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Abstract

With the increasing world population and vegan diet, there has been increasing consumer demand for alternative protein
sources. A substitute for animal proteins is the plant protein, for instance, leaves. The Pereskia aculeata, known as ora-
pro-nébis, is undoubtedly a leafy vegetable with great potential due to its relatively high protein content (17 to 28%).
This study aimed to produce ora-pro-nobis protein concentrate (OPNPC) from ora-pro-nobis leaves flour (OPNF) by
isoelectric precipitation at three different pH’s (3.5, 4.0, and 4.5). The protein extraction by precipitation in different pHs
produced OPNPC with protein content and extraction yield ranging from 52 to 55% and 1-4%, respectively. Given the
highest yield, the concentrate obtained at pH 3.5 (OPNPC3.5) was selected for further investigation and comparison to
OPNF. The differences in color, techno-functional properties, in vitro protein digestibility (IVPD), and structural properties
were evaluated. Most techno-functional properties were statistically higher in OPNPC3.5 than in OPNF. These included
its water solubility, oil holding capacity, foam capacity and stability, and emulsifying activity and stability. OPNPC3.5
had a higher IVPD (80%) than flour (77%). Scanning electron microscopy and Fourier transform infrared spectroscopy
confirmed distinct compositions of materials, which can explain the difference in techno-functional properties. The find-
ings indicate controlling protein extraction conditions as a useful technique to maximize the yield of protein concentrate
obtained from ora-pro-nébis, which was more nutritious and had better techno-functional properties than flour. This dem-
onstrates its potential as an alternative plant-based protein to design healthy and sustainable food products.

Keywords Pereskia aculeata -

Introduction

With the increasing concern of consumers for healthier
and sustainable products and the growth of vegetarian,
flexitarian, and vegan people, it has been necessary to find
alternative protein sources to substitute or decrease the
consumption of animal proteins. In recent years, countless
studies have investigated vegetables, agro-industrial by-
products, and algae as alternative protein sources [1]. Some
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leaves are a nutritious and sustainable source of alternative
protein. Plant leaves present high protein content (1-8% on
a wet basis or 13-28% on a dry basis) and can be considered
an inexpensive raw material to derive proteins for human
consumption [2—5]. Particularly, leaves from cassava, sugar
beet, tobacco, moringa, and ora-pro-nobis have drawn atten-
tion for their economic feasibility and techno-functional
properties [6].

The Pereskia aculeata Miller, popularly known as ora-
pro-nobis or Barbados gooseberry, is a climbing cactus with
spiny stems and large leaves that can reach up to 10 m in
length [7, 8]. Native to the American tropics, this non-con-
ventional vegetable also grows naturally in South and South-
east Africa, as well as Northeast and Southeast Australia
[9]. Although its fruit and flower are edible, the most com-
mercialized and consumed part of this plant is its leaves [8,
9]. The leaves are smooth, dark green, and succulent; their
shape varies between elliptical and symmetrical and reaches
up to 15 cm in length and 8 cm in width [10]. Celebrated

@ Springer


http://orcid.org/0000-0003-0598-1330
http://crossmark.crossref.org/dialog/?doi=10.1007/s11694-024-02692-7&domain=pdf&date_stamp=2024-6-15

6794

F. H. Santos et al.

for its outstanding adaptability to diverse climatic condi-
tions, the ora-pro-ndbis can thrive with low soil fertility and
achieve satisfactory vegetative growth [11]. This character-
istic emphasizes the potential for its straightforward cultiva-
tion in various parts of the world. Typical of some regions
of Brazil, it is designated in low-income communities as the
“meat of the poor” due to its high protein content, which
varies from 17.4 to 28.4% [7, 8]. Ora-pro-nobis leaves have
higher protein content than other plant sources, such as
amaranth (14.5%) [12], corn (9—12%), wheat (8—15%), and
sorghum (9-17%) [13]. Furthermore, their proteins exhibit
high in vitro digestibility (approximately 85%), underscor-
ing their significant nutritional value [8, 14]. Ora-pro-nbis
leaves are also an excellent source of essential amino acids,
having amounts comparable to soybeans and relatively
higher than those of other commercially available sources,
such as peas and wheat grains [15-17].

Several studies have evaluated the use of this leaf as flour
in processed foods, such as hamburgers, commercial cake
premixes, pasta, ice cream, dairy drinks, and sausages [18].
Besides the flour, the rich mucilage found in this vegetable
has also been extensively investigated for application as a
gelling agent, texture modifier, or stabilizer in processed
food products [19, 20]. Despite these studies on the char-
acterization and application of ora-pro-ndbis mucilage and
flour, no specific studies on the properties of its protein
isolate or concentrate have been reported in the literature.
One of the main reasons is the lack of efficient techniques
for extracting proteins from the leaf’s cell matrix, as they
have a rigid cell wall that makes extraction a challenge [3].
The yields and protein contents obtained from the extraction
based on alkaline solubilization-acid precipitation are still
unattractive [21, 22]. In this way, using a precipitation pH
close to the protein’s isoelectric point (pl) is a crucial step
for successful protein extraction. At the pl, the negative and
positive charges of the proteins are equal, resulting in low
solubility of the material and greater precipitation/recovery
[3]-

Exploring basic ways to overcome bottlenecks for effi-
cient ora-pro-ndbis protein extraction and understanding
its techno-functional and nutritional properties are essential
for using it in the food industry. Therefore, the objective
of this study was to produce protein concentrate (OPNPC)
from ora-pro-nobis leaves by acid precipitation at three dif-
ferent pHs, i.¢., 3.5, 4.0, and 4.5. The techno-functional and
structural properties of the selected OPNPC sample with the
highest yield were evaluated and compared to the flour from
which it was derived.
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Materials and methods
Material

The ora-pro-nobis (Pereskia aculeata Miller) flour (OPNF)
was purchased from Mundo Cerealista (Sdo Paulo, Brazil).
The OPNF had a proximate composition, on a dry basis,
of: 58.26 g/100 g of carbohydrates, 14.37 g/100 g ash,
5.35 g/100 g lipids, and 22.02 g/100 g protein. The moisture
content was 8.53 g/100 g. All the chemicals employed in
this current study were reagent grade.

Ora-pro-nébis protein extraction

Ora-pro-ndbis proteins were extracted by the conventional
method of alkaline solubilization-acid precipitation [23].
Briefly, OPNF was dispersed in water at a flour-to-water
ratio of 1:10 (g/mL). The mixture was adjusted to pH 10
with NaOH (1 M) and stirred vigorously for two hours.
The suspension was centrifuged at 10000g for 30 min at
20 °C. Then, the pH of the supernatant was adjusted using
HCI (1 M) to precipitate the proteins. To find the best pH
of protein precipitation, tests were performed with pH 3.5,
4.0, and 4.5. The precipitated proteins were collected by
centrifugation at 10000g for 20 min at 5 °C. The protein
precipitates were resuspended in water and neutralized (pH
7) using NaOH. After freeze-drying, the ora-pro-nobis pro-
tein concentrates (OPNPC) obtained at different pHs were
stored separately in plastic bags at -18 °C before analyses.

Characterization of ora-pro-nébis flour and protein
concentrate

Protein contents and extraction yield of ora-pro-nébis
protein

The protein content of the OPNPC was determined by total
nitrogen analysis by combustion (Dumas) using a protein
analyzer (model NDA 701, VELP Scientific, Italy). Nitro-
gen content was multiplied by the conversion factor of 6.25
to determine the total crude protein content. The yield of
the OPNPCs was calculated as suggested by Karaman et al.
[24]:
~ Weight of OPNPC x protein content in OPNPC

Yield (%) = . 100
feld (%) Weight of OPNF x protein content in OPNF * (1)

The OPNPC sample with the highest yield was selected for
further evaluation of color, structural and techno-functional
properties, and in vitro digestibility.
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Color properties

The color was determined by using the colorimeter Ultra-
Scan PRO- HunterLab. The CIELab color scale was used
to measure the L*, a*, and b" parameters, where L" ranges
from 0 (black) to 100 (white), a* shows the variation from
green (-a") to red (+a") and b” varies from blue (-b") to yel-
low (+b"). The total color difference (AE) was calculated
according to Eq. 2, and OPNF was taken as standard. All
measurements were performed in quadruplicate.

AE\/(L-L*)2+ (a-a")" + (b-b">2 2)

where L, a, and b are the standard color parameter values
and L", a*, and b" are the color parameter values of the
sample.

Structural properties
Fourier transform infrared spectroscopy (FTIR)

The FTIR specters were recorded on a spectrophotometer
IRPrestige-21 model (Kyoto, Japan). The analysis was car-
ried out in the mean infrared region with a Fourier transform
wavenumber range of 4000 to 500 cm™ !, using 10 scans and

with a spectral resolution of 4 cm™".

Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) was carried out
using a Hitachi TM4000Plus scanning electron microscope
(HITACHI, Japan) operating at an acceleration voltage of
10 kV. The images were captured using the software Hitachi
TM4000, with a magnitude of x100.

Techno-functional properties
Protein solubility

Protein solubility was determined according to the meth-
odology described by Calderon-Chiu et al. [23] with few
modifications. 10 mg of flour or protein concentrate was dis-
persed in distilled water (50 mL). The dispersion was then
adjusted to pH 7 using HCI or NaOH, stirred for 30 min, and
centrifuged at 7500g for 15 min. The supernatant was recov-
ered. Protein content in the supernatant was determined
using the Bradford method [25] and bovine serum albumin
was used as standard. The total protein content was deter-
mined by the solubilization of the sample in NaOH (0.5 N).
Solubility (%) was calculated by the Eq. 3:

Solubility (%) _ Protein content in supernatant

100 (3)

Total protein content in the sample

Water holding capacity (WHC)

WHC was determined using Rodriguez-Ambriz et al. [26]
methodology with modifications of Ogunwolu et al. [27].
Briefly, 1 mL of distilled water was added to 100 mg of the
sample (OPNPC3.5 or OPNF). The mixture was vortexed
for 30 s and centrifuged at 1800g for 20 min at 25°C. After
centrifugation, the supernatant was drained completely at
45° for 10 min. WHC (g/g) was calculated as:
Wy - W,

WHC (e/2) =y, )

where W, is the weight of microtube and sample after
absorbing water; W is the weight of microtube and sample;
W, is the initial weight of sample.

Oil holding capacity (OHC)

The OHC was determined according to the methodology
used by Lin and Zayas [28] with modifications of Ogun-
wolu et al. [27]. 100 mg of the sample was vortex-mixed
with 1 mL of sunflower oil for 30 s. The emulsion was incu-
bated at room temperature (about 25°C) for 30 min and then
centrifuged at 13,600g for 10 min at 25°C. OHC (g/g) was
calculated as:

Wy - Wy

OHC (g/g) Wo ®)

where W, is the weight of microtube and sample after
absorbing oil; W, is the weight of microtube and sample;
W, is the initial weight of sample.

Emulsifying activity index (EAI) and emulsifying stability
index (ESI)

EAI was determined according to the spectrophotometric
method of Pearce and Kinsella [29], with some modifica-
tions as described by Saricaoglu [30]. Briefly, dispersions
(pH 7) were prepared by mixing 300 mg of the sample with
30 mL of distilled water. Thus, 10 mL sunflower oil was
added and homogenized in an Ultra-turrax at 20,000 rpm
for 1 min. The emulsion (50 pL) was transferred immedi-
ately and after 10 min to tubes containing 12.5 mL of 0.1%
sodium dodecyl sulfate (SDS). The absorbance at 500 nm
was measured with a spectrophotometer (Beckman Coulter
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DU 800, CA, USA) and the following equations were used
for the calculation of EAI and ESI, respectively:

. 2x2303x Agx N
EAI (m®/g) — ’
(m/8) = 10000 x 0 x L x C ©)
where A, is the absorbance at 500 nm immediately after
preparation, N refers to the dilution factor (250), ¢ the oil
phase ratio (0.25), L cuvette thickness (0.01 m), and C the
concentration of the protein in the dispersion (g/mL)
Ag

ESI (min) = (Ao - Am)X t @)

where A, and A are absorbance after 0 and 10 min, respec-
tively; and t=10 min.

Foaming properties

Foam capacity and foam stability were determined accord-
ing to the methodology described by Shevkani et al. [31]
with few modifications. Each sample was dispersed in dis-
tilled water (1% w/v, 20 mL, pH 7) in a graduated cylinder
(50 mL) and the dispersion was then homogenized for 1 min
at 20,000 rpm using an ultra-turrax. Foaming capacity (FC)
was calculated as the percent increase in the volume of the
suspensions upon mixing (Eq. 8), while foam stability (FS)
was estimated as the percentage of foam remaining after 15
and 30 min (Eq. 9).

V-V

FC (%) -
1

x 100 (8)

where V] is the initial volume of the dispersion; and V5 is the
volume of the dispersion after homogenization.

\Y%
> _

t
100
. ©)

FS (%

Where, V; is the foam volume after 15 and 30 min.
In vitro protein digestibility (IVPD)

A 62.5 mg sample was weighed and rehydrated in 10 mL of
milli-Q water at 37° C for 1 h. Then, the pH of the dispersion

Table 1 Extraction yield and protein content of ora-pro-nobis protein
concentrate

Precipitation pH Protein content (%)* Yield (%)*
35 52.43 4.19
4.0 55.33 2.73
4.5 52.21 1.17

* Values on dry basis.
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was adjusted to 8 using NaOH or HCI. Ten milliliters (10
mL) of a multi-enzyme solution consisting of about 16 mg
of trypsin, 31 mg of chymotrypsin, and 13 mg of protease
was also prepared at 37°C and pH 8.0. Then, 1 mL of multi-
enzyme solution was added to the hydrated sample, and
the digestion pH was recorded after 10 min [32, 33]. The
change of the pH after 10 min of digestion (ApH10) was
used to calculate the percentage of in vitro protein digest-
ibility (Eq. 10).

%IVPD = 65.66 + 18.10ApH1g min (10)

Statistical analysis

Each experiment was run in triplicate and the data were
expressed as means + standard deviation. The results were
statistically analyzed by analysis of variance (ANOVA) and
t-test at 5% significance using SISVAR® software, version
5.6.

Results and discussion

Characterization of ora-pro-nébis flour and protein
concentrate

Protein contents and extraction yield of ora-pro-nébis
protein

The protein content of OPNF was 22.02% on a dry basis,
which was similar to the value (21.81%) reported by Maciel
et al. [34]. Usually, the protein content of green leaves
ranges between 16 and 29% (dry basis) [35]. The OPNPC,
on the other hand, had values ranging from 52.21 to 55.33%
(Table 1), which were higher than that reported by Khan and
Varshney [36] for the protein concentrate of Albizia lebbeck
leaves (37%), but within the range described for moringa
leaf protein (40.43—75.77%) [37]. However, the content
was inferior to that found in the protein concentrate of jack-
fruit leaves (65.82%) which used high hydrostatic pressure
(HHP) technology to favor the extraction of proteins [23].
Table 1 also shows the yield of protein concentrate
extracted at pH 3.5, 4.0, and 4.5. The extraction yield varied
from 1.17 to 4.19%. According to Balfany et al. [38], the
isoelectric point of Rubisco, the main protein in leaves, is
in the pH range of 3.5-5.0. At the isoelectric point, the solu-
bility of the protein is minimal, leading to its precipitation
and allowing its recovery [3]. The extraction yield of ora-
pro-nobis proteins at pH 3.5 (4.19%) and 4.0 (2.73%) was
in the range of those found in moringa leaves (2 to 6.5%),
but it was much lower than the extraction of proteins from
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jackfruit leaves (32%) assisted by high hydrostatic pressure
[23]. Protein content and recovery yields of proteins from
plant foliage are not as high as those of other vegetables
due to the complex interaction of proteins with a plethora
of other molecules in the leaf. The extraction procedures
developed so far have primarily been carried out in laborato-
ries and have not been transferred to industry for large-scale
applications [3]. Several different techniques have emerged
with high potential to assist the conventional protein extrac-
tion (i.e., use of enzymes, microwave, ultrasound, pulsed
electric energy, and high pressure), however, they are still in
the early stages of their industrial applications [39].

Given the highest yield, the OPNPC obtained by acid
precipitation at pH 3.5 (OPNPC3.5) was chosen to have
its techno-functional and structural properties, as well as
in vitro digestibility, evaluated and compared with those of
OPNF.

Color

All the color parameters were significantly (P <0.05) dif-
ferent between the OPNPC3.5 and OPNF (Table 2). The
concentrate was relatively darker (<L") than the flour.
The a* parameter changed from —0.43 (OPNF) to 0.98
(OPNPC.3.5), which was consistent with the change in flour
coloration from green to brown in the concentrate (Fig. 1).
This darkening after the concentration of proteins was also
observed in moringa flour by Bocarando-Guzman et al.

Table 2 Color parameters of ora-pro-nébis flour and protein concen-
trate

Parameters OPNF OPNPC3.5
L* 61.52+0.31% 44.77+0.56°
a* -0.43 +0.02° 0.98+0.03°
b* 17.70+0.16* 7.17+0.45°
AE - 19.88 +0.60

Different superscript letters in the same row indicate a statistically
significant difference between OPNF and OPNPC3.5 (t-test, P < 0.05).

[37]. Modifications can be associated with the removal of
flour constituents and the alkalinization step used to extract
the proteins. High alkali concentrations may lead to the for-
mation of dark-brown products [40, 41]. In addition, during
alkalinization, protein reactions with polyphenols, carbohy-
drates, lignin, or pigments (such as chlorophyll and carot-
enoids) can trigger darkening [23]. Both OPNPC3.5 and
OPNF have positive b* values, however, the lower b in the
concentrate indicates a less yellowish material (Table 2).
Ora-pro-ndbis leaves have a high content of carotenoids
(190210 pg/g) [9]. Thus, protein reactions with this pig-
ment during the alkalinization step may decrease the yellow
color of the material.

The total color difference, AE of the OPNPC3.5 in rela-
tion to the OPNF was 19.88. Values higher than 5 indicate
color changes visually perceptible to the human eye [42,
43], as shown in Fig. 1.

Fig. 1 Ora-pro-nobis (a) flour and (b) protein concentrate extracted at pH 3.5
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Structural properties
Fourier transform infrared spectroscopy (FTIR)

FTIR spectra revealed some differences between the flour
and protein concentrate (Fig. 2). It is worth noting the
presence of four distinct peaks (1718, 1373, 1155, and
758 cm™ ") only in the OPNF spectrum, which can be asso-
ciated with a larger number of components in the constitu-
tion of the flour, such as lipids and carbohydrates. Peaks
around 1745 cm™! indicate lipid presence and correspond to
the C=0 stretching vibration of lipid ester bonds [44]. As
observed by Neves et al. [45], the peak at 1373 cm™! sug-
gested the presence of COO- from the carboxylic acid group
of the ora-pro-nébis protein. Peaks around 1000-1200 cm™!
wavelength correspond to C-H stretching vibration result-
ing from carbohydrates such as cellulose and starch [44].
In this way, the peak observed around 1155 cm™! can indi-
cate the presence of cellulose in the flour. The absorption at
758 cm™ ! is mainly originated from carbohydrate vibrations
[46].

Usually, in the infrared spectra, three groups of absorp-
tion bands can be observed for protein materials: amide
I (1600-1700 cm™"), amide II (1480-1585 cm™!), and
amide IIT (1260—-1300 cm™") [44, 47, 48]. It can be seen
that the peaks present in the OPNPC3.5 spectrum around
1650 (Amide I), 1539, and 1483 cm™' (Amide II) were
more intense than the OPNF peaks. The peak at 1483 cm™!
(Amide II) besides being more intense, was also narrower.
Amide I and II are related to the secondary structure of
proteins (B-sheet, a-helix, random coils, B-turns, etc.) [24]
and their inter- or intramolecular effects [49]. It can be also
observed the shift of some peaks. The peak for amide III

was detected at a wavelength of around 1286 cm™! for
OPNPC3.5 and around 1305 cm™' for OPNE, i.e., a shift
of 19 cm™!. Amide III indicates the presence of interactions
between protein and other macromolecules such as carbo-
hydrates with C-N stretching and N-H bending vibrations
[44]. This is indirect evidence that changes in the protein’s
structure can occur during the extraction [50]. A shift of the
peak from 837 (OPNF) to 929 cm™' (OPNPC3.5) was also
observed.

Scanning electron microscopy (SEM)

According to the SEM images (Fig. 3), OPNF exhibited
heterogeneous shape and size particles, possibly due to the
presence of more than one macromolecule in its composi-
tion (protein, carbohydrates, and fibers) and the interactions
among these components. In general, the particles present
in OPNF exhibited porous characteristics, indicating void
spaces or gaps within the particles.

On the other hand, the structures in OPNPC3.5 did not
display any porosity. OPNPC3.5 mainly exhibited a thin and
smooth lamellar structure, as also observed by Chen et al.
[51] for protein isolates from cumin.

Techno-functional properties
Protein solubility

Solubility relates directly to many important food proper-
ties such as emulsifying, foaming, surface-active proper-
ties, and gel-forming abilities. The solubility of OPNF and
OPNPC3.5 at pH 7 was 23.37 and 87.38%, respectively
(Table 3). This implies that the concentration of proteins

Fig.2 FTIR spectra in the
4000—500 cm™! region of ora-
pro-nobis protein concentrate
extracted at pH 3.5 and ora-pro-
nobis flour
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Fig. 3 Scanning electron micrograph of (a) ora-pro-nobis flour and (b) ora-pro-nébis protein concentrate extracted at pH 3.5

Table 3 Techno-functional properties of ora-pro-nébis flour and pro-
tein concentrate

Techno-functional properties OPNF OPNPC3.5
Water solubility (%) 21.62+2.42° 87.38 +5.41°
Water holding capacity (g/g) 5.44+0.03* 2.28+0.09°
Oil holding capacity (g/g) 1.82+0.02° 5.44+0.01°
Emulsifying activity index (m%g)  5.29+0.28° 25.13+0.82%
Emulsifying stability index (min)  105.16+6.85*  86.98 +3.00°
Foam capacity (%) 2.50+0.00° 61.52+0.38%
Foam stability after 15 min (%) 55.0+5.00 93.08+0.772
Foam stability after 30 min (%) 45.00+5.00° 88.46+0.00°

Means with the different letters in the same row are significantly dif-
ferent (t-test, P <0.05).

improved the material solubility more than 3.5 times.
Highly dependent on the balance of hydrophobic and hydro-
philic components, the higher solubility of the concentrate
can be related to the remotion of hydrophobic components,
mainly fibers. Higher solubility is typically desirable as it
can facilitate the incorporation of the material as an ingre-
dient in food formulations [23] and improve other techno-
functional properties of the material, such as foaming and
emulsifying capacity. A study with Mahua deoiled cake
flour also showed decreased solubility of proteins compared
to protein isolate [52]. However, lower solubility to mor-
inga isolate protein was reported by Bocarando-Guzman et
al. [37] compared with moringa flour (in the pH range of
4.5-7.5). According to the authors, the moringa flour was
subjected to extreme conditions, which may have resulted
in protein changes. Milder extraction conditions and higher
protein purity in the sample improve protein solubility [3].

Water and oil holding capacities

Water holding capacity (WHC) is the ability of the protein
to keep the water content remaining in its three-dimensional

structure [6]. In this study, results indicated that the
OPNPC3.5 has lower WHC than the OPNF (1.82 and
5.44 g/g, respectively). This can be explained by the fact
that the OPNPC3.5 was almost completely dissolved in
water, possibly due to the higher solubility of the concen-
trate (>87%). Furthermore, another explanation for the
higher WHC of OPNF could be the presence of more carbo-
hydrates in the flour, which helps in water absorption [53].
OPNPC3.5 had WHC similar to that evaluated for some
cereal proteins (1.4-1.5 g/g) [54], whereas this property
was found to be higher in soy isolate protein (7.6 g/g) [55].
WHC values found for OPNF and pea protein isolate (5 g/g)
were quite similar [56].

Regarding oil-holding capacity (OHC), both materials
showed higher values than those reported for pea and soy
isolates (0.86 and 1.43 g/g) [54]. However, the OPNPC3.5
had a greater OHC than OPNF (Table 3). According to
Biswal et al. [52], the OHC3.5 of proteins increases with the
presence of amino acids with nonpolar side chains, which
can be the case of ora-pro-nobis proteins that has a high
amount of leucine, glycine, and phenylalanine [15]. High
OHC is desirable for using in the cold meat industry since
protein can bridge the fat and water in these products [57].
Besides that, a high OHC is good for improving the mouth-
feel and flavor retention of specific food products [58].

Emulsifying activity index (EAI) and emulsifying stability
index (ESI)

Food industries have constantly sought to develop func-
tional ingredients with suitable emulsifying characteristics
for application in different types of food. Emulsifying activ-
ity index (EAI) provides an estimation of the interfacial area
stabilized per unit weight of protein based on the turbid-
ity of a diluted emulsion [29], whereas the ESI provides a
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measure of the stability of the same diluted emulsion over
a defined period [59]. In this study, the OPNPC3.5 showed
4.75-fold higher EAI than the flour (Table 3). EAI is directly
affected by the protein content, oil absorption, and solubil-
ity of the material. The higher the protein content, OHC,
and solubility, the greater the emulsifying activity [47, 54,
60]. A similar value was described for mulberry leaf protein
extracted by ultrasound (22.45 m?/g) [48], while lower EAI
was reported for pulse (9—11 m?/g) [58] and cereal protein
(20 m%/g) [54]. The low EAI for OPNF (5.29 m?%g) was
probably due to its low protein content (22%). Immediately
after the homogenization step, the flour emulsion underwent
an instantaneous phase separation. The low protein content
and the high amount of insoluble fibers in the OPNF may
be responsible for affecting the emulsion formation and
decreasing the EAI. Although of significant (P <0.05) dif-
ference between the EAI value of the concentrate and flour,
their use as emulsifiers still appears to be limited at the stud-
ied pH [9].

ESI of OPNF and OPNPC3.5 were both greater than
86 min. When these results are compared to those obtained
in previous studies with moringa [61] and jackfruit leaf
proteins [23], 13 and 30 min, respectively, the emulsions
formed by the ora-pro-ndbis samples can be considered
more stable over time. One possible explanation is that ora-
pro-nobis protein has the ability to adopt a flexible structure
that can interact with the oil phase through the hydrophobic
amino acids exposed and with the water phase through the
polar amino acids, thereby maintaining emulsion stability
[37].

Foaming properties

Desirable in numerous food products, the foaming process is
nothing more than the air entrapment by proteins [6]. Foam-
ing capacity (FC) indicates an increase in the percentage of
volume after whipping while foaming stability (FS) shows
the ability of the protein to maintain the foam [52]. The FC
of the OPNF (2.5%) was significantly (P <0.05) lower than
in concentrate (61.5%). This behavior can be related to the
limited availability of proteins in flour capable of diffusing
at the water-air interface and forming foam [37]. Moreover,
the proteins present in flour can still be linked to non-pro-
teinaceous material, hindering the protein migration to the
interface air-water [62]. The FC of OPNPC3.5 (Table 3)
was similar to that reported by Martin et al. [63] for sugar
beet leaf isolate (60%). However, the FC of the pea pro-
tein isolate obtained by Pedrosa et al. [64] was slightly
higher (74%). Higher FC was also observed in pea flour
(64%) [64] when compared to OPNF. Regarding stability,
OPNPC3.5 kept more than 88% of the initially formed foam
after 30 min, showing excellent stability. OPNF, however,
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showed an FS value of 45% after 30 min. A low FS indi-
cates the reduced ability of a foam to resist gravity-induced
drainage and collapse [65]. The FC and FS results obtained
for the flour and protein concentrate prove that the concen-
tration of the ora-pro-nébis proteins produces a material
with improved foaming properties. Besides that, the high
values of FC and FS reveal the potential of concentrate as
an ingredient in the development of food products, such as
ice cream, meringues, whipped cream, and leavened or fer-
mented bread [6].

In vitro protein digestibility

Digestibility of food proteins is a measure of their suscep-
tibility to being hydrolyzed by the enzymes present in the
gastrointestinal tract, being dependent on the protein struc-
tures, the presence of other food components, and eventu-
ally processing technology [56]. IVPD was higher (P < 0.05)
in the OPNPC3.5 (79.78% = 0.72) than in OPNF (77.15%
+ 0.27). Anti-nutritional components like protease inhibi-
tors, phytic acid, cyanide, polyphenols, and tannin, may
have been removed during protein concentration, increas-
ing the digestibility of the concentrate [66]. The digestibility
of OPN flour in the current study was close to that of ora-
pro-nobis leaves (75.9%) and Albizia lebbeck leaves protein
concentrates (76.78-77.26%), as previously reported by
Takeiti et al. [67] and Khan and Varshney [36], respectively.
According to these authors, the results obtained indicate
good in vitro digestibility.

Conclusions

In this study, the alkaline solubilization and isoelectric pre-
cipitation at pH 3.5 produced protein concentrate of ora-pro-
noébis (OPNPC3.5) with the highest yield compared to the
other precipitation pHs. Analysis revealed distinct charac-
teristics between OPNPC3.5 (52.43% protein) and ora-pro-
noébis flour (OPNF; 22.02% protein), including significant
differences in color, structure and techno-functional prop-
erties. OPNPC3.5 exhibited enhanced characteristics com-
pared to OPNF, such as superior water solubility, oil holding
capacity (OHC), foaming properties, and in vitro digest-
ibility. The solubility of OPNPC3.5 was 3.5 times greater
than that of the flour, whereas its ability to retain oil was
3.0 times higher. Moreover, while the flour exhibited neg-
ligible foaming capacity, OPNPC3.5 reached almost 62%.
The improvements in OHC, emulsifying, and foaming prop-
erties can be attributed to protein structural changes (FTIR
findings) during the extraction process and increased protein
solubility. These preliminary findings highlight the poten-
tial of both ora-pro-nobis flour and protein concentrate as
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versatile ingredients in a variety of food products, fulfilling
diverse techno-functional requirements. Further research is
warranted to explore and optimize the applications of these
nutritious, non-conventional sources in the food industry.
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