins,
there is a lack of studies that directly compared concentrates
and isolates. Therefore, it is difficult for the food industry to
clearly understand the advantages or disadvantages of the
available protein ingredients. To address this challenge, we
hypothesized that the various technologies involved in the
preparation of protein rich ingredients could be directly
12118 | RSC Adv., 2021, 11, 12117–12135
responsible for the variation in their functional properties, such
as interfacial and emulsication behaviour, which could be
explained by their physicochemical properties. The overall aim
of this study was to investigate the effects of different extraction
methods on the structure–functionality relationship of PP and
FBP isolates (PPI, FBPI) and concentrates (PPC, FBPC and de-
avoured concentrates) along with appropriate controls from
whey protein isolate (WPI) and egg white protein (EWP).
Another objective was to develop an empirical model to predict
emulsion properties based on protein characteristics. Although
there are a great number of functionality studies involving pulse
proteins in the literature, rarely do they directly compare the
effect of extraction method on protein properties as well as
functionality as an emulsier in stabilizing oil-in-water (O/W)
emulsions. The empirical model developed in this study may
also be useful in identifying the relationship between protein
ingredients, their characteristics and behaviour in emulsion
systems.

2. Material and methods
2.1. Materials

The faba bean protein concentrate (product code: FBP60), de-
avoured faba bean protein concentrate (DefFBP60), faba
bean protein isolate (FBPI), pea protein concentrate (PP55), de-
avoured pea protein concentrate (DefPP55), pea protein isolate
(PPI), whey protein isolate (WPI), and pasteurized egg white
protein (EWP) were donated by AGT Food Ingredients, Saska-
toon, SK, Canada. The protein concentrates were produced by
drymilling and air classication technology. Then, the obtained
concentrates were hydrothermally treated to produce de-
avoured concentrates according to proprietary processing
technology. The protein isolates were produced by isoelectric
precipitation technology. The WPI and EWP are standard
conventional food emulsiers widely used in the industry.
Canola oil was purchased from a local supermarket at Saska-
toon, SK, Canada. Milli-Q™ water (Millipore Corporation,
Burlington, MA, USA) was used for the preparation of reagents
for the protein assays and all other experiments. All acids and
bases were obtained from Thermo Fisher (Edmonton, AB,
Canada). All the other chemicals were purchased from Sigma
Aldrich (Mississauga, ON, Canada).

2.2. Proximate analysis of protein powders

The proximate analysis of protein powders was done using
AOAC and AOCS methods as follows: moisture: AOAC 925.09,
protein: AOAC 992.15, ash: AOAC 923.03, starch: AOAC 996.11
and crude bre: AOCS Ba 6a-06. Fat content was determined by
the EPA 9071B-hexane extraction method, and carbohydrate
content was determined by calculation.

2.3. Determination of protein solubility

For solubility, protein dispersions were prepared by dispersing
2 wt% of protein powders in deionized water and kept for stir-
ring at 400 rpm overnight on a magnetic stirrer without pH
adjustment and centrifuged at 6000 rpm for 30 min. The
© 2021 The Author(s). Published by the Royal Society of Chemistry
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supernatant was separated and used for measuring the protein
content according to the method used by.26 Freshly prepared
biuret reagent was diluted eight times with 2.3% sodium
bicarbonate, 4 ml of which was added to 1 ml of protein solu-
tion and held for 10 min at 25 �C. Next, 0.125 ml of 2 N Folin–
Ciocalteu reagent was mixed, and the absorbance of the mixture
was recorded immediately at 660 nm. Bovine serum albumin
(BSA) was used as an internal standard for the protein content
determination from the absorbance.27 The protein solubility (%
S) was calculated by eqn (1).

Sð%Þ ¼ the protein content of the soluble fraction

the protein content of the whole powder
� 100 (1)
2.4. Preparation and characterization of both soluble and
insoluble fractions

2.4.1. Preparation of freeze-dried soluble and insoluble
protein fraction. Protein dispersions (10 wt%) were prepared
according to the method mentioned in Section 2.3. The
dispersions were then centrifuged at 6000 rpm for 30 min at
25 �C. The supernatant was separately collected as soluble
fraction. Both fractions were subjected to freeze-drying to
prepare dried powder form of soluble and insoluble proteins for
further analysis.

2.4.2. Determination of intrinsic uorescence (IF) of
soluble fractions. The freeze-dried soluble protein fraction was
dispersed in deionized water at pH 7 at a concentration of
0.01 wt%. The protein dispersion was then used to determine its
intrinsic uorescence (IF) using a spectrouorometer
(FluroMax-4, Horiba Jobin Yvon Inc., Edison, N.J., USA). A
constant excitation wavelength was maintained at 295 nm, and
an emission range between 300 and 400 nm (increment of 1 nm)
was used to determine the selective uorescence spectra of
aromatic amino acids.28

2.4.3. Fourier transform infrared spectroscopy (FTIR).
Infrared spectra for freeze-dried soluble and insoluble protein
fractions were recorded using a Renishaw Invia Reex Raman
microscope (Renishaw, Gloucestershire, UK) equipped with an
IlluminatIR II FTIR microscope accessory (Smith's Detection,
Danbury, CT). The absorbance at wavelengths from 4000 to
600 cm�1 was measured. Fourier self-deconvolution and second
derivative analysis were performed in the amide-I region (1700–
1600 cm�1), and then the peaks were tted to identify each
secondary structure components using Renishaw's WiRE 3.3
soware. Gaussian peaks could be assigned to their corre-
sponding structure based on their peak position, and the inte-
gral of each peak was divided by the sum of all determined
peaks to identify the proportion of each secondary structure.29

2.4.4. Protein composition using SDS-PAGE. Sodium
dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE) analysis was carried out to monitor the electrophoretic
pattern of freeze-dried soluble and insoluble protein fractions.
Samples containing 2 mg ml�1 of protein (30 ml) were mixed
with 3 ml of NuPAGE® sample reducing agent (10�) and 7.5 mL
of NuPAGE® LDS sample buffer (4�) (Invitrogen, Thermo
© 2021 The Author(s). Published by the Royal Society of Chemistry
Fisher Scientic, Carlsbad, CA) and nally, the volume was
made up to 60 ml of deionized water. Aliquots of 15 ml were
loaded onto the gel, and the separation was performed on 4–
12% linear gradient polyacrylamide NuPAGE® Bis–Tris precast
gels using a continuous buffer system (NuPAGE® MES SDS
running buffer (1�), Invitrogen) for 60 min at a constant voltage
supply of 200 V. The gels were removed from the cassettes and
subjected for staining and de-staining process using rapid
Coomassie protein SDS-gel staining protocol.30 Aer staining &
de-staining the gels, the pictures of gels were taken using
a digital camera for further analysis.
2.5. Determination of protein powder functionality

2.5.1. Interfacial tension (IT) measurement. Interfacial
tension (IT) of the protein dispersions against canola oil was
measured using a Wilhelmy plate method via a K20 tensiometer
(Kruss, Germany), operated at room temperature (25 � 2 �C). A
Wilhelmy plate was immersed 3 mm into 25 ml the 2 wt%
aqueous protein dispersion aer initial surface detection. Then,
canola oil (40 ml) was pipetted gently into the cup on top of the
aqueous phase, and the plate was raised 3 mm back to the
original position. IT was calculated using the following
equation.

s ¼ F/(L � cos q) (2)

where s is the IT, F is the force detected by the force sensor, L is
the wetted length of the plate, which is 40.20 mm, and q is the
contact angle between the aqueous phase and the plate. Since
the plate was made of roughened platinum and it is optimally
wetted, the contact angle would be 0. IT was recorded every
minute for 30 minutes to obtain the values at equilibrium.

2.5.2. Determination of water (WHC) and oil holding
capacities (OHC). Water (WHC) and oil holding capacity (OHC)
were determined by suspending 0.5 g of protein powder in 5 g of
water or oil in a 50 ml centrifuge tube. The dispersions were
vortexed for 10 s every 5 min for a total of 30 min and then
centrifuged at 5000 rpm for 15 min. The supernatant was
carefully decanted, and the remaining pellet was weighed.
Water/oil holding capacity was calculated by taking the ratio of
weight gained by the protein samples to the initial sample
weight. The water and oil holding capacities were expressed as g
of water or oil per g of sample.8

2.5.3. Determination of zeta potential of protein disper-
sions. The 2 wt% protein dispersions were prepared in water by
mixing them on a magnetic stirrer at 400 rpm overnight, fol-
lowed by centrifugation at 6000 rpm for 30 min at room
temperature. The supernatant was collected and adjusted to pH
2 and 7. The undiluted supernatant was then analyzed for its
surface charge using a Zetasizer Nano-ZS90 (Malvern Instru-
ments, Westborough, MA, USA).
2.6. Preparation of coarse emulsions using the protein
powders and their characterization

2.6.1. Preparation of canola oil-in-water emulsions using
pulse proteins. O/W emulsions were prepared at pH 2 and 7 by
RSC Adv., 2021, 11, 12117–12135 | 12119
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dispersing 40 wt% canola oil in an aqueous phase containing
2 wt% protein powder, 0.25 wt% xanthan gum, and 0.02 wt%
sodium azide (as an antimicrobial agent). By using similar
powder concentration, we kept the total solid content in the
emulsion constant, although they have different protein
concentrations. This way, the effect of protein isolates and
concentrates can be directly compared, and their inuence on
emulsion properties can be attributed to their composition. The
pH of the aqueous phase was adjusted prior to mixing with the
oil. The emulsion ingredients were mixed at a speed of
5000 rpm for 6 min using a rotor–stator blender (Polytron,
Brinkman, ON, Canada). The freshly prepared O/W emulsions
were stored at room temperature for further analysis.

2.6.2. Emulsion particle size analysis. The particle size
distribution of the emulsions was measured using a static laser
diffraction particle size analyzer (Mastersizer 2000, Malvern
Instruments, Montreal, QC) immediately aer their preparation
and as a function of time (0 and 14 days) using deionized water
as the dispersion medium. The volume-weighted mean droplet
diameters (D4,3) and the size distributions were recorded for
further analysis.

2.6.3. Determination of surface charge of emulsions.
Surface charge or zeta potential of the emulsions were deter-
mined using a Zetasizer Nano-ZS90 (Malvern Instruments,
Westborough, MA, USA) by measuring the electrophoretic
mobility (UE) of the oil droplets in an electric eld. Three drops
of emulsions were added to 50 ml deionized water at pH 2 & 7
prior to analysis. Zeta potential (z, mV) was measured as
a function of time (0 and 14 days) for all emulsions.

2.6.4. Confocal laser scanning microscopy of emulsions.
The confocal laser scanning micrographs of freshly prepared
emulsions were taken with a Nikon C2 microscope (Nikon Inc.,
Mississauga, ON, Canada) using 543 and 633 nm lasers, a 60�
Plan Apo VC (numerical aperture 1.4) oil immersion objective
lens and 5 times digital zoom. All samples were prepared by
adding 0.01 wt% Nile red (excitation by 543 nm laser, emission
collected in 573–613 range) to the oil phase prior to emulsi-
cation and 0.01 wt% fast green (excitation by 633 nm laser,
emission collected using a 650 nm long-pass lter) to the nal
emulsion to stain the proteins.

2.6.5. Viscosity and viscoelasticity of emulsions. The
viscosity of the emulsions was determined using a rheometer
(AR G2, TA Instruments, Montreal, QC, Canada) equipped with
a 40 mm parallel plate cross-hatched geometer by keeping
1 mm gap as a function of shear rate in the range 0.01–100 s�1.
The viscosity was measured as a function of time (0 and 14 days)
for all emulsions. Similarly, the viscoelasticity of the emulsions
was measured by strain sweep analysis using the same instru-
ment and geometry settings as in viscosity measurements.
During the strain sweep test, the storage (G0) and loss moduli
(G00) were measured as a function of strain (0.01–1000%) at
a constant frequency (6.28 rad s�1).

2.6.6. Emulsion destabilization under accelerated gravita-
tion. The long-term stability of the emulsions was determined
using a photocentrifuge dispersion analyzer (LUMiSizer, LUM
Americas, Boulder, CO, USA). Freshly prepared emulsions (400
ml) were transferred into 8 mm � 2 mm rectangular
12120 | RSC Adv., 2021, 11, 12117–12135
polycarbonate cuvettes and centrifuged at 4000 rpm (�2000 �
g) for 16 h, during which transmission of an 865 nm laser
through the sample was collected at 60 s interval. The trans-
mission proles were recorded by the SEPView soware v 4.1
(LUM GmbH, Berlin, Germany), and percent emulsion desta-
bilization was calculated from the length of the separated free
oil region (lower transmission at the beginning of the prole)
using the following equation:

Destabilizationð%Þ ¼ destabilized free oil phase height ðmmÞ
the total height of the sample ðmmÞ

� 100

(3)

2.6.7. Emulsion stability under different environmental
stress conditions. The emulsions were subjected to different
environmental stress conditions (addition of salt and heat
treatment) in order to assess their stability in different food
processing conditions. They were mixed with 1 wt% salt (NaCl),
to match a typical salad dressing composition, and le over-
night at ambient temperature before further analysis. For the
heat treatment, the emulsions were kept at 90 �C for 30 min in
a water bath and cooled to room temperature. The emulsions
aer salt addition and heat treatment were analyzed by deter-
mining their droplet size and charge.
2.7. Modeling

2.7.1. Evolutionary polynomial regression (EPR). Numer-
ical regression is a powerful and commonly used form of
regression to nd the best tting model for the experimental
data sets.31 EPR is a hybrid regression method that integrates
the features of numerical regression with a multi-objective
genetic algorithm.32 The capability of the EPR to represent
complex phenomena and experimental data has been proven in
many application areas.31,33–36 A general EPR expression can be
written as eqn (4):32

Y ¼
Xn

j¼1

4
�
X ; f ðXÞ; aj

�þ a0 (4)

where Y is the vector of the output of the process, n is the
maximum number of polynomial terms, 4 is a function con-
structed by the process; aj and a0 are constants, X is a matrix of
the input variables, and f is a user-dened class of function. In
the current study, the EPR was used to derive three models for
expressing the relation between emulsion characteristics
(droplet size, destabilization and viscosity as responses, Y) and
protein properties (such as solubility, intrinsic uorescence, IT,
WHC and OHC as variables, X). The EPR model class in eqn (5)
was selected due to its low prediction error:

y ¼ a0 þ
Xn

j¼1

aj � ðX1ÞESðj;1Þ/ðXkÞESðj;kÞ

� f
�ðX1ÞESðj;kþ1Þ/ðXkÞESðj;2kÞ

�
(5)

where ES(j,z) is the exponent of the zth input within the jth
term, and Xi is the candidate explanatory variables. The details
© 2021 The Author(s). Published by the Royal Society of Chemistry
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of the model can be found elsewhere.32,37 The EPR-version 2.0SA
toolbox, developed by Giustolisi and Savic,32 was used to
perform all the modelling runs.

Sensitivity analysis. The traditional and widely used one-
factor-at-a-time (OFAT) approach38 was used to investigate the
strength of the relationship between the input and output
parameters. In the OFAT approach, the effect of one indepen-
dent factor on the dependent factor is monitored at a time,
while other independent factors are xed. The developed
models using EPR were used to conduct OFAT analysis. The
analysis was conducted by step by step, increasing one variable
from its minimum to maximum value, while the other variables
were kept xed at their baseline values. Then, the selected
variable was returned to its baseline value, and this procedure
was repeated for the other inputs variables. For example, the
effect of IT on the emulsion oil droplet size was analyzed by
increasing the value of IT from its minimum to maximum while
other factors (WHC, OHC, IF, S) were held constant at their
mean values. This procedure was repeated for WHC, OHC, IF, S
to investigate their effects on emulsion oil droplet size.

2.8. Statistical analysis

All measurements were done with three replications, and the
results are reported as the mean � one standard deviation. The
experimental data were subjected to a general linear model or
one-way analysis of variance (ANOVA). Data analysis was done
using Minitab 19. Tukey's test was used to compare the mean
values at p < 0.05 signicance level.

3. Results and discussion
3.1. Effect of extraction method on structure–functional
properties of faba bean and pea proteins

3.1.1. Proximate analysis. The moisture content of all
protein samples varied from 3.9 to 7.2% (Table 1). Among the
faba bean samples, FBPI had the highest protein content
(87.0%), followed by DefFBP60 (60.5%) and FBP60 (57.6%). For
pea, PPI had 80.6% while PP55 and DefPP55 showed 51.4 and
50.5% protein, respectively. The efficiency of air classication in
separating starch from the protein fractions was shown to be
low,39 which explains the lower protein content of the concen-
trates (PP55 and FBP60). Karaca et al.6 reported protein content
of 84.1% and 88.8% for FBPI and PPI extracted via isoelectric
participation, which was in a similar range to the values
Table 1 Proximate analysis of different pulse proteins samplesa

Analysis (% w/w) FBP60 DefFBP60 FBPI

Moisture 6.2 4.8 3.9
Protein 57.6 60.5 87.0
Lipid 1.6 2.1 0.04
Ash 5.4 5.4 9.0
Carbohydrates 29.2 27.2 n.d.
Total 100 100 100

a FBP60: faba bean protein concentrate, DefFBP60: de-avoured faba bean
concentrate, DefPP55: de-avoured pea bean protein concentrate, PPI: pea

© 2021 The Author(s). Published by the Royal Society of Chemistry
reported in the present case. In the case of fat content, the de-
avoured concentrate of both proteins had higher values
(2.5% for DefPP55 and 2.1% for DefFB60) than the others.
Among the plant proteins, the lowest fat content was observed
for PPI and FBPI. Removal of fat prior to protein isolation led to
higher protein content as the lipid–protein interactions limit
the amount of extractable proteins.40

All pulse protein samples, except FBPI, had 5.2–5.4% ash.
This was in agreement with Shand et al.,41 who reported 5–5.9%
ash in native and commercial PPI. FBPI had 9.0% ash, which
can be due to its extraction by isoelectric precipitation, where
the addition of alkali or acids could lead to the formation of
salts and an increase in ash content. The lower ash content of
PPI compared to FBPI might be due to the origin of proteins.
The ash content of WPI was 0.6%, which was the lowest among
all samples, and EWP had a slightly higher amount of ash
(5.7%) than most of the pulse proteins. Among the pulse
proteins, FBPI did not show the detectable amount of carbo-
hydrates, and PPI had only 8%; however, the concentrates, PP55
and FBP60, had 34.3 and 29.2% of carbohydrates, respectively.
The higher carbohydrate content of protein concentrates is well
known, and it was due to the poor separation between the
proteins and the carbohydrates by the dry fractionation process.

3.1.2. Protein solubility. All the pulse proteins showed
signicantly lower solubility compared to WPI and EWP, which
were almost completely soluble (p < 0.05) (Fig. 1). Among the
pulse proteins, FBPs (concentrates and de-avoured) were more
soluble than PPs obtained via dry fractionation and hydro-
thermal treatments. FBP60 had the highest solubility (69.9%),
followed by DefFBP60, PP55, and DefPP55 with 50.2 and 46.2
and 44.0%, respectively. Both FBPI and PPI possessed signi-
cantly lower solubility compared to other protein fractions.
Between the two isolates, FBPI (8.3%) was less soluble than PPI
(20.5%). These differences could be the effect of processing
conditions on proteins. The protein isolates were prepared with
acid and alkali treatments, while the de-avoured concentrates
were processed with heat in the presence of water. Ma et al.13

found a reduction in protein solubility due to boiling (wet
heating) and roasting (dry heated) compared to untreated pulse
ours. These can be due to the biochemical changes in protein
structure, such as the cross-linking of proteins with starch and
the formation of insoluble aggregates.42 In addition, during
processing, both hydrogen and non-polar bonds can lead to
PP55 DefPP55 PPI WPI EWP

6.8 4.6 5.4 6.7 6.4
51.4 50.5 80.6 86.8 83.5
2.1 2.5 0.8 0.03 0.4
5.4 5.3 5.2 0.6 5.7
34.3 37.1 8.0 5.8 4.0
100 100 100 100 100

protein concentrate, FBPI: faba bean protein isolate, PP55: pea protein
protein isolate, WPI: whey protein isolate, and EWP: egg white proteins.
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Fig. 1 Percent solubility of 2 wt% dispersions of different commercial pulse proteins samples in comparison with WPI and EWP. Means that do
not share a letter are significantly different by Tukey's test at p < 0.05 significance level. See Table 1 for sample identification.
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conformational changes in protein structure, leading to dena-
turation and lowering of solubility.13
3.2. Characterization of soluble and insoluble fractions

3.2.1. SDS-PAGE proles of different protein samples. To
conrm whether different processing methods inuenced
protein composition, SDS-PAGE was performed on both soluble
and insoluble fractions of all samples (Fig. 2). The SDS-PAGE
proles are similar to the published results for WPI,43 EWP,44

FBP and PP.45 Results from SDS-PAGE for pulse proteins showed
Fig. 2 (a) Soluble and (b) insoluble protein composition of different com
molecular weight of (MW) marker, ranging from 10 to 250 kDa. Lanes 2–4
and lanes 5–7 for the pea protein samples. WPI and EWP (lanes 8 and 9, re
soluble.

12122 | RSC Adv., 2021, 11, 12117–12135
thin bands of basic (19–22 kDa) and acidic (38–40 kDa) legumin
(a and b) subunits. Separate bands for vicilin subunits (47–50
kDa) could also be observed.28,45

Both pea and faba bean showed high molecular weight
proteins in the soluble fraction, probably due to the presence of
polypeptide aggregates. For both the faba (FBP60) and pea
concentrates (PP55), the soluble fraction had more faint bands
at around 28 kDa, over 95 kDa and 250 kDa than the insoluble
fraction; however, the intensity of the bands at �40, 55, �70,
and 100 kDa was much higher in the insoluble fraction. For the
mercial protein samples by SDS-PAGE. The bands in lane 1 show the
in both (a) and (b) show results for different faba bean protein samples

spectively) are only present in soluble fractions as they were completely

© 2021 The Author(s). Published by the Royal Society of Chemistry
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de-avoured samples, a large difference can be seen between
FBP and PP. The soluble fraction of DefFBP60 showed only a few
faint bands higher than 95 kDa, but the insoluble fraction had
higher intensity bands with a pattern similar to the insoluble
fraction of FBP60, which indicates that the hydrothermal pro-
cessing used for de-avouring made the sample richer in
insoluble fractions. In the case of DefPP55, however, several
bands were observed (17–130 kDa) for the soluble fraction,
while the insoluble fraction showed only a few weak bands.
FBPI showed similar bands for MW of <72 for soluble and
insoluble fractions but for higher MW bands (>95 kDa), the
soluble fraction had a range of polypeptides up until 250 kDa,
while the insoluble fraction showed a strong band at around
110 kDa and a few minor ones beyond 130 kDa. PPI, on the
other hand, had almost the same pattern for both fractions.

DefFBP60 did not have any low molecular weight proteins in
the soluble fraction, which can be caused by heating, while the
opposite was true for DefPP55. Sorghum proteins were shown to
have less intense bands in the cooked samples than the
uncooked ones.46 The authors suggested that his effect can be
related to the decrease of extractability or formation of high
molecular weight aggregates. In another study on the effect of
high-temperature extrusion on the SDS-PAGE pattern of navy
and pinto bean proteins, unlike albumin fractions (>40 kDa),
extrusion temperature of 110 �C did not change the SDS-PAGE
patterns of globulins. However, higher temperatures (135 and
150 �C) led to decreased intensity and disappearance of bands
in the high MW region for both fractions, which was explained
by their depolymerization during extrusion.47

Among the FBPs, the intensity of bands in both fractions was
higher in FBPI than FBP60 and DefFBP60, which can be due to
the higher protein content of the former. For PPs, among the
soluble fractions, DefPP55 and PPI had similar patterns, but
PP55 showed less intense bands. Among the insoluble fraction,
PP55 and PPI had a similar pattern; however, DefPP55 showed
bands with much lower intensity. PPI in both fractions had
more intense bands than the two other PP types, which could be
due to its higher protein content.

3.2.2. Secondary structures of various pulse protein
samples. During processing, the application of heat, addition of
acid/alkali, or salt could inuence protein's secondary struc-
ture, which could explain their functionality, such as solubility
and emulsication behaviour. Previously, the b-sheet was re-
ported as the most signicant structure in the raw bean. In
thermally dried beans, a-helix was disappeared entirely, and
a signicant decrease was observed for the b-sheet.29 In auto-
claved samples, random coil (RC) and aggregates (A1 + A2) were
the most common structure.29 Here, we also looked at the
secondary structure of both soluble and insoluble fractions of
each pulse protein samples to nd out if any particular
secondary structure components dominate in either fraction.

In almost all of the samples, inter-molecular aggregates (A1)
were the most dominant secondary structure, followed by a b-
sheet and random coil (Fig. 3). Intramolecular hydrogen bonds
are the weakest, which could be the reason behind the lower a-
helix compared to the b-sheet. The alkaline condition used for
PPI and FBPI production decreased b-sheet and RC except for
© 2021 The Author(s). Published by the Royal Society of Chemistry
the insoluble fraction of PPI. Similarly, Law et al.48 observed
a decrease in the a-helix and b-sheet content of Dolichos lablab
vicilins in extreme alkaline conditions.48 Both the soluble and
insoluble fractions of hydrothermally treated DefFBP60 showed
signicantly higher random coil and b-sheet structure and
signicantly lower inter-molecular aggregates compared to the
other two FBP samples. Reorganization of the protein secondary
structure was also observed aer the heating of protein isolate
of kidney bean.49 Between the soluble and insoluble fractions of
FBP, the only difference in secondary structure could be seen in
b-sheet and inter-molecular aggregates, which was lower in the
soluble fractions compared to the insoluble fractions. Among
the three different pea samples, almost no difference in
secondary structure could be seen in the insoluble fractions. In
the soluble PP, the de-avoured sample had more b-turn and
less a-helix compared to the other two, and the isolate had
signicantly higher inter-molecular aggregates. Between the
soluble and insoluble fractions of PP, soluble fractions had
more inter-molecular aggregates and random coils in both the
concentrates and lower a-helix in the de-avoured concentrate.
For isolates, there was no signicant difference between the
soluble and insoluble fractions.

We initially hypothesized that the soluble fractions could
have fewer aggregates and b-sheet due to the predominant
hydrophobic nature of these two structures and more random
coils due to the possibility of better dispersion in the aqueous
phase. Also, there could be differences in the secondary struc-
ture based on the different processing methods for the
concentrates, de-avoured concentrates and isolates. However,
except for a few samples mentioned above, not much consistent
difference in secondary structure can be seen among the various
samples and their soluble and insoluble fractions. Therefore,
the secondary structure of protein identied using FTIR cannot
be used as a good indicator of their solubility and functionality.
Perhaps, the tertiary structure of protein could be a better
indicator.50

3.2.3. Intrinsic uorescence of various pulse protein
samples. The structural and environmental changes in the
aromatic amino acids (phenylalanine, tyrosine and tryptophan)
of protein inuence its uorescence spectra. Therefore, the
intrinsic uorescence of the protein solutions was captured to
understand the relative changes in protein tertiary structure
based on processing conditions and solubility (Fig. 4a). All the
pulse protein samples showed much higher uorescence
intensity in their soluble fractions compared to the insoluble
fractions, which indicates the presence of more aromatic amino
acids. Otherwise, it is also possible that the hydrophobic
aromatic amino acids were less exposed to the aqueous phase in
the soluble fractions due to the changes in protein conforma-
tion to hide them, leading to less quenching and hence higher
signal intensity. For the soluble fractions, there was no signi-
cant difference between pea and faba bean samples under
similar processing conditions. The soluble fractions of
DefFBP60 and DefPP55 showed lower uorescence than their
corresponding concentrate and isolates, which could be due to
the hydrothermal treatment of the proteins during processing
RSC Adv., 2021, 11, 12117–12135 | 12123
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Fig. 3 Contribution from different secondary structure components of different commercial pulse proteins samples using FTIR. Faba bean
proteins ((a) soluble and (b) insoluble fraction), pea proteins ((c) soluble and (d) insoluble fraction). A2: intra-molecular aggregate, T: beta-turn, a:
alfa-helix, RC: random coil, b: beta-sheet, and A1: inter-molecular aggregate. Means that do not share a letter are significantly different by
Tukey's test at p < 0.05 significance level. See Table 1 for sample identification.
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leading to higher quenching or loss of some aromatic amino
acids.
3.3. Determination of protein powder functionality

3.3.1. Interfacial tension. All the proteins used in this
research showed signicantly lower IT than the pure oil–water
interface (p < 0.05), indicating surface activity and possible
emulsifying ability (Fig. 4b). All samples from faba bean and
EWP had higher IT at pH 2 than pH 7, while samples from PP
and WPI showed similar IT at both the pH values. In contrast,
Chang et al.51 observed higher IT at pH 3 compared to pH 7 for
PPI (12 and 9 mN m�1, respectively). At pH 2, there was not
much difference in IT among the various samples; however, at
pH 7, IT of all FBP and EWP was signicantly lower than all PP
and WPI (p < 0.05). The lowest IT belonged to EWP at pH 7 (6.7
mN m�1), followed by FBP60, FBPI and DefFBP60 at pH 7 (7.0,
8.0 and 8.5 mN m�1, respectively). There was no apparent
difference among the concentrate, de-avoured or isolate forms
at a particular pH. The IT of different protein concentrations
and oil types were reported to be 24 mNm�1 for 0.04 wt% PPI at
12124 | RSC Adv., 2021, 11, 12117–12135
pH 7 against medium-chain triglyceride,52 42 mN m�1 for
0.25 wt% FBPI and PPI at pH 7 against axseed oil,6 8 mN m�1

for 0.1 wt% FBPI at pH 7 against canola oil,53 and 26mNm�1 for
0.3 wt% PP at pH 7 against soybean oil.25 Such a wide range of
values reported in literature could be attributed to sources and
concentration of pulse proteins, dispersion pH, oil impurity
(such as monoglyceride) and the methods used for IT
determination.

3.3.2. Water and oil holding capacity. At both pH 2 and pH
7, the isolates (FBPI and PPI) had the highest WHC, followed by
their de-avoured and concentrate forms (Fig. 4c). In a study on
eld peas and faba bean, similar to our results, protein isolate
showed higher water and oil holding capacities than concen-
trates.39 The higher WHC of the protein isolates has been
attributed to their higher protein content and smaller starch
fragments.10 WHC of PPC reported by Toews & Wang54 was
found to be similar to the values reported here. Between the two
pH values, for both the concentrates (FBP60, PP55) and the de-
avoured concentrates (DefFBP60 and DefPP55), WHC at pH 2
was higher than pH 7. Contrastingly, for the isolates, WHC at
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Effect of processing conditions on intrinsic fluorescence of soluble and insoluble proteins fraction; (b) canola oil–water interfacial
tension; (c) water holding capacities; (d) oil binding capacities; and (e) zeta potential of 2 wt% dispersions of various commercial pulse proteins
samples at pH 2 and pH 7. Means that do not share a letter are significantly different by Tukey's test at p < 0.05 significance level. See Table 1 for
sample identification.
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pH 7 was higher compared to pH 2 for PPI and not signicantly
different for FBPI. WHC was not reported for WPI and EWP, as
they were completely dissolved in water at both pH values and
not suitable for water holding.

WHC can also be affected by protein conformational and
environmental factors,55 and the processing used for protein
© 2021 The Author(s). Published by the Royal Society of Chemistry
extraction. Stone et al.8 reported that at pH 7, micellar precipi-
tated (MP) PPI had higher WHC (3.2–3.6 g g�1) than alkali
extraction-isoelectric precipitated (AE-IP), and SE-dialyzed PPI
(2.4–2.6 and 0.34–2.6 g g�1, respectively). The higher WHC in
MP PPI was ascribed to the higher exposure of polar groups and
side-chain amino acids of proteins to water and the formation
RSC Adv., 2021, 11, 12117–12135 | 12125
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of more hydrogen bonds, while in AE-IP PPI, the protein
structure was disturbed, leading to their lower ability to interact
with water. In the present case, the WHC of the isolates (AE-IP)
was highest among the various samples, and the values were
higher than that reported by Stone et al.,8 which could be due to
the difference in origin of the proteins samples and processing
used for the extraction.

Among the various proteins, oil holding capacity (OHC) was
highest for WPI (1.15 g oil per g of protein), followed by PP55,
FBPI and EWP (0.97, 0.96 and 0.91 g g�1, respectively) (Fig. 4d).
There was no particular trend in OHC of the pea and FBPs
samples. For example, in FBPs, the isolate showed the highest
OHC followed by similar values for concentrate and de-
avoured samples, while in PPs, concentrate showed the high-
est OHC, followed by similar values for de-avoured and isolate
samples. OHC of unheated PPC was reported to be 1.28 g g�1

(23). Stone et al.8 reported an OHC of 5.2–5.4 g g�1 for SE PPI,
while AE-IP and MP showed lower values (3.5–3.8 g g�1 and 3.6–
3.7 g g�1, respectively), which might be a result of different
surface properties of the proteins. The researchers also ob-
tained higher OHC for egg (2 g g�1) and whey proteins (1.4 g
g�1) compared to the present study. OHC is a result of physical
entrapment of oil in the protein structure; thus, it can be
affected by protein type, concentration, charge, hydrophobicity,
surface area and size of the protein.

3.3.3. Zeta potential of protein dispersions. For all
samples, the zeta potential was positive at pH 2 and negative at
pH 7 (Fig. 4e). It is well known that the isoelectric point (pI) of
pulse proteins is between pH 4 to 5.56 For WPI, pI is 4.5.57 The pI
of the major component of EWP was also reported to be around
pH 4.5.58 At pH 7, for both FBP and PP, the highest zeta potential
was for the isolates followed by the de-avoured samples and
the concentrates, which could be due to the higher protein
content of the isolates and the presence of polysaccharides in
the concentrates that could partially neutralize the charges on
protein molecules. FBPI had the highest zeta potential at
�34.3 mV, followed by PPI at �33.0 mV. Zeta potential of PPI
and FBPI obtained by the AE-IP technique was reported to be
�43.5 mV at pH 7,59 and �46.4 mV at pH 7,53 respectively. On
the other hand, Karaca et al.6 reported the zeta potential of FBPI
and PPI at pH 7 as �23 mV and �21 mV, respectively. Such
a difference in zeta potential among the various researchers
could be due to the origin of the proteins and the extraction
process.

At pH 2, PP showed a similar trend as pH 7 with the highest
zeta potential for the isolate (+19.9 mV) followed by the de-
avoured sample and the concentrate. However, for FBPs at
pH 2, the zeta potential was highest for the concentrate (+20.5
mV), while it was signicantly lower for the isolate (+3.7 mV)
and the de-avoured samples (+3.4 mV). Such a low zeta
potential for the FBPI at pH 2 is surprising, considering its
higher protein content and highest zeta potential at pH 7. FBPI
had the highest mineral content (ash 9.0%), which could lead to
more charge screening due to increased solubility of the
minerals at acidic pH and corresponding lowering of zeta
potential. The zeta potential of the pulse proteins was similar or
lower than EWP and WPI at pH 2, while at pH 7, for all pulse
12126 | RSC Adv., 2021, 11, 12117–12135
proteins, it was higher than EWP, while they are similar to WPI
(Fig. 4e).
3.4. Preparation of coarse emulsions using the protein
powders and their characterization

3.4.1. Emulsion average particle size. The volume average
particle sizes of the emulsions reported in Fig. 5a–d are actually
the average of individual and aggregated oil droplets and
protein particles, as the particle size analyzer does not distin-
guish between them. At pH 2, the particle size of all FBP-
stabilized emulsions was signicantly smaller compared to
PP, WPI and EWP, indicating the superiority of faba proteins
over all others under the specic emulsication conditions. It
was previously shown that the FBP concentrates produced the
smallest droplets compared to pea and lentil proteins.60 At pH 2,
however, the aggregate size of all emulsions was signicantly
higher compared to pH 7, which was more pronounced in the
case of PP, WPI and EWP. The smaller IT of FBPs at pH 7 can
lead to the formation of smaller emulsion droplets. This effect
was also observed for EWP andWPI. For PP, however, in spite of
IT at pH 7 being similar to pH 2 (Fig. 4b), particle size was much
smaller at pH 7. Such an improved emulsication behaviour at
pH 7 could be attributed to the higher zeta potential of PP at pH
7 compared to pH 2.

At pH 7, of all freshly prepared emulsions, WPI had the
smallest (8.19 mm), while EWP had the highest (33.9 mm)
average particle size. Among the pulse protein emulsions at pH
7, PP55 showed the smallest (8.6 mm), and FBPI showed the
largest particle size (25.8 mm). For both FBP and PP, isolate-
stabilized emulsions were formed with larger particle sizes
compared to the concentrates or de-avoured samples,
although isolates had much protein content than the concen-
trates. This could be due to the denaturation of pulse proteins
during isolate preparation leading to lower solubility (as shown
in Fig. 1), which hindered the formation of smaller emulsion
droplets and led to protein and oil droplet aggregation.

Effect of storage time. For all FBP samples, some increase in
average particle size was observed aer 14 days at pH 2, while at
pH 7, no such change was observed upon storage (Fig. 5a and b).
For PP at pH 2, no increase was observed; rather, some drop in
average particle size was observed for PP55 and PPI, which
could be attributed to the loss of large oil droplets due to
emulsion destabilization. At pH 7, DefPP55 and PPI showed
a noticeable increase in droplet size aer 14 days, which can be
due to droplet occulation and protein aggregation, as also
observed by Yerramilli et al.28 At pH 2, WPI and EWP emulsions
showed no change upon storage, while at pH 7, only EWP
showed a signicant decrease in size aer 14 days.

Effect of heat treatment. At pH 2, all samples except DefFBP60
and FBPI emulsions showed phase separation aer heat treat-
ment, leaving a clear aqueous phase at the bottom of the glass
vials (Fig. 6a). In contrast, at pH 7, none of the samples showed
phase separation aer heating (Fig. 6a), indicating improved
visual stability. Heat treatment led to a particle size increase in
all the pulse protein-stabilized emulsions at pH 7, while at pH 2,
except PP, similar behaviour was observed for all FBP samples
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Volume average droplet size (D4,3) of emulsions prepared using different commercial pulse proteins samples. Droplet size of freshly
prepared emulsions and as a function of storage time (day 7 and 14) is shown at (a) pH 2 and (b) pH 7. The effect of (c) heat treatment (90 �C for 30
min) and (d) the addition of 1 wt% salt on the average droplet size at pH 2 and pH 7 are also shown. Means that do not share a letter are
significantly different by Tukey's test at p < 0.05 significance level. See Table 1 for sample identification.
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(Fig. 5a vs. Fig. 5c). At pH 2, PPC55 and DefPP55 had smaller
droplet size aer heating, which could be due to the loss of very
large oil droplets in the emulsions before heating. For PPI
Fig. 6 Effect of (a) heat treatment (90 �C for 30 min), and (b) 1 wt% s
stabilized emulsions at pH 2 and pH 7. See Table 1 for sample identificat

© 2021 The Author(s). Published by the Royal Society of Chemistry
emulsion at pH 2, no change was observed upon heating. Partial
destabilization of heated emulsions could be attributed to heat-
induced protein denaturation leading to further aggregation in
alt addition on the visual appearance of various commercial protein-
ion.
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oil droplets and protein aggregates. Among the different
samples from the same proteins, heat treatment led to
a decreased particle size (probably due to loss of large oil
droplets) from concentrate to isolate, except PP emulsions at pH
2. WPI and EWP emulsions showed no increase when heated at
pH 2; however, a considerable size increase was observed from
about 8.2 to 380 mm for WPI and from about 10 to 827 mm for
EWP aer heating at pH 7. This could be due to the heat-
induced protein denaturation and related aggregation, which
were more pronounced for WPI and EWP compared to pulse
proteins. An increase in droplet size of 10 wt% algae O/W
emulsions (pH 7) stabilized by FBP and PP was observed as
the temperature was increased from 20 to 90 �C.60

Effect of salt. At pH 2, the addition of 1% NaCl led to visual
phase separation in emulsions stabilized by all PP and WPI
emulsions (Fig. 6b), which is in accordance with their larger
particle size (Fig. 5d). For FBP emulsions, no separation was
observed upon salt addition at pH 2, and the emulsion particle
size also did not show any signicant increase compared to the
fresh ones (Fig. 5a vs. Fig. 5d). Salt addition also caused
a signicant particle size decrease in EWP emulsion at pH 2
(Fig. 5d), but no phase separation was observed (Fig. 6a). At pH
7, no phase separation was observed in any emulsions (Fig. 6b);
however, an increase in particle size was observed for DefFBP60,
DefPP55 and PPI-stabilized emulsions aer salt addition. The
particle size of all other emulsions at pH 7 remained stable even
aer salt addition (Fig. 5d). The addition of salt induces elec-
trostatic charge screening, leading to droplet aggregation.
However, a strong protein layer around the droplets may
provide steric stabilization, which could prevent salt-induced
droplet aggregation.61 Moreover, excessing droplet aggregation
due to the presence of salt may also lead to apparent stabiliza-
tion of emulsion by creating a network of droplet aggregates
that could prevent phase separation. For FBPs, emulsion
stability was not affected by 1 wt% salt irrespective of pH, which
could be important for its application in food. A similar increase
in mean particle size was observed for soy protein isolate-
stabilized emulsions at an intermediate ionic strength
(100 mM NaCl).62 However, the authors noted increased emul-
sion stability at a higher salt concentration (400 mM NaCl),
which was ascribed to the salting-in effect of proteins. Our salt
concentration was around 160 mM, which probably would not
provide a salting-in effect, but depending on the aggregate size,
phase separation could be prevented. The inuence of pH and
NaCl on the structure of globulin protein was studied by Cas-
tellani et al.63 Their results showed that the protein was stable at
pH 5 to 9 but by decreasing pH below 5 was rapidly unfolded,
which could lead to aggregation of protein coated droplets. The
author also proposed that increase in NaCl concentration above
100 mM increased the protein denaturation temperature and
enthalpy, thereby making the protein more stable. In the
present case, such increase in protein stability in the presence
of salt could also be responsible for emulsion stability.

3.4.2. Emulsion zeta potential
Effect of pH. Similar to the proteins in Fig. 4, most emulsions

carried a positive zeta potential at pH 2, which is lower than the
isoelectric point (pI) of the proteins (Fig. 7a). This is also in
12128 | RSC Adv., 2021, 11, 12117–12135
accordance with other studies on legume proteins.60 The only
exception to this was the emulsion stabilized by FBPI, which
had a slight negative zeta potential (�4.9 � 0.6 mV). For all
other emulsions, droplet charge varied from �28.9 � 1.8 (for
WPI) to �36.1 � 3.1 mV (for PP55). The different behaviour of
FBPI can be related to its ash content, which was almost two
timesmore than other samples (Table 1). The presence of a high
concentration of mineral salts can lead to salt-induced charge
screening and a drop in zeta potential, which could even lead to
charge reversal due to the salting-in effect.62 At pH 7 (higher
than pI) all emulsions carried a high negative zeta potential
ranged from �48.1 � 0.5 (EWP) to �68.7 � 2.0 mV (FBPI)
(Fig. 7b). Higher zeta potential provides more electrostatic
repulsive force and, consequently, more emulsion stability. This
agrees with the results of droplet size measurement where at pH
7, with greater zeta potential, smaller particles were obtained
compared to pH 2 (Fig. 5a). Interestingly, the zeta potential of
emulsions was much higher compared to the corresponding
protein dispersions, as reported in Fig. 4e. For example, the zeta
potential of all pulse proteins stabilized emulsions at pH 7
increased from around �30 mv for protein dispersion to more
than �60 mV for emulsions. Also, at pH 2, the zeta potential of
protein dispersions was <26mV, but emulsions showed >28mV.
Such an increase in zeta potential upon proteins' adsorption at
the oil droplet surface has been reported by others and was
attributed to surface denaturation of proteins leading to more
exposure of the ionic groups towards the aqueous phase.64 Aer
14 days of storage, the zeta potential of all emulsions at pH 2
and 7 stayed unchanged (Fig. 7a and b).

Effect of heat treatment. For most of the pulse protein-
stabilized emulsions, heat treatment showed a decrease in
zeta potential, which could be attributed to heat-induced
protein denaturation leading to protein and oil droplet aggre-
gation (Fig. 7c). A more substantial drop in emulsion zeta
potential was observed at pH 2 compared to pH 7, which shows
that the proteins were more susceptible to denaturation under
acidic conditions. The most signicant drop in zeta potential
was observed for FBP60 and DefFBP60 at pH 2, followed by PP55
and DefPP55. For FBPI emulsion at pH 2, zeta potential reached
zero from �4.9 mV aer the heat treatment. PPI, on the other
hand, showed a minimum decrease in emulsion zeta potential
compared to the untreated samples at pH 2. WPI showed
a slight decrease, while EWP showed an insignicant increase
in emulsion zeta potential upon heating. At pH 7, FBP-stabilized
emulsions did not show a signicant change in zeta potential
before and aer heat treatment. PP and WPI-stabilized emul-
sions, however, showed a slight decrease in zeta potential, while
EWP showed an increase in zeta potential upon heat treatment.
In accordance to our results, Gumus et al.60 also reported
a decrease in the magnitude of the zeta potential of PP and FBP-
stabilized emulsions by heating above the thermal denaturation
temperature of proteins and proposed that conformational
changes in proteins upon heating changed the exposure of
charged groups or the number of bound counter-ions.

Effect of salt. As expected, in all emulsions, salt addition
caused a dramatic decrease in zeta potential due to the charge
screening effect (Fig. 7d). Similar to heat treatment, a more
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Effect of storage time on zeta potential of emulsions prepared using various commercial protein samples (a) at pH 2 and (b) at pH 7, (c)
effect of heat treatment (90 �C for 30min) and (d) effect of 1 wt% salt addition as a function of pH. Means that do not share a letter are significantly
different by Tukey's test at p < 0.05 significance level. See Table 1 for sample identification.
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signicant drop in zeta potential was observed at pH 2
compared to pH 7. For example, at pH 2, salt addition decreased
the zeta potential for PP, WPI and EWP emulsions from nearly
30 mV to 7–15 mV. For FBP60 and DefFBP60-stabilized emul-
sions at pH 2, salt addition even changed zeta potential from
high positive to very low negative values (�2.7 to �5.6 mV).
However, these low values of zeta potential at pH 2 did not show
a signicant increase in emulsion aggregate size, which could
be attributed to the steric stabilization effect, as discussed
above. At pH 7, the zeta potential of emulsions dropped to
around �20 mV from �60 to �70 mV before salt addition;
however, �20 mV was enough to keep the droplets from
aggregation, such that the emulsions remained stable without
any signicant increase in particle size or change in visual
observation. Similar to our data, the addition of NaCl (500 mM)
to PP and FBP-stabilized emulsions at pH 7 was also reported to
decrease the magnitude of zeta potential from�18 and�17 mV
to �8 mV, respectively.60

3.4.3. Emulsion microstructure. The confocal laser scan-
ning micrographs of all emulsions showed spherical oil drop-
lets (in red) and protein aggregates (in green) in the continuous
phase (Fig. 8). At pH 2, FBP-stabilized emulsions had smaller
droplets compared to PP-stabilized emulsions, which conrms
© 2021 The Author(s). Published by the Royal Society of Chemistry
the results for particle size measurement (Fig. 5a). From the
results of confocal microscopy, it appears that the PP-stabilized
emulsions at pH 2 were not quite suitable for further applica-
tion as the presence of irregular and more extensive oil phase
indicates emulsion destabilization. WPI and EWP also showed
large oil droplets at pH 2, but their oil droplets remained
spherical shape, which indicates better emulsion formation
than PP. Numerous smaller oil droplets were observed at pH 7
compared to pH 2 for all protein samples, which conrmed the
particle size data reported in Fig. 5a and b, indicating superior
emulsion stability.

3.4.4. Emulsion rheology
Apparent viscosity. All the emulsions prepared showed shear-

thinning behaviour where viscosity decreased as a function of
shear rate (data not shown). To better compare the viscosity of
different emulsions, the apparent viscosities at 1 s�1 shear rate
was plotted as a function of storage time at pH 2 and pH 7
(Fig. 9). At pH 2, FBP-stabilized emulsions showed the highest
apparent viscosities (�6 Pa s) followed by EWP (�2.5 Pa s), while
the viscosities of PP andWPI-stabilized emulsions were very low
(Fig. 9a). The apparent viscosities of all emulsions stabilized
with PP were signicantly lower than FBP, which could be
attributed to the larger oil droplets and higher emulsion
RSC Adv., 2021, 11, 12117–12135 | 12129
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Fig. 8 Confocal laser scanning micrographs of oil-in-water emulsions prepared using various commercial protein sample. (a–f) Faba bean
proteins, (g–l) pea proteins, (m and n) WPI and (o and p) EWP at pH 2 and pH 7. Scale bar represents 10 mm. See Table 1 for sample identification.
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destabilization in the former. At pH 7, apparent viscosities of
most emulsions signicantly increased compared to pH 2,
except for FBP60 and DefFBP60, where viscosity remained
12130 | RSC Adv., 2021, 11, 12117–12135
unchanged. The effect of pH on viscosity was more noticeable
for PP-stabilized emulsions. The smaller droplet size of PP-
stabilized emulsions at pH 7 was probably responsible for
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Effect of storage time on the apparent viscosities (at 1 s�1 shear rate) of emulsions stabilized by various commercial protein samples at (a)
pH 2 and (b) pH 7. Viscoelasticity of emulsions stabilized by various commercial protein samples expressed as (c) plateau storage modulus (G0) at
0.1% strain and (d) crossover strain% pH2 and pH 7. Means that do not share a letter are significantly different by Tukey's test at p < 0.05
significance level. See Table 1 for sample identification.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
M

ar
ch

 2
02

1.
 D

ow
nl

oa
de

d 
on

 7
/1

5/
20

25
 1

:2
3:

19
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
their higher viscosities as emulsions with smaller droplets have
more hydrodynamic interactions between the droplets.65 At pH
7, among the different varieties, both the protein isolates
showed higher viscosities than other protein types. FBPI-
stabilized emulsion showed the highest apparent viscosity
(11.9 � 0.2 Pa s), followed by PPI (10.2 � 1.2 Pa s) (Fig. 9b). This
can be due to the higher protein content in the isolates than
other pulse proteins. The viscosity of most emulsions stayed
unchanged aer 14 days at pH 2; however, the viscosity of PPI,
WPI and EWP decreased (Fig. 9a). At pH 7, no change in
apparent viscosity was observed for most emulsions aer 14
days of storage, indicating unchanged emulsion structure with
time, except the FBPI, PP55 and EWP-stabilized emulsions
(Fig. 9b).

Emulsion viscoelasticity. All emulsions at pH 7 and only the
FBP emulsions at pH 2 with G0 > 10 Pa showed a linear visco-
elastic region (LVR) where the storage (G0) and loss modulus
(G00) remained constant as a function of strain (Fig. S1, ESI†).
The PP and WPI emulsions at pH 2 did not show any LVR, and
the G0 values were less than 5 Pa and only briey higher than G00,
indicating weak gels (Fig. S1†). At a higher strain beyond LVR,G0
© 2021 The Author(s). Published by the Royal Society of Chemistry
and G00 crossed over, indicating gel breakdown. The strain at the
crossover is a measure of the force required for gel breakdown.
To directly compare the gel strength of all emulsions, their G0

within the LVR at 0.1% strain and the crossover strain were
plotted in Fig. 9c and d, respectively. At pH 2, FBP and EWP-
stabilized emulsions showed a much higher G0 than PP and
WPI-stabilized emulsions. Among the different FBP emulsions,
no signicant difference in G0 was observed (Fig. 9c). At pH 2,
FBP emulsions also showed much higher crossover strain than
PP, WPI and EWP emulsions, indicating these emulsions can
withstand higher stress before breaking down (Fig. 9d). At pH 7,
the storage moduli of all PP, FBPI andWPI-stabilized emulsions
was noticeably increased compared to pH 2, which shows the
formation of a stronger structure (Fig. 9c). The crossover strain
of all emulsions was also higher at pH 7 than pH 2. It has
previously been reported that a decrease in droplet size would
lead to an increase in modulus and fracture strain in emul-
sions.66 In the present case, FBPI and PPI had higher protein
content compared to concentrates, and de-avoured samples
and also droplet size of FBP emulsions weremuch smaller at pH
2 compared to PP emulsions leading to a higher gel strength. At
RSC Adv., 2021, 11, 12117–12135 | 12131
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pH 7, all pulse protein emulsion showed strong-gel behaviour
and their gel strength was higher thanWPI and EWP emulsions.
Gelation in pulse protein-stabilized coarse emulsions could be
important for many food applications (e.g., salad dressing,
spreadable dipping sauce, mayonnaise, etc.) that requires
structure formation. From the results obtained above,
depending on pH and protein type, pulse proteins can be
successfully used for this purpose.

3.4.5. Accelerated destabilization of emulsions. Fig. 10
shows the percent destabilization in terms of percent free oil
separation under centrifugal force (2000 � g) for all emulsions,
which can be used to predict the long-term stability of emulsion
against gravitational separation and coalescence. The results of
accelerated destabilization followed the trends in emulsion
average particle size, where at pH 2 FBP-stabilized emulsions
showed lower destabilization compared to two PP (de-avoured
and isolate), WPI and EWP-stabilized emulsions. Only PP55
showed lower destabilization at pH 2 in spite of the larger average
particle size. Overall, at pH 2, DefPP55 showed the highest desta-
bilization (34.2 � 0.0%), followed by PPI and WPI emulsions. At
pH 7, emulsion stability was signicantly higher than pH 2 for
most emulsions, which can be related to lower droplet size (Fig. 5
and 8) and higher magnitude of zeta potential at pH 7 (Fig. 7).
Among the different FBP, at pH 2, the isolate showed slightly lower
destabilization than the concentrates, but at pH 7, no difference
was observed. For PP, a similar trend was observed at pH 7;
however, at pH 2, only the concentrate remained stable.
3.5. Development of an empirical model to predict emulsion
characteristics from protein properties

The regression models were obtained by tting eqn (5) to the
experimental data of proteins (input variables: S, OHC, WHC,
IT, and IF (soluble + insoluble)) and emulsion (output response:
droplet size, percent destabilization, and viscosity) properties
(eqn (6)–(8)) at pH 7. Other input variables determined in this
Fig. 10 Percent emulsion destabilization in terms of free oil separat
commercial protein samples at pH 2 and pH 7. Means that do not share a
level. See Table 1 for sample identification.

12132 | RSC Adv., 2021, 11, 12117–12135
research (secondary structure, zeta potential) did not have any
signicant effect on the emulsion properties, hence was not
included in the model development. The high correlation
coefficient (R2 ¼ 0.9996, 0.9993 and 0.9994 for size, destabili-
zation and viscosity, respectively) between the values predicted
by the regression models (eqn (6)–(8)) and the experimental
data implies that the EPR technique has promising potential to
predict the performance of such systems (Fig. S2, ESI†).

Size ¼ �0.00319 � OHC2 + 0.00017 � IT0.5 � WHC � IF �
0.01281 � S0.5 � WHC � IF0.5 + 40.95 (6)

Destabilization ¼ 0.58509 � IF2 + 0.01929 � IT0.5 � IF0.5 +

0.00011 � S2 � IT0.5 � 2.2385 (7)

Viscosity ¼ 0.00731 � WHC � IF0.5 + 1.73 � 10�8 � WHC2 �
OHC2 � IF0.5 + 0.00289 � S � IT0.5 + 3.3194 (8)

To investigate the strength of the relationship between the
input (S, OHC, WHC, IF, and IT) and output (emulsion droplet
size, destabilization and viscosity) parameters, the traditional
and widely used one-factor-at-a-time (OFAT) approach was
employed. The analysis was conducted such that one variable of
eqn (6)–(8) was changed step by step from a low to a high value
at one time, while the other variables were kept xed at their
baseline values. Then, the selected variable was returned to its
baseline value, and these steps were repeated for each of the
other inputs in the same way. In order to make a tangible
comparison between the input and output parameters, the
range of values obtained for S (8.25–100%), IF (5.16 � 106 to
2.74� 107), IT (6.65–15.40 mNm�1), WHC (1.16–5.56 g g�1) and
OHC (0.73–1.15 g g�1) were normalized between 1 and 100. The
mean normalized value of S (50.89), IF (61.44), IT (49.79), WHC
(42.84) and OHC (40.34) were considered as the baselines in the
OFAT analysis. Fig. 11a, b and c show the variations in the
emulsion droplet size, destabilization and viscosity,
ion under centrifugal force. Emulsions were prepared with various
letter are significantly different by Tukey's test at p < 0.05 significance

© 2021 The Author(s). Published by the Royal Society of Chemistry
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respectively, as a function of the input variables based on eqn
(6)–(8). It should be noted that only a specic range of values for
each input parameter is shown where the model predictions are
reasonable. As shown in Fig. 11a, WHC had the highest effect
(slope of �0.64) on the emulsion particle size, such that when
WHC increased from its minimum to maximum value, the
emulsion particle size decreased from 28.7 to 9.6 mm.
Increasing OHC, IF, and S also led to the reduction in emulsion
particle size (slopes �0.1, �0.37, and �0.51, respectively). As
expected, IT had the opposite effect, although an increase from
the minimum to maximum value showed a minor increase in
emulsion particle size from 8.2 to 9.5 mm (slope of 0.02). For
emulsion destabilization (Fig. 11b), solubility had the highest
effect (slope of 0.06) on the emulsion size, followed by IF (slope
of 0.05) and IT (slope of 0.03). As these parameters were
increased from minimum to maximum value, the emulsion
destabilization increased. Emulsion viscosity was mostly
affected by WHC (slope of 0.08), whose effect was higher than
IF, OHC, S and IT (slope of 0.03, 0.02, 0.02 and 0.01, respec-
tively) (Fig. 11c) increasing all these factors from minimum to
maximum increased emulsion viscosity.
Fig. 11 Model prediction of emulsion (a) average particle size, (b) destabil
solubility (S), interfacial tension (IT), water (WHC) and oil holding capacity
between the input and output (emulsion droplet size, destabilization and
(OFAT) approach, where one input variable was changed step-by-step fro
fixed at their mean normalized baseline values.

© 2021 The Author(s). Published by the Royal Society of Chemistry
Overall, our model predicts that an increase in protein S,
WHC, OHC and IF are more favourable to decrease emulsion
particle size. However, it also predicts that an increase in S and
IF in the given range would lead to higher emulsion destabili-
zation under accelerated gravity. It is possible that if proteins
are more soluble in the aqueous phase, they could be removed
from the oil droplet surface during centrifugal separation into
the aqueous phase, leading to droplet coalescence and emul-
sion destabilization. From Fig. 4a, we have seen that the soluble
fraction of proteins had signicantly higher IF; therefore, it is
reasonable that the effect of S is similar to IF. IT did not show
much inuence on emulsion particle size, although a lower
value of IT seems more favourable to lower emulsion destabi-
lization under accelerated gravitation. Lower IT indicates that
proteins are more surface-active; therefore, they tend to reside
at the oil droplet surface and protect the droplets from forced
destabilization. For emulsion viscosity, the model predicts
a positive correlation with all the input variables, although
WHC of proteins seems to be the one most inuencing emul-
sion viscosity. This means protein's ability to bind with water
seems to be more critical in controlling emulsion viscosity than
ization % and (c) viscosity as a function of normalized input parameters:
(OHC), and intrinsic fluorescence (IF). The strength of the relationship
viscosity) parameters was investigated using the one-factor-at-a-time
m a low to a high value at one time, while the other variables were kept
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their other properties. Finally, it should be mentioned that the
empirical model proposed here is based on the input variables
determined at pH 7, and the model is only valid for the used
ranges for all the variables. However, such an approach would
certainly be useful to predict emulsion formation and the
stabilization of various protein ingredients for the food
industry.

4. Conclusions

An extensive study was done to compare the structure, func-
tionality and emulsication behaviour of isolates, concentrates
and de-avoured concentrates of PP and FBP in comparison
with WPI and EWP at neutral (pH 7) and acidic (pH 2) condi-
tions. Protein concentrates showed signicantly higher solu-
bility compared to the isolates. The solubility of WPI and EWP,
however, was signicantly higher than all the pulse protein
samples. The SDS-PAGE proles of the protein concentrates
showed the presence of more high-molecular-weight bands in
the soluble compared to the insoluble fractions; however, for
the isolates, not much difference was observed. The protein
secondary structure did not show a consistent difference
between the various samples. In contrast, IF of the soluble
fractions showed much higher intensity compared to the
insoluble fractions, indicating the protein's ability to hide the
aromatic amino acids in the hydrophobic interior, thereby
lower quenching of their uorescence in the aqueous phase. IT
of all plant proteins were comparable to WPI and EWP. All
samples of FBP showed a lowering of IT at pH 7 compared to pH
2, while no signicant difference was observed for PP, which
remained higher than FBP. The higher protein content of the
isolates was found to improve their WHC. The zeta potential of
all proteins was higher at pH 7 than pH 2, and the isolates had
higher charges compared to the concentrates. At pH 7, all plant
proteins showed higher zeta potential than WPI and EWP.

All emulsions prepared at pH 7, were more stable than the
ones at pH 2, which led to higher viscosities and storage moduli
at pH 7 compared to pH 2. The contrasting effect of pH on
emulsion stability and viscosity was more noticeable for PP
compared to the FBP; therefore, the latter is more suitable for
both pH values, even when compared with WPI and EWP.
Emulsions stabilized with the concentrates appeared to be
better or comparable to the isolates in terms of particle size,
zeta potential, and microstructure. The isolate-stabilized
emulsions, however, had higher viscosity compared to the
concentrates at pH 7, while at pH 2, no such difference was
observed. Heat treatment led to a particle size increase in all
emulsions. The addition of salt had a greater destabilizing
effect at pH 2 compared to pH 7. Once again, FBP appeared as
more suitable for emulsion stability when both heat treatment
and salt addition was compared.

Finally, the EPR technique was successfully used to develop
empirical models to predict emulsion particle size, destabili-
zation and viscosity at pH 7 based on S, OHC, WHC, IF, and IT.
It was found that an increase in protein S, WHC, OHC and IF are
more favourable to decrease emulsion particle size, while an
increase in S and IF in the given range would lead to higher
12134 | RSC Adv., 2021, 11, 12117–12135
emulsion destabilization under accelerated gravity. A decrease
in IT, while did not have much inuence on emulsion particle
size, was more favourable to lower emulsion destabilization
under accelerated gravitation. Emulsion viscosity was more
dependent on WHC compared to any other factors. Such an
approach, although with limited ability, could be useful for
ingredient manufacturers to predict the emulsication ability of
their protein ingredients based on their physicochemical
properties.
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