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This study provides a comparative overview of Moringa oleifera leaf and seed protein extract (LPE and SPE,
respectively) functionality in emulsions. Raw seed cake (RS) had more protein (45.8%) than raw leaf (RL)
(27.4%). RL comprised higher polyphenol and flavonoid content than RS, Granny Smith apples, and Goji berries.
Protein functionality data revealed that LPE had excellent solubility, and emulsifying properties than SPE at pH
7.0. In contrast, SPE had relatively strong surface hydrophobicity. At pH 7.0, leaf extract emulsions (LEE)
possessed relatively small particle size distribution, strong negative charge, excellent stability, and minimum
sedimentation velocity. On contrary, at pH 3.5, particle size, and velocity increased, contributing to mono
disperse sedimentation. Seed extract emulsions (SEE) had an overall large particle size and demonstrated fast and
extensive creaming and sedimentation at both pH conditions. Our findings indicate that M. oleifera leaf protein
extracts have considerable potential for use in emulsion-based foods.

1. Introduction
Dairy milk contains various nutrients and therefore included in di
etary recommendations for many years (Rozenberg et al., 2016).
Nonetheless, some substantial investigations are undertaken to ascertain
its environmental effects and ethical implications (Iacono, Lospalluti,
Licastro, & Scalici, 2008). According to reports on greenhouse gas
emissions from the food industry, cow's milk has a carbon footprint (CF)
of around 1.39 CO2-eq/kg (max 7.50), while soy milk has 0.88 CO2-eq/
kg (max 1.40) (Clune, Crossin, & Verghese, 2017). Cow's milk has a
water footprint that is approximately 3.5 times that of soy milk (Ertug,
Aldaya, & Hoekstra, 2012). Additionally, the prevalence of lactose
intolerance, milk allergies, dietary lifestyles (such as veganism) have all
propelled the growth in the plant-based milk or “plant milk” market
segment. The global plant milk market was valued at USD 8.51 billion in
2016, with a 12.5% compound annual growth rate (CAGR) predicted to

reach USD 24.6 billion by 2025. Some successful commercial products
are soy and almond milk (Haas, Schnepps, Pichler, & Meixner, 2019).
Dairy milk is an emulsion of oil-in-water (O/W) stabilized naturally
by casein micelles. Since plant-based emulsions are generally unstable,
an emulsifier is required for their formation and long-term stability. A
crucial characteristic of a good emulsifier is its hydrophilic-lipophilic
balance (HLB). An HLB value of more than 7 is ideal for O/W emul
sions and foams. Growing demand for ‘clean label’ products has
encouraged the discovery of natural plant protein emulsifiers with
properties similar to conventional dairy (Woojeong, Yong, & Cordelia,
2020). However, proteins are generally challenging to process. Solubi
lity of proteins has a significant impact on functional properties such as
emulsification and foaming. Proteins are soluble when electrostatic
repulsion is stronger than attractive forces (Van der Waals or hydro
phobic interactions). Conversely, protein insolubility near its isoelectric
point (pI) is due to weak repulsive forces, promoting the growth of
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protein aggregates (McClements, 2020). Thus protein-protein in
teractions are dependent on pH. Recently, 40 distinct plant milks were
examined for their nutritional properties (McClements, Newman, &
McClements, 2019). According to the findings, drinking milk substitutes
(such as soy, almond, rice, and coconut) lowered protein, calcium, and
vitamin (A, D, and B12) intake while considerably boosting salt and
sugar levels (Sousa & Kopf-Bolanz, 2017). Therefore, most commercial
plant milks are fortified to meet the requirement of lacking nutrients.
These factors have promoted a constant search for unconventional plant
proteins.
M. oleifera, also recognized as “drumstick” or “miracle” tree, pos
sesses a plethora of nutritional and medicinal properties that are unfa
miliar and hence underutilized by consumers (Prabhakar & Hebbar,
2008; Sahay, Yadav, & Srinivasamurthy, 2017). It is native to NorthWestern India and cultivated in Asia, Africa, the Middle East, and
South America (Anwar & Bhanger, 2003). The Puzhuthikathiri M. oleifera
(PKM1) variety can reach a height of 13–20 ft. The harvest differs be
tween rainy and dry seasons, yielding 15–25 thousand seeds and 25–30 t
of leaves per acre (Sahay et al., 2017). M. oleifera is the most studied
among thirteen known Moringa species (Ferreira, Farias, Oliveira, &
Carvalho, 2008; Sahay et al., 2017). It has a twenty times higher CO2
assimilation rate, requires very little water for cultivation and improves
soil fertility (Gedefaw, 2015; Sahay et al., 2017). Moringa possesses
unique floral and pollen characters that heighten their potential for
cultivation in arid regions worldwide (Vaknin, Eisikowitch, & Mishal,
2021).
The leaves are consumed fresh, cooked, or dried to increase shelf-life
(Fahey, 2005). Dried leaf powder contains about 25% protein, essential
amino acids (EAA), calcium, potassium, iron, and phosphorus (Joshi &
Mehta, 2010; Makkar & Becker, 1996; Silva, Silva, & Ribeiro, 2020;
Teixeira et al., 2014). They also contain antioxidants such as ascorbic
acid (vitamin C), flavonoids, polyphenols, and carotenoids (Anwar,
Ashraf, & Bhanger, 2005; Gopalakrishnan, Doriya, & Kumar, 2021), and
bioactive compounds such as β-sitosterol, which reportedly possesses
antibacterial, anti-inflammatory, and cholesterol-lowering properties
(Sahay et al., 2017). Furthermore, excellent functional properties such
as emulsification and solubility were reported for Moringa leaf powder
(Sultana, 2020) at 4% (w/v) concentration (Mune, Bassogog, Nyobe, &
Minka, 2016).
Defatted Moringa seed flour is processed from seed cake (also called
“meal’), a by-product of oil extraction (Stadtlander & Becker, 2017). The
flour contains about 30% protein (Mune, Bassogog, et al., 2016),
30–40% oil, mostly fatty acids (70%; primarily oleic acid) (Sahay et al.,

2016). Moringa leaf and seed proteins possess distinct pI values of
approximately 4.5 and greater than 10.0, respectively (Jain, Sub
ramanian, Manohar, & Radha, 2019; Roger & Rawdkuen, 2020). There
is a lack of knowledge about process optimization for Moringa leaves and
seed protein extract production.
Therefore, this study was undertaken to fill this knowledge gap and
determine in-depth the functionality of Moringa leaf and seed protein
extracts in emulsion model systems. Additionally, this study reveals the
biochemical composition of raw Moringa leaves and seed cake, sum
marizes the effect of extraction procedures on protein yield, and thus
provides an overview of prospective M. oleifera applications in food
industry.
2. Materials and methods
2.1. M. oleifera plant and seed materials
The leaves and fully ripe fruits (pods) of the M. oleifera plant (PKM1
variety) were harvested at the Volcani Center in Israel. Seeds were
separated from pods, dehulled, and oil was extracted through cold
pressing. Seed cake powder was obtained as a by-product of oil extrac
tion from an oil company in Kibbutz Sa'ad, Israel. At Tel-Hai College,
leaves were freeze-dried using a Lyophilizer FDL-10F-50 (MRC Labora
tory equipment Ltd., Israel), and ground into fine powder. Then, pow
ders of raw dry leaf (RL) and seed cake (RS) were sieved separately
through a 425 μm (~40 mesh) and stored frozen (-18 ◦ C).
2.2. Biochemical composition
The proximate composition of raw M. oleifera leaf (RL) and seed cake
(RS) powder was determined. Protein content was estimated by Kjeldahl
method using a Protein Analyzer - Kjeltec™ 8100 (FOSS, Denmark)
according to protocol mentioned by Latimer (2016), at nitrogen con
version factor of 6.25 (Latimer, 2016). Oil content was measured using a
Soxhlet apparatus in line with AOAC standard procedure 932.06 (AOAC,
1999). Total dietary fiber content was determined using Megazyme
Total Dietary Fiber Kit according to AOAC methods (Megazyme, 2017).
Amino acid content was measured at AAA Service Laboratory, Inc.
(United States) using an L-8900 amino acid analyzer (Hitachi HighTechnologies Corporation, Japan). Sixteen most abundant amino acids
were tested except cysteine and tryptophan. Amino acid scores (Okereke
& Akaninwor, 2013) were calculated as (Okereke & Akaninwor, 2013):

Amino acid scores (%) = [mg amino acid/g protein in sample ÷ (mg/g of amino acid in reference protein) ] × 100

2017). The seed flour possesses high surface hydrophobicity and
foaming properties at pH 7.0 (Aderinola et al., 2020; Mune, Bassogog,
et al., 2016) attributed to globulin (Aderinola et al., 2020). Seeds also
comprise coagulant polypeptides utilized for water purification (Singh &
Prasad, 2013). So far, generally, seed cake and flour are not included in
human diets but rather in animal feed. Still, ground Moringa seeds can
effectively fortify wheat flour with protein and calcium. Most scientific
reports provide an overview of the composition and pharmacological
activity of Moringa proteins, but only a few have data on their func
tionality in emulsions. Furthermore, they do not provide data on the
physical stability of emulsions as influenced by parameters such as
particle charge, size, particle velocity distribution, solubility, and sur
face hydrophobicity.
Previous studies found that globulin and albumin presented the
highest values for protein fraction in Moringa with 53% and 44%
respectively (Baptista et al., 2017; Mune, Nyobe, Bassogog, & Minka,

(1)

Mineral content was determined by digesting 0.5 g of RL and RS in 5
mL of 1 N nitric acid for 1 h at 50 ◦ C, then cooling and diluting with
distilled water (DW) to achieve acidification of 2%. The mixtures were
filtered using a 0.45-μm syringe and analyzed using an ICP-OES 5110
unit (Agilent Technologies, USA).
Total phenolic and flavonoid content of RL, RS were compared with
Granny Smith apples (GS), and Goji Berry (GB) as a reference. Pretreatment involved mixing 0.5 g of each powder with methanol, and
sonication (sonicator bath, DELTA, Ultrasonic Cleaner D150, Taiwan)
for three 15 min cycles. The solutions were centrifuged (Centrifuge
5804R, Hamburg, Germany) at 4000g (15 min, 4 ◦ C), filtered, and the
filtrates were used to determine total polyphenol and flavonoid content.
For total polyphenol estimation, 0.02 mL of each filtrate was combined
with 1.58 mL of DW, 0.1 of mL Folin-Ciocalteu reagent (99.99%; SigmaAldrich, Burlington, United States), and stirred in dark for 8 min before
2
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adding 0.3 mL of 20% sodium carbonate. The samples were incubated in
dark at 40 ◦ C. After 30 min, the absorbance was measured at 765 nm by
a GENESYS 20 spectrophotometer (Thermo Fisher Scientific, USA), and
the values converted to gallic acid equivalents using a calibration curve
of 50–500 mg gallic acid/L (Das, Rajkumar, Verma, & Swarup, 2012;
Waterhouse, 2002). For total flavonoid estimation, 1 mL of each filtrate
was combined with 4 mL of DW, 0.3 mL of 5% sodium nitrite, 0.3 mL of
10% aluminium chloride, and 2 mL of 1 M NaOH. Finally, adding 2.4 mL
of DW. The absorbance was measured at 510 nm, and results were
calculated as catechin equivalent using a calibration curve of 10–320 mg
catechin/L (Atanassova, Georgieva, & Ivancheva, 2011; Das et al.,
2012).

2.4. Functional properties of protein extracts
2.4.1. Molecular mass
Four leaf (100 mg/mL RL and 50 mg/mL LPE) and seed (125 mg/mL
RS and SPE) samples were prepared in extraction buffer for sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis
under reducing conditions. After centrifugation (17,000 g, 4 ◦ C, 15 min),
75 μL of supernatant was mixed with 15 μL of Laemmli SDS sample
buffer (reducing-6×), incubated at 95 ◦ C for 10 min, cooled to 25 ◦ C, and
vortexed. Aliquots of each supernatant along with a marker (Pre-stained
Protein Ladder, 10–180 kDa, FairBiotech) were loaded onto a 12%
precast polyacrylamide gel (Bio-Rad Laboratories, Inc., California, USA).
The gels were run at 150 V in a Tris-Glycine SDS Running Buffer (10×),
stained with Coomassie Brilliant Blue R-250 (Bio-Rad Laboratories, Inc.,
California, USA), and de-stained (overnight in solution mix of 60 mL
DW, 30 mL ethanol and 10 mL acetic acid).

2.3. Process optimization
2.3.1. Leaf protein extraction
Different preliminary trials were performed to optimize the extrac
tion procedure and obtain higher leaf protein yield and purity. The
various treatments included defatting, homogenization, high and cold
temperatures, and salting. However, the preliminary tests showed no
apparent benefit from these treatments due to differences in leaf pro
teins' properties. Moreover, the most often used approach for extracting
vegetable protein is based on a change in protein solubility influenced
by the protein's pH and isoelectric point (pI) (Damodaran & Parkin,
2017). Therefore, based on the different isoelectric points of leaf and
seed proteins, two different processes were applied to get highest yield
and purity, including acidic precipitation for leaf extracts (pI ̴ 4.5)
(Roger & Rawdkuen, 2020); and alkali precipitation for seed extracts (pI̴
9.0–10.0) (Baptista et al., 2017; Jain et al., 2019).
For leaf protein extraction, about 2 g of RL (non-defatted) was mixed
with 40 mL of Tris-HCl buffer at pH 9.0 (0.1 M Tris hydroxymethyl
aminomethane, 0.1 M Hydrochloric acid, and deionized water). The
solution was placed covered on a stirrer for one hour, then transferred to
a 50 mL conical tube, centrifuged for 30 min at 25 ◦ C at 7000g. Next, the
supernatant was transferred to a new conical tube, adjusted to pH 4.5
using HCl, and centrifuged for 45 min at 4 ◦ C at 11,000g. The precipitate
in the test tubes was oven-dried at 40 ◦ C overnight. Finally, the protein
content of the precipitate was tested as described in Section 2.2.

2.4.2. Protein solubility
Solubility indices of proteins were calculated for pH ranging from 2.0
to 11.0. In brief, 2 g of LPE and SPE were dispersed in 10 mL of deionized
water, and pH was balanced to desired value using 1 N HCl or 1 N NaOH.
The dispersions were continuously stirred into shaking incubator at
40 ◦ C for 1 h and centrifuged (3000 g, 20 min). Protein concentration in
supernatants was determined using Bradford method (Bradford, 1976).
Absorbance was measured at 595 nm using a monochromator (Infinite
M200PRO, TECAN, Switzerland), and the values were converted to
bovine serum albumin (BSA, Molecular Biology Grade, New England
Biolab, UK) equivalent using a calibration curve (1–10 mg BSA/mL).
2.4.3. Surface hydrophobicity (So)
Surface hydrophobicity of LPE and SPE (70%, and 71% protein,
respectively) was determined by fluorescence probe 8-anilinonaphtha
lene-1-sulfonic acid (ANS). Briefly, a series of dilutions with protein
concentrations 50, 100, 150, 200, and 250 μg/mL were prepared in 0.01
M phosphate buffer (pH 7.0). A 200 μL aliquot of each dilution was
added to 20 μL of 8.0 mM ANS. Next, the fluorescence intensity (FI) was
measured using an Infinite M200PRO plate reader at wavelengths of
390 nm (excitation) and 470 nm (emission). A plot of FI against protein
content was constructed and the slope calculated to give So value.
2.4.4. Emulsifying properties
In brief, about 3% (w/v) protein solution of LPE, SPE, and com
mercial soy protein concentrate (CSC) dispersions were prepared in
0.01 M phosphate buffer (pH 7.0), mixed with 5% canola oil, and ho
mogenized at 10,000 g for 1 min (200/50 bar pressure, homogenizer
APV 2000, SPX FLOW). About 30 μL of emulsions were drawn from the
bottom at 0 min and 10 min and diluted with 3 mL of 0.1% SDS solution.
The absorbances were measured at 500 nm.
The emulsifying activity index (EAI) was calculated as:
( / )
EAI m2 g = 2 × T × ((A0 × N)/(10, 000 × θ × L × C) )
(2)

2.3.2. Seed protein extraction
Since Moringa seed proteins possess different properties than other
plant proteins, the extraction behaviour was different from that of the
classic alkaline-acidic extraction. Therefore, dialysis, which is controlled
by an osmotic pressure differential, was performed. A preliminary
defatting step was carried out by soaking RS at a ratio of 1:4 in hexane
(DAEJUNG). The mixture was covered with aluminium foil and stirred
for 24 h in a fume hood, followed by centrifugation for 20 min at 25 ◦ C at
4000g. The supernatant was discarded, and the precipitate was main
tained in a fume hood for 24 h to allow the hexane to evaporate. The
dried precipitate referred as defatted RS was dialyzed. Dialysis was
performed using CelluSep® T3 membranes (12–14 kDa MWCO, Mem
brane Filtration Products Inc., Texas USA). About 2 g of defatted RS was
mixed in a 1/10 ratio with distilled water (DW). The mixture was dia
lyzed at 4 ◦ C (to protect the protein characteristics) overnight, and then
the pH of the interior solution dialysis bag was set to 9.0 with 1 M NaOH
for precipitation (Baptista et al., 2017). The solution was centrifuged
(11,000 g, 45 min, 4 ◦ C), and the precipitate was oven-dried overnight at
40 ◦ C, and protein content was estimated using the Kjeldahl method as
described in Section 2.2. In comparison to leaf protein extraction, where
no significant increase in purity or yield was observed following defat
ting, seed protein extraction demonstrated a significant increase
following defatting. Therefore, defatting was not followed for leaf pro
tein extraction.

The emulsifying stability index (ESI) was calculated as:
ESI (min) = (A0 /(A0 − A10 ) ) × (T10 –T0 )

(3)

where, T ~ 2.303; A0 ~ absorbance at 0 min; N ~ dilution factor (100);
ϴ ~ proportion of the oil phase (0.25); L ~ is the optical path of the
cuvette (1 cm); C ~ concentration of protein (g/mL); A10 ~ absorbance
at 10 min; T0 ~ Time 0 min; T10 ~ Time 10 min.
2.4.5. Foaming properties
Approximately 2% (w/v) of LPE and SPE dispersions were prepared
in 0.01 M phosphate buffer (pH 7.0) and placed in shaker incubator for
1 h at 25 ◦ C. The solutions were then blended for 2 min at high speed of
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17,700 g, resulting in foam. The volume of foam was measured at 0-, 5-,
10-, 30-, 60-, 90-, and 120-min intervals.
Foaming capacity was calculated as:

2.6. Statistical analysis
In the various experiments, the significance was tested by a t-test for
independent samples (independent samples t-test) or by ANOVA (oneway ANOVA, Tukey's HSD test) for three or more groups in the SPSS
software (IBM SPSS Statistics, Version 25). Significance was determined
according to p < 0.05. The graphs were performed in Prism (GraphPad
Software, Version 9.1).

(4)

FC (%) = ((Ht − H0 )/H0 ) × 100
Foam stability was calculated as:

(5)

FS (%) = (FC/FC0 ) × 100

where Ht ~ volume after high-speed blending; H0 ~ initial volume of
solution; FC0 ~ foam capacity at time 0 min.

3. Results and discussion

2.5. Emulsion characterization

3.1. Biochemical composition

M. oleifera leaf and seed protein extract-stabilized emulsions (LEE
and SEE, respectively) were prepared. The emulsions were composed of
3% protein extract powder and 5% oil, at pH 7.0, and a final volume of
300 mL. For LEE, about 12.86 g of LPE (70%) was dispersed in 285 mL of
50 mM potassium-phosphate buffer (pH 9.0). Since the solution must be
entirely soluble in order to be placed in the shield, it was decided to mix
LPE in an appropriate buffer and after the homogenization adjust the pH
to 7.0. For SEE, about 12.68 g of LPE (71%) was mixed with 285 mL of
50 mM potassium-phosphate buffer (pH 7.0). The two solutions were
mixed on a stirrer at 45 ◦ C. After 15 min, 15 mL of canola oil was added
to each solution and mixed again. The mixtures were transferred to a
device from a semi-industrial shield (Homogenizer APV 2000, SPX
FLOW, USA), at an initial pressure of 200 bar followed by a secondary
pressure of 50 bar. Emulsion characterization involved assessing oil
droplet size distribution, electric charge, and stability over time.

The biochemical composition of RL and RS differed substantially on a
dry basis (Table 1). RS had a higher protein and oil content, than RL. The
concentrations of protein and fiber similar to the previously documented
values for Moringa leaf (27.8% and 19.3%, respectively (Sengev, Abu, &
Gernah, 2013) and seed powders (50.8% and 12.9%, respectively
(Abiodun, Adegbite, & Omolola, 2012). Compared to other commonly
used plant protein sources such as yellow peas (21.1%), red lentils
(20.5%), and Kabuli chickpeas (12.1%), RL and RS contained more
protein (Boye et al., 2010).
The results in Table 2 demonstrate that RS had a higher
Table 2
Amino acid composition and amino acid scores of raw Moringa oleifera leaf and
seed cake powders (dry basis).

2.5.1. Particle size distribution
Laser diffraction (Mastersizer 3000, Malvern, UK) was used to
determine particle size distribution of LEE and SEE, each at pH 7.0 and
3.5. The size of oil droplets was calculated as a function of the refractive
index of canola oil, which is 1.47. The samples were placed into the
device and diluted to obtain 10–15% turbidity using potassiumphosphate (pH 7.0) or citrate-phosphate buffer (pH 3.5).

Protein
Oil
Total Dietary Fiber

27.4 ± 0.41
5.6 ± 0.64
23.7 ± 0.14

45.8 ± 0.58
11.2 ± 0.07
13.8 ± 0.89

RP* (mg/
g/day)

RL**
(%)

RS**
(%)

Threonine (THR)

8.1 ±
0.05
9.3 ±
0.03
2.8 ±
0.05
7.6 ±
0.08
15.0 ±
0.15
12.0 ±
0.12
3.8 ±
0.05
9.6 ±
0.06
68.3

9.5 ±
0.34
14.0 ±
0.51
6.7 ±
0.37
11.6 ±
0.41
21.4 ±
0.78
16.6 ±
0.57
8.4 ±
0.31
5.2 ±
0.25
93.3

34

24.0

27.8

50

18.6

28.0

25

11.1

27.0

28

27.1

41.5

11

136.6

194.1

71

73.1

92.7

28

13.7

30.0

58

16.6

9.0

–

–

–

10.1 ±
0.13
5.5 ±
0.13
15.9 ±
0.08
7.5 ±
0.11
20.7 ±
0.02
8.6 ±
0.07
8.0 ±
0.07
10.9 ±
0.09
87.5

55.6 ±
2.22
7.3 ±
0.58
17.2 ±
0.68
10.4 ±
0.50
72.3 ±
0.64
18.8 ±
0.20
17.3 ±
0.64
14.0 ±
0.5
212.9

52

19.2

107.0

–

–

–

77

20.7

22.4

–

–

–

147

14.0

49.2

107

8.0

17.5

22

36.4

78.5

61

17.8

23.0

–

–

–

Isoleucine (ILE)
Leucine (LEU)
Phenylalanine (PHE)
Histidine (HIS)
Lysine (LYS)
Total essential amino
acids
Arginine (ARG)
Tyrosine (TYR)
Aspartic acid (ASP)
Serine (SER)
Glutamic acid (GLU)
Proline (PRO)
Glycine (GLY)
Alanine (ALA)

Table 1
Proximate composition of raw Moringa oleifera leaf and seed cake powders (dry
basis).
RS

RS (mg/
g)

Methionine (MET)

2.5.3. Emulsion stability
Physical stability and particles velocity of LEE and SEE, each at pH
7.0 and 3.5, were analyzed by an optical analytical centrifuge (1000 g,
for 2 h, at 8 ◦ C: LUMiSizer by LUM, GmbH, Germany) (125-145 g
depending on the exact place on the test tube) at a wavelength of 870
nm. Additional details of this method could be found in the literature
(Rytwo, Chorsheed, Avidan, & Lavi, 2016). The experiment was per
formed in triplicate.

RL

RL (mg/
g)

Valine (VAL)

2.5.2. Particle electric charge
Electric charge was measured using a particle charge detector (PCD05, BTG Mütek, Switzerland) equipped with a titrator. First, LEE and
SEE were diluted at a ratio of 1/10 with distilled water to prevent loss of
charge. Ten different samples were drawn, ranging from pH 2.0 to 11.0.
Then, depending on the net charge of proteins, the samples were titrated
with cationic (PolyDADMAC) or anionic (PESNa) solutions at concen
trations ranging from 1 to 10 mM until the potential reached zero.

Component (%)

Amino Acid

Total non-essential
amino acids

RL: raw leaf powder; RS: raw seed cake powder.
Data indicate the mean of duplicate readings ± standard deviation.
*Reference pattern in mg/g protein (FAO/UN/WHO, 1991).
**Amino acid scores (%) (Okereke & Akaninwor, 2013).
§
Part of the requirement for methionine can be replaced by cysteine.
ƚ
Part of the requirement for phenylalanine can be replaced by tyrosine.
Limiting amino acid: less than 50% amino acid score.

RL: raw leaf powder; RS: raw seed cake powder.
Data indicate the mean of duplicate readings ± standard deviation.
4
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concentration of total essential (TEAA) and non-essential amino acids
(TNEAA) relative to RL. The percentage ratio of TEAA to TAA of RL
(43.8%) met the daily requirements for adults (15.0%), children
(26.0%), and infants (39.0%); however, RS (30.5%) did not satisfy the
minimum for infants (FAO/UN/WHO, 1991). Compared to oats, hemp,
lupin, wheat, soy, brown rice, pea, and potato (21.0–37.0%) (Gorissen
et al., 2018), RL and RS had higher TEAA (FAO/UN/WHO, 1991; Mune,
Nyobe, et al., 2016). In contrast to the above-mentioned plant sources,
RS had a substantially higher TNEAA content (69.2%) (Gorissen et al.,
2018).
Amino acids scores that met the reference pattern are leucine,
phenylalanine, glycine, and arginine (Table 2). These scores were sub
stantially higher than those of oats, hemp, lupin, yellow peas, red lentils,
corn, and chickpeas (FAO/UN/WHO, 1991; Gorissen et al., 2018). The
seeds contain considerably more hydrophobic amino acids than the
leaves (approximately 120.3 and 74.2 mg/g). Reference pattern for leaf
powder had a higher corrected protein digestibility amino acid score
(PDCAAS) (41.4%) than seed powder (17.3%) (Mune, Nyobe, et al.,
2016). The findings suggest that Moringa is a potential source of amino
acids and could be utilized in the diet. However, further investigation
regarding bioavailability might be necessary.

Table 3
Mineral content in raw Moringa oleifera leaves and seed cake powders.
Mineral

RL (mg/100 g)

RS (mg/100 g)

Macro-minerals
Calcium (Ca)
Potassium (K)
Magnesium (Mg)
Sodium (Na)
Phosphorus (P)

907.7 ± 70
465.1 ± 23
221.8 ± 16
44.6 ± 3
89.6 ± 4

265.5 ± 30
458.7 ± 34
258.3 ± 25
13.8 ± 1
486.7 ± 42

Micromineral
Iron (Fe)

3.7 ± 1

2.5 ± 1

Data indicate the mean of duplicate readings ± standard deviation.

(approximately 5-fold). Calcium salts are essential for many neuro
muscular functions, release hormones and enzymes, and preventing
osteoporosis. Phosphorus and magnesium are crucial for vital biological
processes, including bone metabolism and intracellular signalling and
bone, tooth, DNA, and RNA maintenance (Gutiérrez, 2020). The calcium
content of RL was estimated to be approximately four to five times that
of milk (150–200 mg/100 g) (Gopalakrishnan et al., 2021), meeting the
FAO/WHO ideal requirement of not less than 200 mg per serving (for
adults) (FAO/WHO, 1991). RS and RL meet the phosphorus and mag
nesium in the range of 200–220 mg/day as recommended by FAO/WHO
for adults (FAO/WHO, 1991). In general, RL and RS are a decent source
of calcium, phosphorus, magnesium, and iron when compared to mung
bean, chickpea, wheat, rice, corn, and lentils (Tijhuis, Ezendam, West
enbrink, Rossum, & Temme, 2011) and may be included in the diet.
Additional investigation of mineral absorption or bioavailability should
be undertaken.

3.2. Content of polyphenols and flavonoids
Antioxidants are crucial for improving the oxidative stability of food
products. Since polyphenols are a broad class of antioxidants and fla
vonoids are a subclass, the levels of both were estimated. The concen
trations of polyphenols and flavonoids in RL and RS were compared to
two potential high antioxidant fruit sources, Granny Smith apples (GS)
and goji berries (GB) ((Fig. 1a and b). Polyphenol content in RL was
significantly higher (p < 0.05) than GB, GS, and RS, approximately 3-, 8, and 22- fold higher, respectively. A similar trend was observed in the
flavonoid content, with RL having the highest value. Moreover, RL had a
significantly higher phenolic content (1–6 mg GAE/g) than lentil flour,
whole yellow pea, chickpea, and fig leaf extract (Ficus carica L.) (42–58
mg GAE/g) (Mahmoudi, Khali, Benkhaled, Benamirouche, & Baiti,
2016).

3.4. Protein characterization
3.4.1. Molecular mass
Fig. 2 illustrates the SDS-PAGE profile of different RL, LPE, RS, and
SPE proteins under reducing conditions. Two prominent bands of 50 and
12 kDa were detected for RL, while these bands were absent for LPE, and
low-intensity bands of 22 kDa appeared. Dense protein bands were
observed for RS were 66, 49, 21, 19, and 12 kDa, besides lighter bands of
28–35 kDa. The intensity of these bands reduced substantially in SPE.
Compared to leaf, seed samples comprised more high molecular weight
proteins. A similar profile was obtained for defatted Moringa seed flour
after dialysis against water and NaCl, ascribed to proteins which varied

3.3. Mineral composition
Table 3 shows that RL has a higher concentration of calcium and
sodium (approximately 3-fold), while RS is predominant in phosphorus

Fig. 1. (a) Total polyphenol content (TPC) (mg GAE/g); (b) Total flavonoid content (TFC) (mg CAE/g) of raw Moringa oleifera leaf powder (RL), raw M. oleifera seed
cake powder (RS), Granny Smith apples (GS), and Goji berry (GB). Different lowercase letters symbolize a significant difference (p < 0.05). GAE- Gallic acid
equivalent, CAE- Catechin equivalent.
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Ulloa, Ulloa, & Ulloa, 2011). SPE exhibited a poor solubility across the
whole pH range (0.82–3.6%), which may account for the failure of SPE
extraction as a function of pH. The results were consistent with previ
ously recorded values for Moringa seed proteins solubility (Mune, Bas
sogog, et al., 2016). In general, high solubility of LPE at alkaline pH was
attributed to a negative charge, which may have dissociated protein
aggregates due to repulsive molecular forces (Mune, Bassogog, et al.,
2016). The low solubility of SPE across the whole pH range was
attributed to deprotonation during alkaline extraction (pH 9.0), which
may have favored cross-linking and increased molecular weight due to
disulfide formation (Mune, Nyobe, et al., 2016; Wu, Wang, Ma, & Ren,
2009). However, low solubility could also be due to presence of insol
uble fibers, or food biopolymers such as polysaccharides. Solubility was
also expected to decrease with increasing hydrophobicity, as the latter
may have induced aggregation of neighbouring macromolecules via
hydrophobic interactions. Solubility of LPE was comparable to com
mercial soy proteins (Boye et al., 2010); this may be interesting
considering that soybean is the principal competitor.
3.4.3. Surface hydrophobicity (SO)
Surface hydrophobicity indicates the amount of hydrophobic amino
acid residues present on the protein surface that may influence its
functional properties in food systems. Low SO values may indicate a
globular structure of a protein (such as globulins), in which some of the
hydrophobic components are in the core of the protein (Aderinola et al.,
2020). Fig. 4 illustrates a significant (p < 0.05) difference in SO of LPE
and SPE at pH 7.0. LPE had the lowest value (13.12) relative to SPE
(151.91), indicating that the Moringa seed proteins are more hydro
phobic than leaf proteins. A similar trend was reported for Moringa leaf
and seed protein previously (Mune, Bassogog, et al., 2016). The
biochemical analysis revealed that the seeds contain considerably more
hydrophobic amino acids than the leaves (approximately 120 and 74
mg/g). Previous research documented a negative association between
protein solubility and SO but a positive link between SO and foaming
characteristics. Proteins with high surface hydrophobicity, on the other
hand, have poor emulsion forming characteristics due to their limited
solubility (Townsends & Nakai, 2006).

Fig. 2. SDS-PAGE under reducing conditions- Marker: Standard protein
marker; RL: raw Moringa oleifera leaf powder; LPE: M. oleifera leaf protein
extract; RS: raw M. oleifera seed cake powder; SPE: M. oleifera seed pro
tein extract.

Fig. 3. Solubility as a function of pH; LPE: Moringa oleifera leaf protein extract;
SPE: M. oleifera seed protein extract.

between 6.5 and 35 kDa (Aderinola et al., 2020; Choudhary & Neogi,
2017; Santos et al., 2009).
3.4.2. Protein solubility
Soluble proteins have better functional qualities in food due to their
ability to interact with other compounds (Damodaran & Parkin, 2017).
Over a wide pH range (2.0 to 11.0), distinct values were observed for the
percentage solubility of LPE and SPE (Fig. 3). LPE exhibited a low sol
ubility near the isoelectric point (pI) ranging between pH 5.0 and 4.0
(1–1.09%) and a high solubility at pH 9.0 (92.72%), away from the pI. A
similar tendency of reduced solubility near the pI was reported in
Moringa leaf, mung bean, sunflower, and soybean protein concentrate
(Du et al., 2018; Lakemond et al., 2000; Roger & Rawdkuen, 2020;

Fig. 4. Surface hydrophobicity (S0) of Moringa oleifera leaf protein extract
(LPE) and M. oleifera seed protein extract (SPE). Different lowercase letters
indicate significant difference (p < 0.05).
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Fig. 5. (a) Emulsifying activity index (EAI ̴ m2/g); (b) Emulsion stability index (ESI ̴ min); Moringa oleifera leaf protein extract (LPE), M. oleifera seed protein extract
(SPE), and commercial soy concentrate (CSC). Different letters indicate significant difference (p < 0.05).

3.4.4. Emulsifying properties
The emulsifying activity (EAI) and emulsifying stability (ESI) indices
were used to characterize the emulsifying properties of LPE, SPE, and
CSC at concentration 3% w/v. LPE showed an EAI of approximately 15
times higher (p < 0.05) than SPE and 1.3 times higher than CSC
(Fig. 5a). For ESI, no significant (p > 0.05) difference was seen between
LPE and SPE (Fig. 5b). Since the EAI for SPE was very low (3.26 m2/g)
due to instantaneous phase separation, hence the ESI could not be
measured. The findings indicated that LPE had considerably better
emulsifying characteristics than green lentils, red lentils, yellow pea,
desi, and Kabuli chickpea protein concentrate (EAI - 4.8-5.8 m2/g; ESI 5.8-6.3 min) (Boye et al., 2010). LPE had emulsifying properties com
parable to soy protein isolate (44.06 m2/g and 0.80 min, respectively
(Wang, 2008)). Albumin had better solubility and emulsifying property
than globulin in Moringa seed protein extracts (Aderinola et al., 2020).
Similar results were obtained for mulberry leaf protein fractions where
albumin exhibited strong solubility (74.13%) and emulsification (75%)
compared to prolamin (43.37% and 45.64%, respectively) and glutelin
(55.59% and 60.43%, respectively) (Sun et al., 2017).

(Fig. 6). In contrast, at 30 min, LPE had a rapid decrease (68.7%),
whereas SPE still maintained good stability (80.2%). Eventually, at 120
min, it was determined that SPE had better foam stability than LPE
(68.4% and 56.2%, respectively). A protein with high foaming charac
teristics will quickly form an elastic membrane around the air bubble
and maintain it over time (Aderinola et al., 2020). Hydrophobic pro
teins, such as those found in Hyssop plant proteins, have the advantage
of stabilizing foam. Besides, proteins with a low charge density have a
higher foam stabilizing effect (Townsend & Nakai, 1983), consistent
with particle charge results. Good foaming property was attributed to
glutelin (80.47%) in mulberry leaf proteins (Sun et al., 2017), and
globulin (80–90%) in Moringa seed proteins (Aderinola et al., 2020).
Weak foaming was attributed to albumin in seeds (20–30%), while al
bumin and prolamin in leaf protein (26.04% and 11%, respectively). The
findings suggest that Moringa seed proteins have better foaming prop
erties and could be utilized in foam-based products.
3.5. Emulsion characterization

3.4.5. Foaming properties
According to the data, a 3% (w/v) LPE solution was unsuitable for
foam activity (FA) since low values were obtained (20%). In contrast,
SPE had better FA of about 35%. Initially, at 5 min, LPE had a slow drop
in foam stability (FS; 93.7%), while SPE showed a faster decline (83.0%)

3.5.1. Particle size distribution
An effective emulsifier can produce smaller oil droplets with a higher
surface area. Two factors used to calculate droplet size: (a) By surface
area: Sauter mean diameter (SMD- D [3,2]) is the average particle size of
whole distribution, and particularly sensitive to fine particles; (b) By
volume: volume moment mean (D [4, 3]) represents the mean value of

Fig. 6. Foam stability of Moringa oleifera leaf protein extract (LPE), and seed
protein extract (SPE) as a function of time (min).

Fig. 7. Distribution of oil droplet diameter in Moringa oleifera leaf extract
emulsion (LEE), and seed extract emulsion (SEE), at two different pH values.
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the largest group of particles in distribution (Wang & Fan, 2013). The
results of D [3, 2] show that LEE at pH 7.0 had significantly (p < 0.05)
smaller particles (0.09 μm), followed by pH 7.0 (10.65 μm). For SEE,
both pH showed large particles with no significant difference between
the two pH. The property of D [4, 3] revealed that LEE at pH 7.0 had
significantly (p < 0.05) large volume of smaller particles (7.19 μm),
followed by pH 3.5 (21.55 μm). Conversely, for SEE, both pH showed
large volume of bigger particles. LEE had a smaller particle size than
proteins from canola (18–85 μm) (Tan, Ngoh, & Gan, 2014) albumin (15
μm) in Moringa seed (Aderinola et al., 2020), and okra (0.3–15 μm) (Tao
et al., 2019). Fig. 7 shows that SEE had similar oil droplet diameter
distribution ranging from 10 to 100 μm for both pH (7.0 and 3.5) with
monomodal or monodisperse character. This means that all droplets in
the emulsion have same size. In contrast, LEE showed distinct results. At
pH 3.5, the size of droplets was uniform ranging between 1 and 100 μm
(monomodal character), whereas at pH 7.0, bimodal character consist
ing of two types of droplets ranging between 0 and 1 μm and 1–100 μm
were seen. For LEE, a wide size distribution at pH 7.0 may indicate that
the protein concentration was insufficient to form a shell around all oil
globules. The large particle size at pH 3.5 could be ascribed to lower
electrical charge (absolute charge), reducing electrical repulsion be
tween oil droplets, allowing fusion and growth. For SPE, the overall
large particle size for both pH values could be attributable to poor
emulsion properties. A high surface hydrophobicity (as observed in
Moringa seeds) is also correlated with weak emulsifying properties
(Townsends & Nakai, 2006). In general, a small droplet size (less than 1
μm) indicates good emulsion stability of Moringa leaf proteins. Large
droplets float quicker, facilitating creaming (McClements, 2005). The
results indicate that Moringa leaf proteins (pH 7.0) offer significant po
tential for plant-derived emulsion beverages than seed proteins (both pH
conditions).

emulsifying properties, consistent with the results that demonstrate a
higher solubility of leaf proteins than seed protein (Bigelow, 1967;
Mune, Bassogog, et al., 2016). The absence of electric charge at the pI
induces hydrophobic aggregation, resulting in lowest solubility (Dam
odaran & Parkin, 2017).
3.5.3. Emulsion stability
Fig. 9 illustrates the light transmission of LEE and SEE, which depend
on the emulsion stability of each at pH 7.0 and 3.5. In very turbid parts
of the test tubes, including areas with accumulation of sediment or
creaming, the light passage was minimal; therefore, a low reading
appeared in the graph. Evolution of the profiles indicate that SEE yields
polydisperse suspensions at both pH (Fig. 9 [3] & 9 [4]), in which large
particles sink relatively fast, causing a partial clarification whereas
smaller particles remain in suspension. This yielded diagonal liquidsolid boundaries, with high light transmission at the top of the tube,
and lower values closer to the bottom. On the other hand, LEE sample at
pH 7.0 did not clarify at all (Fig. 9 [1]) whereas at pH 3.5 a profile
evolution with almost vertical liquid-solid boundaries was observed,
indicating all colloidal particles advancing at approximately the same
velocity. Such behaviour is ascribed to monodisperse suspensions
(Detloff, Sobisch, & Lerche, 2007; Lerche, 2002). This whole assessment
closely resembles the one presented by Rytwo et al. (2013) (Rytwo et al.,
2013).
Fig. 10 shows the particles' velocity distribution for the different
treatments (pH 7.0 and 3.5). Due to the large amount of data, it was
difficult to show in the figure the standard deviation between replicates,
however in all cases it was less than 3%. Fit to a log-normal distribution
is shown in the figure with dashed lines. For LEE at pH 7.0 a wide range
of velocities was recorded with more than 50% slow-moving particles at
a velocity of <5 μm/s (Fig. 10). Low sedimentation velocity indeed in
dicates a stable emulsion with no sedimentation apparently due to small
particle size (0.09–7.19 μm) and strong negative charge (− 14.81
mmolec/L) as described in Section 3.5.1 and 3.5.2, respectively. In
contrast, at pH 3.5, a “monomodal” behaviour was noted. The spacing
between consecutive profiles narrows as particle-particle interactions
increased, demonstrating a space-filling flocculated network compres
sion. About 40% of the volume was sediment, and this characterizes lose
packing particles. Particles' velocity was relatively uniform with ~90%
of the particles moving at 8–10 μm/s. The instability could be due to
large particle size (2–100 μm) and lower (and positive) electric charge
(+8–8.5 mmolec/L, close to the pI) compared to pH 7.0.
For SEE, at pH 7.0, the meniscus and some creaming are clearly
observed (Fig. 9 [3], at ~110 mm). Fast moving particles caused hori
zontal profiles, followed by a polydisperse sedimentation yielding a
sediment thinner than for LEE pH 3.5. Fig. 10 shows that there were two
types of particles: about 60% move at a moderate velocity (20–60 μm/s)
and the rest at higher velocity (100–500 μm/s). These two “phases” are
coherent to the change of behaviour observed in Fig. 9 [3]. On the other
hand, at pH 3.5 (Fig. 9 [4]), the almost horizontal transmission lines
indicating polydisperse character, continue during the whole process,
and particle velocities behave with very good fit to a log-normal dis
tribution (results shown) ranging between 20 and 200 μm/s. The find
ings are consistent with low particle charge of SEE at pH 7.0 and 3.5
(− 5.51 and + 11 mmolec/L, respectively) and overall large particle size
at both pH values. Thus, seed protein emulsions were unstable and very
fast separating at both pH values while leaf protein emulsion was most
stable at pH 7.0.

3.5.2. Emulsion particle charge
Fig. 8 presents the emulsion particle charge at different pH values.
SEE at pH 2.0 possessed a stronger positive charge than LEE, 26.15 and
18.60 mmolec/L, respectively. From pH 7.0–11.0, a significant (p <
0.05) increase in the negative charge (− 14.81 to − 63.44 mmolec/L) was
observed for LEE while SEE had a charge close to zero (− 0.28 to − 5.51
mmolec/L). A low charge could be attributed to the isoelectric point (pI)
of Moringa seed proteins ranging between pH 8.0–11.0. In contrast, LEE
had a net zero charge around pH 4.0–5.0 (close to the pI of leaf proteins).
Similar results were recorded for pea protein concentrates (around pH
4.54) (Silva, Almeida, & Sato, 2021). Overall, a high net charge for LEE
over a pH range of 7.0–11.0 could have enhanced the intramolecular
electrostatic repulsion, thus preventing aggregation, and promoting
stability. Bigelow (1967) suggested that high electrical charge and low
hydrophobicity may contribute to protein solubility and better

4. Conclusions
Moringa leaves and seeds are a decent source of protein and minerals
such as calcium, phosphorus, magnesium, and iron, which are scarce in
most plant sources. The total essential amino acid content of Moringa
was relatively higher than oats, hemp, lupin, wheat, soy, brown rice,
pea, and potato. Moreover, the leaf powder shows high polyphenol and

Fig. 8. Electric charge on emulsion proteins; LEE: Moringa oleifera leaf extract
emulsion; SEE: M. oleifera seed extract emulsion, at pH values varying between
2 and 11.
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Fig. 9. Graphical representation of the change in stability pattern of Moringa oleifera protein-stabilized emulsions. [1] Leaf emulsion at pH 7.0; [2] Leaf emulsion at
pH 3.5; [3] seed emulsion at pH 7.0; [4] seed emulsion at pH 3.5; (a) sediment region (b) meniscus and creaming region.

Fig. 10. Cumulative particle velocity distribution in Moringa oleifera leaf extract emulsions (LEE): at pH̴ 7.0 and at pH̴ 3.5; M. oleifera seed extract emulsions (SEE):
at pH̴ 7.0, and at pH̴ 3.5. Note that velocities are in a logarithmic scale. The dashed lines corresponding to the same color thick lines represent the calculated
distribution using a log-normal model.
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flavonoid content than seed powder. Different from seeds, leaf protein
extracts exhibited excellent solubility, emulsifying properties. In
contrast, seed protein extracts had strong surface hydrophobicity and
better foaming properties. The functional properties of leaf extracts were
comparable to that reported for soy. Moringa leaf emulsions had excel
lent physical stability and no indication of creaming or sedimentation at
pH 7.0; hence they could be effectively utilized in emulsion-based
beverages. Although seed emulsions did not possess good emulsifying
properties, they possess good foaming properties which could be utilized
in foam-based food products. Mass production of Moringa leaf protein
extracts may open new avenues for industrial use, allowing it to be
employed as an alternative commercial source of functional and sus
tainable source of proteins. It could complement the protein extracts so
far utilized in the food industry that are mostly derived from dairy, soy,
peas, or wheat.
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