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Abstract

Plant-based proteins are increasingly being utilized as they are sustainable, economical, and can enhance the organoleptic
properties of food products. This study investigated the effect of extraction and isolation techniques (alkaline extraction &
isoelectric precipitation and salt extraction & micellization) on the functional properties ((solubility, water holding and oil
absorption capacity (WHC/OAC), emulsifying activity and stability index (EAI/ESI), foaming capacity and stability (FC/
FS), and gelation)) of Moringa oleifera protein isolates. The effect of ionic strength (0.2—-1.0 M NaCl) and pH (2-10) on
the functional properties were also investigated. Salt extraction & micellization produced an isolate with a high solubility
at 0.8 M NaCl and pH 10 (98.1%, 91.8%), EAI at 0.6 M NaCl and pH 6 (56.2 mz/g, 77.0 m2/g), and ESI at 0.8 M NaCl and
pH 4 (64.4 min, 243.5 min). Alkaline extraction & isoelectric precipitation resulted in an isolate with a high WHC at 0.6 M
NaCl and pH 10 (5.8 g/g, 4.0 g/g), OAC (4.9 g/g), FC at 0.4 M NaCl and pH 2 (203.3%, 163.3%), and gelation at 0.2 M NaCl,
0.4 M NaCl, and pH 8 (20.0%). Both extraction methods can be applied in the valorization of M. oleifera seedcake. Micel-
lized isolate could be used in food emulsions due to better emulsifying properties, while isoelectric isolate can be applied
in meats and sauces, owing to better water holding and oil absorption capacity. M. oleifera protein isolates are promising

plant-based proteins that can be used in food formulations or to replace animal-derived proteins in food.
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Introduction

Proteins, also known as polypeptides, comprise long chains
of up to twenty different amino acids linked by peptide bonds.
Proteins have unique sequences of amino acids with a number
of different side chains that impart specificity and function-
ality. They are essential macromolecules in the human diet
which play vital nutritional and functional roles in the human
body. The need for more protein sources has intensified in
the last two decades, as a result of the growing population,
that is expected to increase to over 9 billion by the year 2050
(United Nations, 2019). In addition, demands for specifically
plant-based proteins, have soared due to environmental factors
such as increased greenhouse gas emissions, water and land
use, and deforestation, along with the increasing number of
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consumers who have dietary, religious, or ethical concerns,
associated with the consumption of animal-based proteins. A
review on protein alternatives by Lee et al. (2023) revealed
that meat consumption is also bound to increase in developing
countries, this will subsequently put enormous pressure on the
food production system to fulfil this demand. Therefore, the
active research for new plant-based protein products is crucial.

Plant-based proteins have been prepared from cereals,
grains, legumes, oilseeds, pulses, and more (Cai et al.,
2013; Dong et al., 2023; Lee et al., 2023; Rawat & Saini,
2023; Rosas-Ulloa et al., 2023; Silventoinen et al., 2019;
Singh & Sit, 2023; Sosa et al., 2020). Legumes, like chick-
pea, represent a major source of high-quality protein.
Cereals are also nutritious and have been used extensively
for industrial applications, while oilseeds are known to
contain appreciable amounts of protein and beneficial phe-
nolic compounds (Langyan et al., 2022). They can poten-
tially be used in a variety of food products, as fortificants,
functional ingredients/ food additives, and even animal
feed. Plant-based proteins have gained popularity as they
represent a “greener”’, more sustainable, and economical
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source of protein, dietary fibre, fats, and vitamins, in com-
parison to animal proteins (Deng et al., 2019; Hadnadev
et al., 2018; Viana et al., 2023). Increasing efforts are
being made to develop new sources of plant-based pro-
teins to replace animal proteins, at least partially, in food
products that are traditionally based on the functionality
of animal proteins.

The different functional properties of plant-based pro-
teins are attributed to differences in amino acid profiles,
conformation, hydrophobicity, etc., which are affected by
extraction and isolation techniques. A study on the effect
of preparation techniques on the functional properties of
Bambara groundnut protein isolates revealed the micelliza-
tion technique to result in production of isolates with higher
solubility, foaming and emulsifying capacity and stability,
oil and water absorption than isolates prepared by isoelec-
tric precipitation (Adebowale et al., 2011). Likewise, Hu
et al. (2017) reported the functionality of walnut proteins
to be dependent on extraction conditions, where proteins
obtained through enzyme-assisted reverse micelles had
greater water holding and foaming capacities compared to
isolates prepared by Aerosol-OT or also known as AOT
reverse micelles ((micelles formed from water and sodium
bis(2-ethylhexyl) sulfosuccinate)) and aqueous phase
extraction. Processing conditions (pH, salt concentration/
ionic strength, and temperature), can induce protein dena-
turation, which influences the functional properties of a
protein (Farooq & Boye, 2011; Singh & Sit, 2023). For
instance, a thermally treated protein may have a lower solu-
bility, due to increased exposure of hydrophobic side chains
as a result of denaturation. Studies often evaluate functional
properties of proteins, but no serious consideration is given
to the various conditions of the environment, such as pH
and ionic strength. This is crucial to understand the proper-
ties of the protein isolates, to predict the protein behaviour,
to maximise protein functionality, in order to enhance their
application in different food systems.

Fruit and vegetable seeds are often discarded as waste.
The valorisation of this waste into plant-based protein
could be a positive step towards the reduction of the envi-
ronmental and economic burden of food waste. Alfalfa,
bitter melon, hemp seeds, Manila tamarind, orange seeds,
Persian lime, sesame meal, and sunnhemp, are some of
the recent sources of plant-based proteins that have been
isolated and researched, with promising results indica-
tive of their potential use in food applications (Fathollahy
et al., 2021; Hadidi et al., 2023; Hadnadev et al., 2018;
Naik et al., 2022; Rawat & Saini, 2023; Rosas-Ulloa et al.,
2023; Singh & Sit, 2023; Wan et al., 2023). In this con-
text, Moringa oleifera seeds represent another source of
plant-based proteins with potentially important functional
properties that could enhance the structure, texture, and
organoleptic properties of food products. Moringa oleifera

protein isolates can be isolated from the by-product of
Moringa oil production, the M. oleifera seed cake. Accord-
ing to Illingworth et al. (2022), M. oleifera protein iso-
lates produced by different isolation techniques possess
different physicochemical properties. Micellized isolates
were reported to possess a higher surface hydrophobic-
ity (S,=184) than isoelectric isolates, which indicates the
potential of micellized isolates to have greater emulsify-
ing properties (Dong et al., 2023; Illingworth et al., 2022;
Rawat & Saini, 2023). A study on M. oleifera seed proteins,
prepared by salt extraction and ammonium sulphate precip-
itation, reported the proteins to exhibit water-holding and
oil- absorption capacity, emulsifying capacity and stabil-
ity, foaming capacity and stability, and gelation properties
(Du et al., 2022). Another study reported globulin frac-
tions of M. oleifera seed proteins to possess better foam-
ing and emulsifying properties than their albumin fractions
(Aderinola et al., 2020). Although the study by Du et al.
(2022) has demonstrated the functionality of M. oleifera
seed proteins, the method involves additional steps for the
removal of ammonium sulphate and may require further
analysis to confirm its complete removal before use in food
applications. In addition, the isolation of specific protein
fractions, such as globulin and albumin, require a longer
duration and additional purification steps to achieve the
required degree of purity. Crude M. oleifera seed proteins,
derived as the by-products of M. oleifera oil processing, are
a potential protein source for food applications. The func-
tional properties of crude M. oleifera seed proteins have yet
to be reported. This study aims to investigate the effect of
different preparation techniques on the functional proper-
ties of crude M. oleifera seed protein isolates, addressing
current knowledge gaps.

The main objective of this study is to investigate the
functionality of M. oleifera protein isolates as prepared
by two techniques, micellization and isoelectric precipi-
tation, which are common isolation techniques used to
prepare protein isolates due to the simplicity of imple-
mentation and stability of the precipitated proteins (Lee,
2017; Rawat & Saini, 2023; Singh & Sit, 2023). The same
functional properties are studied under the influence of
varying pH and ionic strengths, in order to understand the
behaviour of M. oleifera protein isolates under different
food processing conditions. To the best of our knowledge,
the influence of micellization and isoelectric precipitation
on the functional properties of M. oleifera seed proteins
have yet to be investigated. The effect of pH and ionic
strength on the resultant protein isolates remains unclear.
The findings of this study serve as a guide for the prepa-
ration of M. oleifera protein isolates in order to obtain
the desired functional properties and is a reference for
its potential applications in systems of various pH and
ionic strengths.
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Materials and Methods
Materials

M. oleifera kernels were purchased from India. The kernels
were dried in an oven (2.5 h, 40 °C) prior to being ground
into flour. Oil was removed by defatting the flour three times
with hexane (1:3 w/v, 6 h), followed by air-drying under a
fume hood (24 h). The defatted flour was stored hermetically
at room temperature (25 °C) until further use. All chemicals
used in this study were of analytical grade. Commercial soy
protein isolate (SPI) (Synerchem Sdn. Bhd., Malaysia) was
used in some analyses as a control for comparison.

Preparation of Protein Isolates
Salt Extraction and Micellization

M. oleifera protein isolate was prepared according to
Illingworth et al. (2022). Briefly, M. oleifera flour was
extracted with 0.5 M NaCl at a 1:10 (w/v) ratio and stirred
on a magnetic stir plate (550 rpm, 40 °C, 10 min). The
protein extract was centrifuged (2000 X g, 10 min) and the
supernatant collected was diluted with cold deionised water
at a ratio of 1:10 (v/v). The suspension was left to stand
(4 °C, 1 h). The protein precipitate was separated by cen-
trifugation (2000 X g, 10 min) and washed two times with
deionized water (pH 7). The protein isolate was stored in
a— 80 °C freezer, followed by freeze-drying (— 105 °C,
24 h) (Labconco, USA). The freeze-dried sample was
ground, packed, and labelled as Micellized Protein (MP).
The sample was stored hermetically at 25 °C until fur-
ther use. The protein content of MP was 93.86 g100g~" as
reported earlier (Illingworth et al., 2022).

Alkaline Extraction and Isoelectric Precipitation

M. oleifera protein isolate was prepared according to IlI-
ingworth et al. (2022). Briefly, defatted M. oleifera flour
was mixed with deionized water at a 1:10 (w/v) ratio. The
mixture was adjusted to pH 8.5 using 1.0 M NaOH and
stirred on a magnetic stir plate (550 rpm, 40 °C, 10 min).
The protein extract was centrifuged (2000 X g, 10 min) and
the supernatant collected was adjusted to the isoelectric
point (pH 2.5) using 1 M HCI. The proteins were pre-
cipitated for 1 h at 25 °C. The protein precipitate was
separated by centrifugation (2000 X g, 10 min) and washed
two times with deionized water (pH 7). The protein isolate
was stored in a — 80 °C freezer, followed by freeze-drying
(=105 °C, 24 h) (Labconco, USA). The freeze-dried sam-
ple was ground, packed, and labelled as Isoelectric Protein
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(IP). The sample was stored hermetically at 25 °C until
further use. The protein content of IP was 80.98 g100g™!
as reported earlier (Illingworth et al., 2022).

Functional Properties

The effect of pH and ionic strength on the functional proper-
ties was investigated by using 0.2, 0.4, 0.6, 0.8, and 1.0 M
NaCl solutions, and the pH was adjusted to pH 2, 4, 6, 8, and
10 using 1.0 M NaOH and 1.0 M HCI.

Protein Solubility

Protein solubility was determined according to Pham et al.
(2017) with slight modifications. A sample (MP and IP)
(125 mg) was dispersed in distilled water. The solution was
adjusted to the specified pH, made up to 25 mL, stirred
(550 rpm, 25 °C, 30 min), and centrifuged (2000 X% g,
15 min). The protein content in the supernatant was deter-
mined using the Kjeldahl method and protein solubility was
calculated according to Eq. 1.

amount of N in supernatant

Solubility (%) = X100 (1)

amount of N in sample

Water Holding Capacity (WHC)

WHC was determined according to the method described
by Piornos et al. (2015). A sample (MP, IP, and SPI) (1 g)
was added to 10 g distilled water in a pre-weighed centrifuge
tube. The sample was vortexed (1600 rpm, 2 min) and left
to stand (25 °C, 1 h), after that was centrifuged (5000 X g,
30 min) and the supernatant was removed. The weight of
sample and centrifuge tube was measured. The WHC was
calculated according to Eq. 2.

w2 - Wl

WHC (g/g) = WO

@)

W, was the weight of centrifuge tube, sample, and
absorbed water (g); W, was the weight of centrifuge tube
and sample (g); W, was the weight of sample (g).

Oil Absorption Capacity (OAC)

OAC was determined according to the method described by
Piornos et al. (2015). A sample (MP, IP, and SPI) (1 g) was
added to 10 g of commercial sunflower oil in a pre-weighed
centrifuge tube. The suspension was vortexed (1600 rpm,
2 min) and left to stand (25 °C, 1 h). The suspension was
centrifuged (5000 % g, 30 min) and the supernatant was
removed. The weight of sample and centrifuge tube was
measured. The OAC was calculated according to Eq. 3.
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F2-F1
Fo

OAC(g/g) = 3)

F, was the weight of centrifuge tube, sample, and absorbed
oil (g); F, was the weight of centrifuge tube and sample (g);
F, was the weight of sample (g).

Emulsifying Activity Index (EAI) and Emulsion Stability
Index (ESI)

EAI and ESI were determined according to Pearce and Kin-
sella (1978). A 2% (w/v) protein dispersion was firstly pre-
pared. An aliquot (15 mL) was mixed with 5 mL of sunflower
oil. The mixture was homogenized using a homogenizer (IKA
T25 digital Ultra-Turrax, Germany) (10,000 rpm, 1 min). After
homogenization, 50 pL of the emulsion was pipetted from the
bottom of the container immediately and diluted with 5 mL
of 0.1% sodium dodecyl sulphate (SDS) solution in order to
determine the EAI The absorbance was read at 500 nm using a
spectrophotometer (Prim, Secomam, France), with 0.1% SDS
as the blank. To determine the ESI, 50 pL of the emulsion
was pipetted from the bottom of the container at 10 min after
homogenization and measured as described. The EAI and ESI
were calculated according to Egs. 4 and 5, respectively.

2T xAOx DF
EAI(m?/g) =
(m*/g) Cx@xLx10.000 S
. A0
ESI(min) = — 29
(min) = o AToyw ©)

Ag and A, is the absorbance at O min and 10 min after
the homogenization, respectively; T=2.303; DF (dilution fac-
tor) =100; C=concentration of sample (mg/mL); @ = oil volu-
metric fraction (0.25); L=width of the optical path (0.01 m);
10,000 =conversion to units mZ/g; t=10 min.

Foam Capacity (FC) and Foam Stability (FS)

FC was measured according to the methods of Chew et al.
(2003). A 2% (w/v) protein dispersion was prepared. The
dispersion was transferred to a 50 mL graduated measuring
cylinder and homogenized using a homogenizer (IKA T25
digital Ultra-Turrax, Germany) (10,000 rpm, 2 min). The
volume of foam was measured immediately (to determine
FC), and after 30 min (to determine FS). FC and FS were
calculated according to Egs. 6 and 7, respectively.

Fe@ = 2= Y1 100 (6)
%]
V2-V3
b= =12 7
FS(%) = 15— x100 %)

V, was the foam volume before homogenization; V, was
the foam volume after homogenization; V5 was the foam
volume after 30 min of the foam formation.

Least Gelation Concentration (LGC)

LGC was determined according to Coffmann and Garciaj
(1977). Protein solutions of different concentrations were
prepared (5 —25%) in tubes and vortexed (5 min, 1600 rpm).
The tubes were placed in a water bath (90 °C, 1 h) and then
cooled under flowing water and stored (4 °C, 2 h). Semi-
solid gels were defined as gels that moved gradually when
the test tube was slanted or inverted (Figs. 5a and 6a);
gels showed no movement, were stable but less cohesive
like pastes (Fig. 6b); brittle gels showed no movement but
crumbled with applied pressure (Fig. 5b); firm gels did not
move or crumble but were not able to maintain its shape
with applied pressure (Fig. 6c¢); very firm gels showed no
movement, and were able to revert to its original shape when
pressure was removed (Fig. 5¢). The LGC was qualitatively
determined as the lowest concentration at which the sample
did not slip from the inverted tube.

Statistical Analysis

All analyses were done in triplicates. Data was statistically
analyzed using analysis of variance (ANOVA). Tukey’s
range test was used to compare means and significance was
accepted at p<0.05.

Results and Discussion
Protein Solubility

The solubility of MP significantly (p <0.05) increased
beyond 0.2 M NaCl concentration, whereas the solubility
of IP was unaffected by ionic strength (Fig. 1a). The trend
exhibited by MP could be attributable to the salting-in
effect of proteins, where electrostatic repulsion between
protein molecules decreases, increasing solubility. Hu
et al. (2017) credited the varying solubility of walnut pro-
tein isolates in salt solutions with different protein con-
formational characteristics, which are a consequence of
the use of different extraction methods. This may explain
the trends observed in this study, where ionic strength
influenced the solubility of MP but had no effect on the
solubility of IP (Fig. 1a). The protein solubility of MP
and IP was observed to be pH dependent (Fig. 1b). The
“U” shaped curve observed is typical for pH dependent
protein solubility profiles and have also been reported for
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Fig. 1 Effect of ionic strength (a) and pH (b) on protein solubility
of MP and IP. Difference in lower case letters (a, b, c) indicate sig-
nificant differences within sample at different ionic strengths/pH.
Difference in upper case letters (A or B) indicate significant differ-
ences between samples

Hyacinth bean, orange seed, pine nut, quinoa, and wal-
nut protein isolates (Cai et al., 2013; Elsohaimy et al.,
2015; Hu et al., 2017; Mohan & Mellem, 2020; Rosas-
Ulloa et al., 2023). The significant (p <0.05) decrease in
solubility at pH around 4 was expected, as it represents
the isoelectric region, where repulsive electrostatic forces
between proteins decrease and protein—protein interactions
increase, leading to precipitation.

The significantly (p <0.05) higher solubility of MP in
comparison to IP, across all ionic strengths (0.2 M-1.0 M
NaCl concentration) and pH (2-10), implies that micelli-
zation resulted in better solubility of M. oleifera proteins
than isoelectric precipitation. These findings were in line
with reports from Mohan and Mellem (2020) and Adebow-
ale et al. (2011), who also found that micellized protein
isolates from Bambara groundnut and Hyacinth bean pos-
sess better solubility than the isoelectric isolates. Pearce
and Kinsella (1978) stated that poor solubilities are indica-
tive of protein denaturation. Moreover, when pH of the
medium reaches the isoelectric point of the proteins, this
leads to an increase in hydrophobic interactions between
protein molecules and the formation of insoluble aggre-
gates with unsatisfactory solubility (Krause et al., 2002).
Solubility is a crucial parameter for protein functional
properties which is often correlated with emulsification,
foaming, and gelation. The improvement of solubility of
MP beyond 0.2 M NaCl concentration, and at pH values
outside the isoelectric region (pH 4) for both MP and IP,
may increase its potential food applications.

@ Springer

Water Holding Capacity (WHC)

WHC was highest at 0.2 M NaCl concentration for MP,
0.6 M NaCl concentration for IP, and 0.8 M and 1.0 M
NaCl concentrations for SPI (Fig. 2a). The WHC of MP
and IP decreased at 0.4 M and 0.8 M NaCl concentra-
tions, respectively (Fig. 2a). This is due to the salting-
in and salting-out properties of proteins. At lower ionic
strengths, charged protein groups weakly bind to the
hydrated sodium and chloride ions in solution, improv-
ing WHC. At higher ionic strengths, existing water favors
the binding to the sodium and chloride ions, leading to
decreased interactions between the ions and charged pro-
tein groups, resulting in protein dehydration and reduction
in WHC. This may explain the trends in WHC observed
for MP and IP (Fig. 2a). Similar trends were also observed
for African locust bean and walnut proteins, where the
maximum WHC was achieved at 0.2 M and 0.6 M NaCl
concentrations, respectively, before a progressive decrease
was noted as the ionic strength (NaCl concentration)
increased (Hu et al., 2017; Lawal, 2004). SPI recorded a
significantly (p <0.05) higher WHC than MP and IP, at
0.8 M and 1.0 M NaCl concentrations (Fig. 2a). This indi-
cates that SPI possesses a greater ability to retain water at
higher ionic strengths, compared to MP and IP.

The WHC of MP and SPI significantly (p <0.05)
improved beyond pH 2 and 4, respectively (Fig. 2b). This
was expected as protein—protein interactions are the highest
at the isoelectric region (pH 2—4), limiting their interaction
with the water. Increased repulsive electrostatic forces at
pHs away from the isoelectric region improved WHC. Nota-
bly, IP and SPI had significantly (p <0.05) higher WHC in
comparison to MP (Fig. 2b). This could be attributable to
the higher amounts of exposed amino acid residues present
in IP and SPI, due to a higher degree of denaturation. The
exposed amino acid residues are able to bind to more water
molecules, resulting in a greater WHC. This supports earlier
findings by Illingworth et al. (2022), who reported M. oleif-
era isolates prepared by isoelectric precipitation to possess
a higher degree of denaturation, as revealed by its lower
transition enthalpy. Likewise, Ma et al. (2011) reported heat
denatured lentil, chickpea, and pea flours possess improved
WHC due to amino acid residues that promoted fluid entrap-
ment. Studies on protein isolates from Lupinus campestris,
flaxseed, and hempseed also found isoelectric isolates to
possess better WHC than micellized isolates (Hadnadev
et al., 2018; Krause et al., 2002; Rodriguez-Ambriz et al.,
2005). Hadnadev et al. (2018) reported the greater WHC
values of isoelectric proteins to be due to their aggregated
structure, where micro- and nano pores retain water through
capillary mechanisms.

While MP possessed poorer WHC (maximum of
1.21 g/g at pH 10), IP had WHC values higher than protein



Food and Bioprocess Technology (2024) 17:3060-3073 3065
Fig.2 Effect of ionic strength a ; ; ; F i
() and pH (b) on water holding (a) Water holding capacity (g/g) against ionic strength (M)
capacity (WHC) of MP, IP, and - 8 A
SPI. Difference in lower case ‘S a A a,A a
letters (a, b, ¢) indicate signifi- © 6 ’
cant differences within sample % ¢, A ¢ A
at different ionic strengths/pH. — —e— VIP
Difference in upper case letters téo io 4 b A b, A b, B b, B b, B
(A, B, C) indicate significant oY ’ —a—|P
differences between samples f’: 2 a,B
E .\b"i b’ ¢ b’ c b; C SPI
g 0 ® L °
0.0 0.2 0.4 0.6 0.8 1.0
lonic strength (M)
(b) Water holding capacity (g/g) against pH
> 8
= a, A a A
S c, A c, A b, A
S 5 ‘__/—’i———‘
S ——MP
° a,B a,B a,B a,B a,B P
2o 4 — » " —=—
=~
22, bc aC aC aC —4SPl
< c, C ’ ——8
—
o 0
g 0 5 10
=
pH

isolates prepared from chickpea (1.34-1.47 g/g), hemp
(0.80-1.59 g/g), and pea (1.91-2.37 g/g) (Hadnadev et al.,
2018; Kaur & Singh, 2005; Stone et al., 2015). Proteins
that possess good WHC can be added into products where
high WHCs are desired such as creams, soups, and bakery
products. This is due to their ability to retain water with-
out dissolution, thus providing the required viscosity and
thickening of a product (Rosas-Ulloa et al., 2023).

Oil Absorption Capacity (OAC)
The OAC of IP was significantly greater (p <0.05) than
MP, while both IP and MP were significantly greater

(p £0.05) than SPI (Table 1). A study on the OAC of
pea protein isolates observed OAC to be affected by

Table 1 Oil absorption capacity (g/g) of M. oleifera protein isolates

MP 1P SPI

Oil absorption capacity 3.63+0.14° 4.93+0.10* 2.11+0.07°

(g/2)

*Means +sd followed by different letters are significantly different
(p<0.05)

hydrophobicity, surface charge, and conformational
characteristics, which were influenced by preparation
techniques (Reinkensmeier et al., 2015). This is sup-
ported by Lin et al. (1974) and Wang et al. (2020), who
stated that oil retention is result from the binding of the
hydrocarbon chains of oil to the non-polar side chains
of amino acids through hydrophobic, electrostatic, and
hydrogen bonding. It could also be due to the higher pro-
portion of hydrophobic amino acids in IP as previously
reported by Illingworth et al. (2022). Similar inferences
were made for Hyacinth bean, Manila tamarind, mung
bean, and orange seed protein isolates (Brishti et al.,
2017; Mohan & Mellem, 2020; Rosas-Ulloa et al., 2023;
Singh & Sit, 2023). The OAC of IP and MP were con-
siderably higher than OAC of protein isolates prepared
from chickpea (1.05-1.24 g/g), pea (1.07- 1.27 g/g), and
quinoa (1.88 g/g), but lower than reported for hempseed
(12.54- 13.70 g/g) and avocado meal protein (5.53 g/g)
(Elsohaimy et al., 2015; Kaur & Singh, 2005; Malomo
et al., 2014; Stone et al., 2015; Wang et al., 2019). The
good OAC values indicate that MP and IP could poten-
tially be an ingredient in lipid-rich foods like meat and
sauces, and to replace commercially used SPI.
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Emulsifying Activity Index (EAI) and Emulsion
Stability Index (ESI)

Maximum EAI was obtained at 0.6 M and 0.8 M NacCl
concentrations for MP, 0.2 M NaCl concentration for IP,
and 0.2 M, 0.6 M and 0.8 M NaCl concentrations for SPI
(Fig. 3a). All isolates showed poor EAI at 1.0 M NaCl con-
centration (Fig. 3a). This is attributable to the salting-in and
salting-out properties of proteins, where lower salt concen-
trations improved protein solubility (salting-in) and high salt
concentrations led to the dehydration and poor solubility of
proteins (salting-out), due to decreased interaction between
the ions and charged protein groups, as similarly observed
for WHC (Fig. 2a). Qi et al. (1997) stated that the emulsify-
ing properties of proteins depend on protein solubility; so the
more protein that is dissolved, the more protein will reach
the oil-water interface to form cohesive films around oil
droplets. This association was evident in this study, where
MP possessed greater solubility than IP (Fig. 1a).
Maximum ESI was recorded at 0.4 M NaCl concentra-
tion for IP and SPI, and 0.4 M and 0.8 M NaCl concentra-
tion for MP (Fig. 3b). Similar to the observations for EAI,
all isolates showed poor ESI at 1.0 M NaCl concentration
(Fig. 3b). Low electrostatic repulsion would have encour-
aged protein—protein interaction and aggregation, resulting
in the destabilization of the emulsions as previously seen by
Shao et al. (2017) in emulsions stabilized by Ulva fasciata
polysaccharide. Aluko and Yada (1995) attributed the good
ESI of cowpea protein isolates to the formation of charged
layers around oil droplets that resulted in repulsion and
formation of a hydrated layer around interfacial materials,
which reduced interfacial tension and prevented coalescence.
It is possible that a high surface charge of proteins, in 0.4 M
and 0.8 M NaCl concentrations, prevented the aggregation of
suspended oil droplets and stabilized the emulsions. Similar
observations were made for African locust bean, Gingko
biloba seed, pumpkin seed, and walnut proteins (Deng et al.,
2011; Hu et al., 2017; Lawal, 2004; Pham et al., 2017).
Dependence of EAI on pH was expected (Fig. 3c), as it
is well documented that emulsion capacities of proteins are
dependent on the hydrophilic-lipophilic balance, which is
influenced by pH (Ochoa-Rivas et al., 2017; Sathe et al.,
1982). The EAI was lower at pH 2 to 4 for all isolates, with
the exception of pH 6 for IP at which EAI was also recorded
to be low (32 m?/g). This was expected as pH 2 to 4 is the
isoelectric region where proteins take on a more stable con-
formation that is more resistant to unfolding, resulting in
poor film forming abilities. Protein solubility is the lowest
at the isoelectric region, affecting protein diffusion to the
water and oil interface and preventing film formations, sur-
rounding the suspended oil droplets in oil-in-water emul-
sions (Belitz et al., 2009). EAI was significantly (p <0.05)
improved at pH values away from the isoelectric region.
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This could be due to increased exposure of hydrophobic
surfaces or non-polar side chains, resulting from denatura-
tion at extreme conditions, which would have promoted
protein adsorption at the oil-water interface and the forma-
tion of films around oil droplets (Hu et al., 2017). These
observations were in line with data reported by Fasuan et al.
(2018); Hu et al. (2017); Lawal (2004); Pham et al. (2017);
and Ragab et al. (2004) for African locust bean, cowpea
proteins, pumpkin seeds, sesame seeds, and walnut proteins.

It is observed that ESI values were the highest at pH 4
for MP and SPI, and at pH 2 and pH 4 for IP (Fig. 3d). This
indicates that the emulsions were more stable at acidic pHs
than alkaline pHs. This was not in agreement with previ-
ous studies that reported ESI to increase with an increase
in pH, due to increased protein solubility that enhanced the
formation of interfacial films, as the isolates recorded low
solubilities at around pH 4 (Fig. 1b). Sathe et al. (1982)
reported that the differences observed in ESI is due to the
hydrophilic-lipophilic balance of the proteins along the pH
gradient. It is possible that acidic conditions (pH 4) resulted
in a better hydrophilic-lipophilic balance of the proteins,
hence the higher ESI that was observed. This observation
is also akin to pea proteins that can stabilize emulsions at
acidic environments (pH 3) (Sridharan et al., 2020). Accord-
ing to the authors, pea proteins possess the ability to irre-
versibly adsorb at the air—water interface and stabilize the
oil droplets, in acidic environments, also known as a Picker-
ing stabilization mechanism. This could explain the trends
observed in our study, although more research is needed to
confirm this. These findings demonstrate that MP and IP
could potentially be used in the production of food emul-
sions with acidic pH, such as salad dressings.

It is noteworthy that MP showed significantly (p <0.05)
better EAI values in comparison to SPI and IP at all ionic
strengths and pH values studied. This can be associated with
the better solubility (Fig. 1a, b) and higher protein concen-
tration (93.86 g100g~") of MP, comparative to IP. Elsohaimy
et al. (2015) previously reported the EAI of quinoa protein
isolates to increase (1.24-3.38 m*/g) with increasing protein
concentrations (0.10-3.00%). In addition, the high surface
hydrophobicity of micellized isolates, S,= 184, as reported
by Illingworth et al. (2022), could also be responsible for
the high EAI values recorded. This implies that MP may
have greater use in emulsification, in comparison to IP and
SPI. Belitz et al. (2009) and Mishyna et al. (2019) stated
that the protein concentration, protein solubility, amino acid
composition, and surface hydrophobicity are the proper-
ties of proteins that influence emulsifying properties and
stabilization of oil-in-water emulsions. This is also proven
in the research of Rawat and Saini (2023), who reported
that the emulsifying properties of sunnhemp protein isolate
have increased, due to an increased surface hydrophobic-
ity induced by ultrasound treatment. Previous studies, that
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examined the effect of extraction and isolation techniques on
the emulsifying properties of protein isolates from Bambara
groundnut, sweet and bitter lupin seeds, also found micel-
lized isolates to possess better emulsifying properties in
contrast to isoelectric isolates (Adebowale et al., 2011; El-
Adawy et al., 2001). Proteins that possess good emulsifying
properties could be used in the production of various food
emulsions, such as ice cream, ground meats, and mayonnaise
(Hernandez Ramirez et al., 2023).

Foaming Capacity (FC) and Foam Stability (FS)

Maximum FC was achieved at 0.4 M NaCl concentration for
IP, and 0.6 M NaCl concentration for MP and SPI (Fig. 4a).
The highest FS was recorded at 0.2 M and 0.6 M NaCl con-
centrations for SPI, and 0.8 M NaCl concentration for MP
and IP (Fig. 4b). All isolates recorded a reduction in FC and
FS at 1.0 M NaCl concentration (Fig. 4a, b). These trends
were similar to previous EAI measurements, where lower
ionic strengths improved foaming properties, while higher
ionic strengths (1.0 M NaCl concentration) had the inverse
effect. Lower ionic strengths increased protein solubility,
which aided in the formation of continuous, gas-imperme-
able films around air bubbles in a foam system (Yuliana
et al., 2014). Higher ionic strengths (1.0 M NaCl concentra-
tion) limited protein solubility (as seen for MP in Fig. 1a),
resulting in the destruction of protein films and promotion of
aggregation and protein precipitation. Similar observations
were made for African locust bean, Gingko biloba seed,
and pumpkin seed proteins (Deng et al., 2011; Lawal, 2004;
Pham et al., 2017).

FC and FS were observed to be pH dependent (Fig. 4c,
d). Maximum FC values were measured at pH 2 for all
isolates (Fig. 4c), while further increase in pH resulted in
poorer foaming properties. FC was the lowest at pH 4 for
all the isolates (Fig. 4c), and this can be associated to the
low solubility of MP and IP at pH 4 (Fig. 1b). The low
solubility led to the deceleration of protein molecules to the
air—water interface during foaming. The slight improvement
in FC beyond pH 4 may be attributable to increased protein
flexibility and solubility due to the denaturation and unfold-
ing of proteins at the air—water interface, which resulted
in better air encapsulation and formation of air bubbles.
These findings are in agreement with Deng et al. (2019);
Fasuan et al. (2018); Hu et al. (2017); Lawal (2004); and
Pham et al. (2017), who observed significant (p <0.05)
improvements in FC away from isoelectric regions for
African locust bean, Chinese quince seed, pumpkin seed,
sesame seed, and walnut proteins. The high FC at low pH
suggests that the foams formed are more stable at acidic
pHs and these protein isolates could potentially be used in
the production of carbonated beverages (soft drinks, beer,
sparkling wine), where foam formation is desired.
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Maximum FS were recorded between pH 2 to 4 for all
the three isolates, showing good stability in the isoelectric
region. Although these observations opposed findings by
Hu et al. (2017) and Deng et al. (2019), they were in agree-
ment with Pham et al. (2017) and Lawal (2004). The authors
reported that FS is the highest at the isoelectric region due
to the lack of repulsive interactions, allowing the improve-
ment of film formation at the air—water interface. Belitz et al.
(2009) stated that low net charges at the isoelectric region
is essential in the improvement of FS. This is further con-
firmed by Wang et al. (2010), who claimed that a net neutral
charge on protein molecules is critical in foam stabilization.

A study by Mohan and Mellem (2020) reported simi-
larly to our observations, where isoelectric Hyacinth bean
proteins possessed higher FC but lower FS in comparison
to micellized protein isolates. Low FS values indicate weak
interfacial films formed by the proteins. IP showed signifi-
cantly (p <0.05) better FC in comparison to MP and SPI
at all ionic strengths and pH values studied. Of the three
isolates, it is evident that both IP and MP possessed greater
foaming properties than SPI.

Least Gelation Concentration (LGC)

MP had a higher LGC of 25% at all conditions (except
1.0 M NaCl concentration and pH 2, where LGC was not
achieved), in comparison to IP which recorded a LGC of
20% at all conditions (except 1.0 M NaCl concentration)
(Tables 2 and 3). The physical appearance of the formed
gels was also a major difference between the isolates (Figs. 5
and 6). The network formation of gels involves the partici-
pation of hydrogen bonding, hydrophobic, and electrostatic
interactions; the contributions of these forces vary with pro-
tein type, protein concentration, heating, and environmen-
tal conditions (Damodaran & Parkin, 2017). This indicates
that the extraction and isolation techniques influenced the
gelation capacity of M. oleifera protein isolates through
the manipulation of these various forces and interactions.
According to Damodaran and Parkin (2017), proteins can
either form coagulum (opaque) gels or translucent gels; how-
ever, proteins that contain high proportions of hydrophobic
amino acids are known to form coagulum type gels. The
observation of coagulum gels in this study supports the find-
ings of Illingworth et al. (2022), who reported M. oleifera
protein isolates to possess higher proportions of hydrophobic
amino acids.

MP and IP showed similar gelling behaviour in
response to ionic strength. For MP, very firm gels were
obtained from 0.2 to 0.4 M NaCl (Fig. 5c), brittle gels
were obtained from 0.6 to 0.8 M NaCl (Fig. 5b), and semi-
solid (weak) gels were obtained at 1.0 M NaCl (Fig. 5a).
Similarly, for IP, firm gels were obtained at 0.2 to 0.4 M
NaCl (Fig. 6¢), gels were obtained at 0.6 M NaCl (Fig. 6b),
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Fig.4 Effect of ionic strength
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Table 2 Effect of ionic strength

. Concentration Ionic strength (M) pH

& pH on the least gelation (% wiv)

concentration of the micellized 0.2 0.4 0.6 0.8 1.0 2 4 6 8 10

protein
5 X X X X X X X X X X
10 \/ \/ X X X + X X X X +
15 VAVAR" + + + x o+ + + +
20 VAVAR" + + + X o+ + + +
25 VvV o+ + + X + + vVvooo+
X, no gel; +, semi-solid (weak) gel; +, LGC (brittle gel); \/ \/ , LGC (very firm gel)

Table 3 Effect of ionic.strength Concentration Ionic strength (M) pH

& pH on the least gelation (% wiv)

concentration of the isoelectric 0.2 0.4 0.6 0.8 1.0 2 4 6 8 10

protein
5 + + X X X X X X X X
10 + + + + + + + + + +
15 + + + + + + + + + +
20 i v - - + - - - VAR

x, no gel; +, semi-solid (weak) gel; -, LGC (gel); \/ , LGC (firm gel)

and semi-solid (weak) gels were obtained at 1.0 M NaCl
(Fig. 6a). The mechanism of gelation is influenced by the
balance between attractive hydrophobic interactions and
electrostatic interactions, which controls the protein—
protein and protein-solvent interactions in a gelling system
(Damodaran & Parkin, 2017). This elucidates the effect of
ionic strength on the gelation capacity, where at lower ionic
strengths (0.2 to 0.4 M NaCl), protein-solvent interactions
are slightly promoted, resulting in better gelation capacity,
hence the gels are firmer. This was better emphasized in the
lowest LGC recorded (10%) for MP at 0.2 M NaCl. In con-
trast, higher ionic strengths (0.6 M to 1.0 M NaCl) promote
protein—protein interactions, causing the precipitation of
the proteins, thus impairing gelling ability and producing
the semi-solid (weak) gels. Similar trends were observed
for African locust bean and pumpkin seed proteins when
varying the ionic strength (Lawal, 2004; Pham et al., 2017).

Although differences in LGC were not observed when
varying pH values, there were notable differences in the
physical appearance of the gels formed. Interestingly,

(@ (b) (©

Fig.5 Physical appearance of micellized protein gels. (a) = semi-solid
(weak) gels, (b) =brittle gel, (c)=very firm gel

@ Springer

MP and IP both produced firm gels at pH 8 (Tables 2
and 3), while gels formed at other pH values were not
as firm, except for MP at pH 2, where no gelling ability
was recorded. It is possible that an appropriate balance
between attractive hydrophobic interactions and electro-
static interactions was attained at pH 8, resulting in firm
gels. Gels obtained at other pH values were less cohe-
sive and more like pastes (Fig. 6b). Raikos et al. (2014)
recorded similar observations for hemp flour. According
to the authors, this is due to the phenomenon where domi-
nant repulsive forces retard gelling abilities. MP and IP
had comparable LGCs to hempseed protein isolate (22%)
but were inferior to SPI (14%) and chickpea (10-14%)
(Brishti et al., 2017; Kaur & Singh, 2005; Malomo et al.,
2014). Gelation is often a desired property in food prod-
ucts such as pudding and meat products. The results of
the study of LGC show that M. oleifera protein isolates
possess gelling abilities, but if they are used in the compo-
sition of food products that require gelling, it is necessary
to put them in a higher concentration (20 to 25% w/v).

(a) (b) (c)

Fig. 6 Physical appearance of isoelectric protein gels. (a) = semi-solid
(weak) gels, (b) = gel, (c)=firm gel
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Conclusion

Two extraction methods (alkaline extraction & isoelectric
precipitation and salt extraction & micellization) can be
applied in the valorization of M. oleifera seedcake, with
each technique producing a protein isolate suited for dif-
ferent applications. The micellized isolate could be used
in food emulsions due to a better EAI, while the isoelectric
isolate can be applied in meats and sauces, owing to a
better OAC, although further research into their applica-
tion is necessary. It is concluded that the manipulation of
pH and ionic strength can enhance the solubility of M.
oleifera protein isolates. Improved solubility was noted
in the micellized isolate beyond 0.2 M NaCl concentra-
tion, and in both isolates away from the isoelectric region
(pH 2-4). This is important as the solubility of a protein
ultimately determines its use. The functional properties,
namely, WHC, OAC, EAI, ESI, FC, FS, and LGC, of M.
oleifera protein isolates can be maximized and enhanced
with the adjustment of pH and ionic strength. Overall,
these findings reveal that the selection of an appropriate
extraction method, pH, and ionic strength, can yield M.
oleifera protein isolates with desirable functional proper-
ties that can be used in the formulation of a variety of food
products (beverages, sauces, bakery products, etc.) or even
as a possible replacement for animal derived proteins in
conventional foods.
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