Current Research in Food Science 11 (2025) 101152

© Current Research in
Food Science
Partofthe 0 =5

Contents lists available at ScienceDirect

Current Research in Food Science

journal homepage: www.sciencedirect.com/journal/current-research-in-food-science

ELSEVIER

Industrial-scale fractionation of fava bean, chickpea, and red lentil: A
comparative analysis of composition, antinutrients, nutrition, structure,
and functionality

Ruixian Han®, Yan Wang“®, Zhanming Yang ", Stuart Micklethwaite b®, Martin Mondor ©¢,
Evi Paximada®, Alan Javier Herndndez-Alvarez "%

@ School of Food Science and Nutrition, University of Leeds, Leeds, LS2 9JT, UK

b School of Chemical and Process Engineering, University of Leeds, LS2 9JT, UK

¢ Department of Chemical Engineering and Biotechnological Engineering, Université de Sherbrooke, Sherbrooke, QC, J1K 2R1, Canada
4 Institute of Nutrition and Functional Foods (INAF), Université Laval, Quebec, QC, G1V 0A6, Canada

€ National Alternative Protein Innovation Centre (NAPIC), UK

ARTICLE INFO ABSTRACT

Handling Editor: Professor A.G. Marangoni Legumes are emerging as sustainable protein sources that can replace animal proteins and help meet global
dietary needs. This study systemically compared the compositional profiles, antinutritional factors, amino acid
profiles, protein quality, structural characteristics, and techno-functional properties of fava bean, chickpea, and
red lentil flours, along with their dry- and wet-fractionated protein-enriched fractions (PFs). Wet-fractionated PFs
exhibited higher protein content (58.36 — 83.79 g/100 g), while dry-fractionated PFs retained more total dietary
fibre (7.62 — 14.64 g/100 g). Wet-fractionated fava bean (84.12 %) and red lentil (84.06 %) showed the highest
in vitro protein digestibility (IVPD), while dry-fractionated chickpea showed the highest IVPDCAAS at 62.43 %.
The protein composition was generally preserved after fractionation, though changes in secondary structure
varied depending on legume source. Surface hydrophobicity (Hy 62,739 — 99,381) increased following wet
fractionation. In terms of functionality, wet-fractionated PFs showed the highest water-holding capacity (2.83 g/
g, red lentil), foaming capacity (139.1 %, fava bean) and emulsifying capacity (108.1 m?/g, red lentil), but with
relatively poor foaming and emulsifying stability. Conversely, dry-fractionated PFs exhibited higher protein
solubility, lower least gelation concentration (8-10 %), and superior oil-holding capacity (3.98 g/g, Chickpea),
likely due to reduced structural disruption, which limited protein aggregation and denaturation. Despite higher
levels of antinutritional factors, dry fractionation emerges as a promising, cost-effective, and sustainable tech-
nology to produce legume protein concentrates with improved functionality and nutritional quality comparable
to those obtained by wet-fractionated.
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1. Introduction deficient in sulphur-containing amino acids (methionine and cysteine)

and tryptophan (Igbal et al., 2006; Sanchez-Velazquez et al., 2021).

Among seed plants, legumes rank as the second-largest group and are
important contributors of plant-based proteins (Duranti, 2006). Soybean
is the major legume crop produced worldwide, while peanuts, cowpeas,
fava beans, lupins, chickpeas, and lentils are also significant legume
crops (Semba et al., 2021). Legumes are rich in protein, with a crude
protein content ranging from 17 % to 30 % (Goldstein and Reifen, 2022),
presenting higher protein content and improved protein digestibility
compared to cereals (Xu et al., 2023). Legumes provide most essential
amino acids, with particularly high level of lysine, but they are generally

Legumes are also abundant in fibres, vitamins (e.g., B vitamins) and
minerals (e.g., iron, magnesium, potassium, and zinc) (Erbersdobler
et al., 2017). Although the potential health benefits of bioactive com-
pounds, such as phytates and trypsin inhibitors, have been documented,
these compounds hinder the absorption of essential minerals and pro-
teins, thereby negatively affecting the overall nutritional quality of le-
gumes (Manzanilla-Valdez et al., 2024c). Despite this, considering
nutritional benefits, low cost, sustainability, low allergenicity, and good
consumer acceptability, legume proteins present an unlimited potential
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for their incorporation into a wide range of food products.

Considering the large amount of carbohydrates (ranging from 40 %
to 64 %) and other non-proteinaceous components in legumes (Affrifah
et al.,, 2023), fractionation methods were developed to increase the
protein content and modify functional properties and nutritional qual-
ities. Wet fractionation is the conventional route for producing protein
concentrates or isolates from raw flours, with protein contents that can
exceed 90 % (Boye et al.,, 2010b; Mondor and Hernandez-Alvarez,
2022). This processing involves the following steps: 1) hydrating flour in
water to obtain protein suspension; 2) adjusting the pH to an alkaline
condition (e.g., pH 9 — 10) to extract the proteins; 3) centrifugation to
remove insoluble fibres and other insoluble components; 4) adjusting
the pH to the isoelectric point of the proteins (pH around 4.5) to allow
their precipitation; 5) centrifugation to recover the precipitated pro-
teins; and 6) neutralizing the pH of protein solution to 7, followed by
spray drying or freeze drying. The length of protein enrichment,
excessive water usage and high energy requirements has raised concerns
regarding sustainability and the need of novel green extraction methods
(Assatory et al., 2019). Meanwhile, harsh conditions (pH and spray
drying temperature) lead to protein aggregation and denaturation,
consequently resulting in the loss of functionalities (Ho et al., 2021).

On the contrary, dry fractionation requires less energy, no additional
water, and avoids chemical exposure. This process involves milling and
air classification. During milling, starch granules liberated from the flour
are larger than the fragmented protein matrix. These granules and
fragments are subsequently separated by air classification based on
differences in size and density. Air currents are continuously fed into the
classifier chamber, where centrifugal force and gravity effectively
separate fine fractions (smaller, protein-rich fraction) from coarse par-
ticles (larger, starch-rich fraction) (Pulivarthi et al., 2023). Compared to
wet fractionation, which can yield protein content up to 90 %, the
protein purity of ingredients obtained through dry fractionation is
relatively low, typically ranging between 40 % and 60 % (Dumoulin
et al.,, 2021). Commercial food products rarely contain high protein
content, which means protein-enriched ingredients with moderate pro-
tein concentrations are acceptable for product development (Tabtabaei
et al., 2016). This explains the increasing interest in applying dry frac-
tionation for producing protein-enriched ingredients for food
application.

Both dry and wet fractionation have been widely investigated,
focusing on protein content, techno-functional properties, protein pro-
files (e.g., SDS-PAGE), structure (e.g., scanning electron microscopy
(SEM)) and amino acid composition (Dumoulin et al., 2021; Pelgrom
etal., 2013; Schlangen et al., 2022) Some studies have also examined the
content of antinutritional factors and suggested the potential of these
compounds to reduce protein digestibility (Amin et al., 2022; Schutyser
et al., 2025). However, the impact on protein digestibility and protein
quality has rarely been validated. In addition, a recent published
comprehensive study examined eight wet-fractionated and nine
dry-fractionated protein ingredients, performing multiple measure-
ments to characterize and compare their properties (De Angelis et al.,
2024). Although, it is important to note that these protein ingredients
were sourced from different commercial suppliers, which may have
introduced significant variability in their physicochemical properties
due to differences in extraction and production processes. Therefore, a
standardized and systematic comparison of the effects of dry and wet
fractionation methods on protein ingredients is urgently needed. In this
study, the impact of dry and wet fractionation on the nutritional,
structural, and techno-functional properties of fava bean, chickpea, and
red lentil were systematically investigated and compared. Specifically,
this research aimed at evaluating the impact of both processing methods
on: 1) protein content, starch content, available carbohydrate, and total
dietary fibre; 2) antinutritional factors, including total phenolic content,
phytic acid, condensed tannins, saponins, and trypsin inhibitors; 3) the
protein quality of processed ingredients, with a comprehensive evalua-
tion of amino acid profiles, in vitro protein digestibility (IVPD), amino
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acid score (AAS), essential amino acid index (EAAI), biological value
(BV), protein efficiency ratio (PER), and in vitro protein
digestibility-corrected = amino acid score (IVPDCAAS); 4)
structural-related properties, for instance, particle size, zeta-potential,
microstructure, secondary structure, and surface hydrophobicity; 5)
techno-functional properties, such as water holding capacity, oil holding
capacity, foam properties, emulsifying properties, protein solubility, and
gelation. The effects of dry and wet fractionation on all measured pa-
rameters of legume flours were assessed using Pearson correlation
analysis. Additionally, principal component analysis (PCA) was
employed to evaluate the characteristics of legume flours before and
after dry and wet fractionation.

2. Materials and methods
2.1. Materials

DL-dithiothreitol (DTT), methanol, hydrochloric acid, sulfuric acid
and acetic acid glacial were purchased from Fisher Chemical (Lough-
borough, United Kingdom). Formic acid, ethylenediaminetetraacetic
acid (EDTA), sodium phosphate monobasic monohydrate, sodium
phosphate dibasic, Folin & Ciocalteu’s phenol reagent, sodium carbon-
ate, gallic acid, Iron (III) chloride hexahydrate, 5-sulfosalicylic acid
hydrate, citric acid, Na-benzoyl-L-arginine 4-nitroanilide hydrochloride
(BAPNA), 8-anilino-1-naphthalenesulfonic acid ammonium salt (ANS),
dimethyl sulfoxide (DMSO), trypsin from porcine pancreas (13,000 —
20,000 BAEE units/mg protein), chymotrypsin from bovine pancreas (>
40 units/mg protein), protease from Streptomyces griseus (> 3.5 units/
mg solid) were purchased from Sigma-Aldrich (Gillingham, United
Kingdom). Sodium hydroxide and calcium chloride dihydrate were
purchased from VWR chemicals (Lutterworth, United Kingdom). So-
dium chloride was purchased from Avantor Sciences (Lutterworth,
United Kingdom). Sodium phytate and ammonium sulfate were pur-
chased from ChemCruz® biochemicals (TE Huissen, the Netherlands).
Diosgenin was purchased from Fluorochem (Hadfield, United Kingdom).
Vanillin (BS-6341P) was purchased from BioServTM (Rotherham,
United Kingdom). Catechin was purchased from Merck (Gillingham,
United Kingdom).

2.2. Sample collection

Raw flours of commercial fava bean, chickpea, and red lentil, as well
as their protein-enriched fractions obtained through dry and wet frac-
tionation, respectively, were gifted by Deltagen UK (Highbridge Som-
erset, UK). All powders were finely ground. An overview of colour
measurement of all ingredients is provided in Appendix A.1.

2.3. Protein content, total starch content, available carbohydrate, and
total dietary fibre content

The protein content of protein ingredients was determined according
to AOAC (1990), using a conversion factor of 6.25 to convert nitrogen
level to protein content. The moisture content was determined by drying
2 g of protein ingredients at 110 °C in a DRY-Line Oven (VWR) until a
constant weight was achieved (Chasquibol et al., 2025). The total starch
content of protein ingredients was measured using Total Starch Assay
Kit (AA/AMG) (Megazyme, K-TSTA-100A). The available carbohydrate
and total dietary fibre were quantified using Available Carbohy-
drates/Dietary Fiber Assay Kit (Megazyme, K-ACHDF).

2.4. Total phenolic content and antinutritional factors

2.4.1. Total phenolic content

Total phenolic content (TPC) in protein ingredients was determined
using Folin-Ciocalteu assay, according to Pico et al. (2020), with some
modifications. One gram of protein ingredient was extracted with 12 mL
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of 80 % methanol in 0.1 % formic acid, followed by sequential extraction
with same volume of 70 % acetone in 0.1 % formic acid. Ten microliters
of combined extract solutions were mixed with 40 pL of Folin reagent
(25 % Folin-Ciocalteu reagent in water), and 150 pL of 4 % sodium
carbonate. After incubation for 30 min at room temperature in the dark,
the absorbance was measured at 765 nm. Gallic acid was used as stan-
dard, with concentrations ranging from 15.625 to 500 pg/mL.

2.4.2. Phytic acid

Phytic acid in protein ingredients was determined according to
Manzanilla-Valdez et al. (2024b). Half a gram of protein ingredient was
extracted with 10 mL of 2.4 % HCL using a platform shaker (Heidolph
Orbital) for 16 h at 220 rpm. The supernatant was collected after
centrifugation at 5,000 rpm (ROTINA 380, Hettich) at 4 °C for 20 min,
then mixed with 1 g of NaCl. The mixture was shaken for 20 min at 350
rpm (Orbital Shaker 36508, Heidolph) and then placed at 4 °C for 1 h.
After 25-fold dilution using Milli-Q water, 150 pL of the extracted so-
lution was mixed with 50 pL of Wade reagent (0.03 g of ferric chloride
hexahydrate and 0.3 g of sulfosalicylic acid in 100 mL of Milli-Q water).
Following a 10 min reaction time, the absorbance was measured at 500
nm. Sodium phytate was used as standard (ranging from 0.0375 to 0.6
mg/mL), with a phosphorus content of 18.38 % (Hande et al., 2013).

2.4.3. Condensed tannins

Condensed tannins in protein ingredients were measured according
to De Mejia et al. (2005), with some modifications. One gram of protein
ingredient was extracted with 10 mL of 4 % HCL in methanol using a
platform shaker (Heidolph Orbital) for 18 h at 400 rpm. After centri-
fugation at 5,000 rpm (ROTINA 380, Hettich) for 10 min at 4 °C, 50 pL of
supernatant was mixed with 100 pL of 10 % sulfuric acid in methanol.
Then, 100 pL of 1 % vanillin in methanol was added to the mixture,
which was incubated at room temperature for 15 min before absorbance
measurement at 500 nm. Catechin was used as the standard, with con-
centrations ranging from 0.25 to 1 mg/mL.

2.4.4. Saponins

Saponins in protein ingredients were determined according to
Manzanilla-Valdez et al. (2024b), with some modifications. Half a gram
of protein ingredients was extracted with 10 mL of 80 % methanol using
a platform shaker (Orbital Shaker 36508, Heidolph) for 16 h at 400 rpm.
The supernatant was collected after centrifugation at 5,000 rpm
(ROTINA 380, Hettich) for 10 min. The pellet was washed twice by 5 mL
of 80 % methanol, and the wash solution was combined with the su-
pernatant for saponin determination. Two-hundred microliters of
saponin extract solution was mixed with 50 pL of 80 % methanol, 0.25
mL of vanillin reagent (1.6 g of vanillin dissolved in 20 mL of absolute
methanol), and 2.5 mL of 72 % sulfuric acid. The mixture was heated in
a water bath at 60 °C for 10 min, the absorbance was determined at 520
nm. Diosgenin was used as standard, with concentrations ranging from
0.1 to 0.5 mg/mL.

2.4.5. Trypsin inhibitors

Trypsin inhibitor activities (TIA) in protein ingredients were ana-
lysed according to Liu et al. (2021), with some modifications. Half a
gram of protein ingredients was extracted with 25 mL of 10 mM NaOH
for 3 h at 400 rpm (Orbital Shaker 36508, Heidolph) at room temper-
ature. After centrifugation at 5000 rpm for 10 min (ROTINA 380, Het-
tich), the supernatant was collected and diluted using Milli-Q water,
exhibiting trypsin inhibition ranging from 30 to 70 %. One millilitre of
diluted  supernatant ~was mixed with 25 mL of
benzyl-DL-arginine-para-nitroanilide (BANPA) solution (200 mg of
BANPA dissolved in 5 mL of DMSO, then diluted 100-fold using 50 mM
Tris buffer containing 20 mM CaCly, pH 8.2). After adding 1 mL of
trypsin solution (1 mg of trypsin in 50 mL of 1 mM HCL solution con-
taining 5 mM CaCly) and incubated for 10 min at 37 °C, the reaction was
terminated using 0.5 mL of acetic acid solution (30 % v/v). The
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absorbance was measured at 410 nm after centrifugation at 3500 x g for
5 min at room temperature. The reference was prepared by replacing the
diluted supernatant with an equal volume (1 mL) of Milli-Q water.
Acetic acid added prior to the addition of trypsin solution to sample and
reference solution were considered as sample blank and reference blank,
respectively. TIA was calculated using the following equation:

— {[(AbSregerence —AbSregerence biank ) — (AbSsampte —AbSsample biank ) | ¥50 }
TIA (TIU/ mg)_ 1mL x concentration of samples in diluted extract (mg/mL)

2.5. Invitro protein digestibility

In vitro protein digestibility (IVPD) of protein ingredients were
determined according to Wang et al. (2023a). A protein ingredient
containing 62.5 + 0.5 mg of protein was dissolved in 10 mL of Milli-Q
water, and the pH was adjusted to 8.0 at 37 °C. Meanwhile, a 10 mL
of multienzyme cocktail with 31 mg of chymotrypsin (P40 Units/mg
protein), 16 mg of trypsin (13,000 — 20,000 BAEE units/mg protein) and
13 mg of protease from Streptomyces griseus (P3.5 units/mg) were
prepared, and the pH was adjusted to 8.0 at 37 °C. After adding 1 mL of
multienzyme cocktail (pH 8.0) to the protein ingredient solution, the pH
was recorded for 10 min. The IVPD of protein ingredients was calculated
as follows:

IVPD (%) = 65.66 + 18.10 x (pHp min — PH10 min)

2.6. Amino acid profiles and protein quality

Amino acid profiles of protein ingredients were determined using
HPLC with a 300 mm X 3.9 mm. i.d. reversed-phase C18 column. Two
milligrams of protein ingredients were hydrolysed using 6 M HCL at
110 °C for 24 h, followed by derivatisation with diethyl ethox-
ymethylenemalonate. Specifically, tryptophan was quantified after basic
hydrolysis. D,L-a-aminobutyric acid was used as an internal standard
(Yust et al., 2004).

Amino acid score (AAS), essential amino acid index (EAAI), pre-
dicted biological value (BV), and protein efficiency ratio (PER) was
calculated according to the following equations (Sanchez-Velazquez
et al., 2021):

AAS — ™8 of limited amino acid in 1 g of total protein
" mg of this amino acids in 1 g of requirement pattern

EAAI = 2 [Lysx Thrx Valx (Met+Cys) xIlex Leu x (Phe-+Tyr) x His x Trp| (sample)
- [Lysx Thrx Valx (Met+Cys) xIlex Leux (Phe-+Tyr) x His x Trp| (standard)

BV = 1.09 (EAAD - 11.7

PER; = - 0.684 + 0.456 (Leu) — 0.047 (Pro)

PER; = - 0.468 + 0.454 (Leu) - 0.105 (Tyr)

PER3 = - 1.816 + 0.435 (Met) + 0.780 (Leu) + 0.211 (His) — 0.944
(Tyr)

PER4 = 0.08084 (Thr + Val + Met + Ile + Leu + Phe + Lys) — 0.1094

PERs5 = 0.0632 (Thr + Val + Met + Ile + Leu + Phe + Lys + His +
Arg + Tyr) - 0.1539

The in vitro protein-digestibility corrected amino acid score (IVPD-
CAAS) was calculated by AAS x IVPD (Ma et al., 2024).

2.7. Sodium dodecyl sulfate-polycrylamide gel electrophoresis (SDS-
PAGE)

The molecular weight distribution of protein ingredients was ana-
lysed using SDS-PAGE according to Laemmli (1970), with some modi-
fications. Protein ingredients containing 20 pg of protein was dissolved
in 1 x Laemmli buffer containing Dithiothreitol (DTT, 15.42 mg/mL).
The samples were heated at 95 °C for 5 min, and then centrifuged at 10,
000 X g for 10 min at 4 °C. The supernatant was loaded onto a Criterion
TGX Precast gel (Bio-Rad). Electrophoresis was performed at 200 V for
30 min. The gel was washed three times using Milli-Q water, stained
with Bio-Safe™ Coomassie stain (Bio-Rad), and analysed using a gel
imager system (Gel Doc XR + system, Bio-Rad). Precision Plus Protein™
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(10 — 250 kDa, Bio-Rad) was used as a molecular marker.

2.8. Scanning electron microscopy (SEM)

The microstructures of protein ingredients were analysed using cold
field emission scanning electron microscopy (CFE-SEM, Hitachi
SU8230) with a backscattered electron detector, at a magnification
500x. Protein ingredients were attached to a sample holder (named
cryo-shuttle), and were then coated with Iridium to a thickness of 15 nm
to facilitate good electrical conductivity. Subsequently, the coated
samples were transferred into the SEM chamber under high vacuum
conditions (>10 e~7 mbar). The analysis was performed at a working
distance of 15.5 — 16.2 mm and using accelerating voltage of 2 kV.

2.9. Protein secondary structure

Secondary structure of protein ingredients was measured using
Fourier Transform Infrared Spectroscopy coupled to Attenuated Total
Reflectance (FTIR-ATR). Amide I region (1,700 to 1,600 cm™Y) of dried
protein ingredient powder was measured and analysed using peak
analysis functionality in OriginPro (2021) (OriginLab Corporation,
Northampton, MA, USA).

2.10. Surface hydrophobicity

Surface hydrophobicity of protein ingredients was measured ac-
cording to Manzanilla-Valdez et al. (2024a). Protein ingredients were
dissolved in 0.01 M PBS buffer, and the soluble protein concentration in
solution was adjusted to 0.01, 0.02, 0.04, 0.06, 0.08 and 0.1 mg/mL
(quantified using Pierce™ BCA protein assay kit). One mL of protein
solution was mixed with 5 pL of 8 mM 8-anilino-1-naphtalenesulfonic
acid ammonium salt solution (ANS) in the dark. The fluorescence in-
tensity of sample with ANS was measured at an excitation wavelength of
360 nm and an emission wavelength of 460 nm. Protein solution without
ANS was used as the blank. After subtracting the blank, the linear slope
of curve (fluorescence intensity against soluble protein content) was
considered as surface hydrophobicity.

2.11. Fast protein liquid chromatography (FPLC)

According to Manzanilla-Valdez et al. (2024b), 500 pL of protein
ingredients solution containing 0.1 mg protein was injected for gel
filtration chromatography, which was carried out using a AKTA-purifer
FPLC system equipped with a Superdex peptide 10/300 GL column (Cat:
17-5176-01, GE Healthcare). A 0.75 M ammonium bicarbonate solution
was used as eluent, and elution was monitored at 215 nm. Molecular
weight standards used were blue dextran (2,000 kDa), cytochrome C
(12.5 kDa), aprotinin (6,512 Da), bacitracin (1,450 Da), cytidine (246
Da) and glycine (75 Da).

2.12. Techno-functional properties

2.12.1. Water/oil holding capacity

Water holding capacity (WHC) and oil holding capacity (OHC) of
protein ingredients were determined using the method described by
Boye et al. (2010a), with some modifications. Briefly, for WHC, 1 g of
protein ingredient was mixed with 10 mL of Milli-Q water. After shaking
for 0.5 h at 300 rpm (Orbital Shaker 36508, Heidolph), the supernatant
was removed following centrifugation at 2,000 rpm (ROTINA 380,
Hettich) for 30 min. Regarding OHC, half gram of protein ingredient was
mixed with 5 mL of soybean oil. After shaking for 0.5 h at 500 rpm
(Orbital Shaker 36508, Heidolph), the supernatant was removed
following centrifugation at 4,000 rpm (ROTINA 380, Hettich) for 1 h.
WHC (g/g) and OHC (g/g) were calculated using the following equation:
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WHC (g/g) or OHC (g/g) =
Weight of tube and pellet (g)—weight of tube (g)—weight of ingredient (g)
weight of ingredient (g)

2.12.2. Foaming capacity and stability

Foaming capacity (FC) and stability (FS) of protein ingredients were
measured according to Stone et al. (2015), with some modifications.
Three-hundred milligrams of protein ingredients were dissolved in 15
mL of Milli-Q water and homogenized at 12,000 rpm for 5 min (S
Homogeniser, VWR). The foam volumes were recorded immediately
(Vo) and after 30 min (V3g), respectively. FC and FS were determined
using the following equation:

FC (%) =72 x 100 %

FS (%) = ¥ x 100 %

Where V is volume of foam just after homogenization (at 0 min) and
V,, is volume of foam after 30 min.

2.12.3. Emulsifying capacity and stability

Emulsifying capacity (EC) and stability (ES) of protein ingredients
were evaluated using the method described in Boye et al. (2010a), with
some modifications. Five millilitres of soybean oil were added to 15 mL
of 0.5 % (w/v) protein ingredient solution prepared in Milli-Q water,
with the pH adjusted to 7. The mixture was homogenized at 12,000 rpm
for 2 min (S homogeniser, VWR). Fifty millilitres of emulsions were
collected from the bottom of centrifuge tube immediately and after 10
min, respectively. The collected emulsion was diluted with 2 mL of 0.1 %
(w/v) SDS. The absorbance of diluted emulsion solution was measured
at 500 nm. EC and ESI were calculated according to the following

equations:

2 _ 2x2.303xAbso min xdilution factor
EC (m /g) ~ (1—-o)xprotein concentrationx100

: Absg min x10
ESI (min) = (Abso :?n A;Sm min)
Where Absgmin is the absorbance of the diluted emulsion collected
immediately after homogenization, Abs;o min is the absorbance of the

diluted emulsion collected after 10 min, and @ is oil volume fraction.

2.12.4. Gelling properties

The least gelling concentration (LGC) of protein ingredients were
determined using the method mentioned in de Paiva Gouvea et al.
(2023). Different amounts of protein ingredients (0.1 — 1g) were dis-
solved in 5 mL of Milli-Q water to make suspensions with concentrations
ranging from 2 to 20 % (w/v). After vortexing for 30 s, the tubes (bo-
rosilicate glass tube, 25 mm in diameter and 150 mm in length,
7740968, Sigma) were heated in a boiling water bath for 1 h. The tubes
were then rapidly cooled using running tap water. Gel formation in the
suspensions was determined after the tube were placed at 4 °C
overnight.

2.12.5. Protein solubility

Protein solubility of protein ingredients was determined at different
pH levels, ranging from 2 to 9, according to Boye et al. (2010a), with
some modifications. Briefly, protein ingredients containing 100 mg of
protein was dissolved in 20 mL of Milli-Q water, and the pH of the so-
lution was adjusted to the desired value using 1M NaOH or 1M HCI.
After shaking for 30 min at 200 rpm (Orbital Shaker 36508, Heidolph),
the supernatant was collected following centrifugation at 3,500 rpm
(ROTINA 380, Hettich) for 20 min. Soluble protein content in the su-
pernatant was determined using Pierce™ BCA protein assay kit. Protein
solubility at each pH level was calculated as the ratio (%) of protein in
the supernatant to the total protein (100 mg) in the protein ingredients.
Bovine serum albumin was used as standard, with concentrations
ranging from 25 to 2,000 pg/mL.

2.12.6. Particle size and zeta potential
Nanoparticle size of protein ingredients was measured using Mas-
tersizer 3000 with the Aero S Dry powder dispersion unit. Zeta potential
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of protein ingredients was analysed using Zeta-sizer 3000. For zeta-
potential measurement, 3 mg of protein ingredients were dissolved in
35 mL of Milli-Q water, and the pH of solution was adjusted to a range of
2-9.

2.13. Statistical analysis

All measurements were carried out in triplicate. Results were pre-
sented as the mean =+ standard deviation, with all analyses conducted in
triplicates. Statistical analysis was performed using GraphPad Prism 10
(GraphPad Software, Boston, MA, USA). Significantly differences among
protein ingredients were analysed using Tukey’s HSD and multiple t-test
at a significance level of P-value < 0.05. Pearson correlation coefficient
analysis and principal component analysis were performed using
OrginPro 2021 software (OriginLab Crop., MA, USA)

3. Results and discussion

3.1. Protein content, total starch, available carbohydrate, total dietary
fibre, and moisture content

As shown in Table 1, the crude protein content of fava bean, chickpea
and red lentil are 19.17 g/100 g, 16.54 g/100 g, and 17.80 g/100 g,
respectively. Ruckmangathan et al. (2022) reported a similar crude
protein content (17.10 %) in chickpea, but a much higher crude protein
content was found in fava bean (25.80 %) and red lentil (25.10 %).
Other studies reported much higher crude content in legumes, for
instance, the crude protein content of 15 fava bean cultivars ranged from
22.7 10 28.3 % (Labba et al., 2021). Qayyum et al. (2012) reported crude
protein contents in chickpea and lentil were 22.83 % and 31.12 %,
respectively. Moreover, Sanchez-Vioque et al. (1999) reported a crude
protein content of 24.7 % for chickpea, while the ones in four varieties of
red lentils ranged from 22.57 to 31.17 % (Wang, 2008). These findings
highlighted that the crude protein content of legumes varied by location,
cultivar, and plant growth stage (Wang and Daun, 2004). As expected,
dry fractionation led to a significant increase in protein content across
all three analysed legumes, reaching 58.13 g/100 g in fava bean, 41.41
g/100 g in chickpea, and 59.04 g/100 g in red lentil. Wet fractionation
further enhanced the protein concentration, reaching 58.26 g/100 g in
chickpea and up to 83.79 g/100 g in fava bean.

The starch content in these legumes decreased significantly during

Table 1
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processing: initially ranging from 50.26 g/100 g in chickpea, 57.38 g/
100 g in red lentil and 60.75 g/100 g in fava bean, it decreased to 20.57
g/100 g (chickpea), 15.32 g/100 g (fava bean) and 10.20 g/100 g (red
lentil) after dry fractionation, and was further reduced to just 1.38 g/
100 g (red lentil), 0.57 g/100 g (chickpea) and 0.55 g/100 g (fava bean)
following wet fractionation. Schlangen et al. (2022) reported a similar
trend in protein content of fine fractions obtained by dry fractionation.
The protein content in mung bean, yellow pea and cowpea flours was
around ~23 %, which increased to ~42 % — ~58 % after dry fraction-
ation. In addition, the protein content in the fine fraction of pea ranged
from ~50 % to ~55 % after dry fractionation at different classifier
speeds (5,000 rpm and 12,000 rpm), increasing from 23 % in unpro-
cessed flours (Pelgrom et al., 2013). Dumoulin et al. (2021) applied dry
fractionation to fava bean flour, enriching the protein content from 27.7
to 53.6 %. In their study, wet fractionation was applied to a coarse
starch-rich fraction, resulting in a significant increase in protein content,
which rose from 22.2 % to 60.6 %. For studies that applied wet frac-
tionation directly to raw flour, Ruiz-Ruiz et al. (2012) reported a protein
level of 73.03 % in hard-to-cook black bean and 68.83 % in freshly
harvested bean after wet fractionation. Higher protein contents were
found in commercial wet-fractioned fava bean and chickpea, which
were 86.9 % and 82.9 %, respectively (Li et al., 2024). These findings
support the conclusion that wet fractionation is more effective in
enriching protein content. In dry fractionation, water-soluble protein
fragments were not fully disentangled from starch granules and were
ultimately transferred to the coarse fraction rather than the fine fraction
(Moller et al., 2021). Additionally, it is important to highlight that,
following both dry and wet fractionation, the protein content in
chickpea remained significantly lower than that in fava bean and red
lentil. This discrepancy may be attributed to the stronger attachment of
protein particles to starch granules in chickpea, which likely reduced
separation efficiency during air classification and protein isoelectric
point precipitation (Schlangen et al., 2022). Consequently, the final
protein content in chickpea-enriched fractions remained lower than that
of the other legumes after processing.

Available carbohydrate contents of fava bean, chickpea, and red
lentil were 45.22, 22.33 and 30.14 g/100 g, respectively. The difference
between total starch and available carbohydrate was largely attributed
to the presence of resistant starch. As reported by Garcia-Alonso et al.
(1998), resistant starch is abundant in legumes, ranging from 16.1 % to
21.3 %. Similarly, Bozkir et al. (2023) claimed that the average resistant

Protein content (g/100 g dw), total starch content (g/100 g dw), available carbohydrate (g/100 g dw), total dietary fibre (g/100 g dw) and moisture (%) of fava bean,
chickpea, and red lentil in three forms: raw flour, dry-fractionated protein-enriched fractions, and wet-fractionated protein-enriched fractions.

Sample Processing Protein content (g/100 g Total starch (g/100 g Available carbohydrate (g/100 g Total dietary fibre (g/100 g Moisture
dw) dw)® dw) dw) (%)
Fava bean Raw 19.17 + 0.11f 60.75 + 0.77% 45.22 + 0.58° 10.20 + 0.14° 9.53 £0.13*
Dry 58.13 + 0.10¢ 15.32 + 0.41°¢ 15.47 + 0.30¢ 13.60 + 0.38° 7.40 + 0.23¢
fractionation
Wet 83.79 + 0.45% 0.55 + 0.02" 3.91 + 0.09f 4.48 +0.12° 6.09 +
fractionation 0.15¢
Chickpea Raw 16.54 + 0.04" 50.26 + 0.84¢ 22.33 +1.10°¢ 10.12 £ 0.14° 7.33 +
0.14°
Dry 41.42 + 0.38° 20.57 + 0.924 6.81 + 0.41°¢ 14.64 + 1.86 5.75 +
fractionation 0.05¢
Wet 58.26 + 0.03¢ 0.57 + 0.02" 1.01 + 0.34" 3.04 + 0.40° 5.12 4 0.18°
fractionation
Red lentil Raw 17.80 + 0.268 57.38 + 1.07° 30.14 + 0.12° 6.74 + 0.06¢ 7.82 +
0.19°
Dry 59.04 + 0.19¢ 10.20 + 0.21° 3.29 +0.128 7.62 + 0.06° 4.96 4+ 0.16°
fractionation
Wet 80.55 + 0.30" 1.38 £ 0.04% 0.00! 1.62 £ 0.088 5.29 £+ 0.21°¢
fractionation

Data expressed as mean + SD, n = 3. Different lowercase letters within each column indicate significant differences (p-value < 0.05).

? Total starch content in wheat starch control was 83.64 + 0.75 g/100 g dw.
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starch content of 62 common bean varieties was 16.41 + 12.77 %. After
dry fractionation, available carbohydrate content was largely reduced
(ranging from -15.52 g/100 g to -29.75 g/100 g), due to the efficient
removal of starch. After wet fractionation, only minimal amounts of
available carbohydrates remained present, ranging from 0 to 3.91
g/100 g.

In terms of total dietary fibre (TDF) content, no significant difference
was observed between fava bean (10.20 g/100g) and chickpea (10.12 g/
100 g). However, red lentil demonstrated a significantly lower fibre
content (6.74 g/100 g). Millar et al. (2019) reported a slightly higher
TDF content in fava bean at 13.80 g/100g, while Costantini et al. (2021)
reported a lower value of 8.40 g/100 g. The TDF content in chickpea
observed in the present study was lower than those reported by Sreer-
ama et al. (2012), who found a TDF content of 14.8 g/100 g. Further-
more, Ajay et al. (2024) also reported a higher TDF range for chickpea,
ranging from 18.74 g/100 g — 21.86 g/100 g. For red lentil, the TDF
value in this study aligns with the range reported by Wang (2008), who
observed TDF contents of four red lentil varieties ranging from 3.5
g/100 g to 7.4 g/100 g. Dry fractionation significantly increased TDF
content in all legume flours. This effect is likely because protein bodies
are surrounded with fibre-rich cell walls (Wockenfuss et al., 2023).
Consequently, flours tend to exhibit higher TDF because dry fraction-
ation concentrate proteins that are associated with fibre. De Angelis
et al. (2022) also reported an increase of TDF in legume-based pasta
formulated with yellow lentils and whole rice (90:10 w/w), where the
fibre content rose from 6.17 g/100 g — 6.63 g/100 g after dry fraction-
ation. Similarly, Pelgrom et al. (2015a) observed a noticeable increase in
fibre content of yellow pea after dry fractionation, from 26.1 g/100 g —
42.0 g/100 g. Furthermore, Li et al. (2024) reported that TDF in fava
bean and yellow pea increased from 7.3 g/100 g and 9.8 g/100 g — 16.1
g/100 g and 20.1 g/100 g, respectively, after dry fractionation. How-
ever, they also highlighted a huge reduction in TDF after wet fraction-
ation, with values decreasing to 3.1 g/100 g for fava bean, and 3.4
g/100 g for yellow pea. These findings were consistent with the results of
this study, where significantly reductions in TDF were observed in fava
bean (-5.72 g/100 g), chickpea (-7.08 g/100 g), and red lentil (-5.12
g/100 g) after wet fractionation. This suggests that a large proportion of
dietary fibre was removed during the protein extraction step.

The moisture content of fava bean, chickpea, and red lentil flours
were 9.53 %, 7.33 %, and 7.83 %, respectively. These values were
slightly lower than those reported by Skylas et al. (2023), who observed
moisture content of 10.9 % — 11.7 % for fava bean flour and 9.8 % - 10.0
% for red lentil flour. Similarly, Jagannadham et al. (2014) reported a
higher moisture content of 9.35 % for chickpea flour. Ozolina et al.
(2024) presented comparable values, a moisture content range of 7.47 %
—7.79 % for red lentil flour and 8.53 % — 8.75 % for fava bean flour. The
slight difference observed in moisture content could be attributed to
variations in legume growth conditions and differences in milling
technology, such as milling speed (Pelgrom et al., 2013; Skylas et al.,
2023). It was evident that dry fractionation significantly reduced the
moisture content, with reductions ranging from -1.58 % to -2.86 %. Dry
fractionation did not directly remove water from protein-enriched flours
but instead relied on the separation of drier protein-enriched fractions
from relatively heavier and higher moisture starch-rich fractions (Xing,
2021). The wet fractionation process was also found to reduce the
moisture content, due to the spray drying step that is performed to
obtain the dry ingredients. This process typically resulted in a moisture
level below 5 % in the final product (Tontul and Topuz, 2017), which
was only slightly different from the moisture levels measured in this
study, ranging from 5.12 % to 6.09 %.

3.2. Antinutritional factors
Antinutritional factors are widely present in plants and comprise

phytochemicals or secondary metabolites that protect plants from
damage caused by insects, herbivores, and inherent pathogens
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(Prajapati et al., 2021). During dry and wet fractionation, the protein
concentration in processed flour increases, leading to changes in the
content of antinutritional factors (Amin et al., 2022). These compounds
negatively impact the bioaccessibility and bioavailability of essential
nutrients, such as protein, minerals, and vitamins (Soni et al., 2022).
However, it is important to mention that antinutritional factors may also
confer significant health benefits, such as antioxidant activity, preven-
tion of type 2 diabetes, anti-inflammatory effects, and anticancer
properties (Manzanilla-Valdez et al., 2024c). In this study, several
antinutritional factors, including polyphenols, phytic acid, condensed
tannins, saponins, and trypsin inhibitors, were quantified in legume
flours before and after dry and wet fractionation. The results are pre-
sented in Table 2.

Polyphenols are well-documented bioactive compounds. However,
they are considered as antinutritional factors. This is because poly-
phenols exhibited a strong affinity for proteins, which interacts with
sulfhydryl groups and free amino acids, and consequently decreases
protein digestibility and bioavailability of amino acids (Seczyk et al.,
2019). The highest total phenolic content (TPC) was found in fava bean
flour (263.8 mg GAE/per 100g), followed by chickpea (110.3 mg
GAE/per 100g), and red lentil (91.1 mg GAE/per 100g) flour. Labba
et al. (2021) measured TPC in 15 fava bean varieties, values ranging
from 140 mg GAE/per 100g to 500 mg GAE/per 100g, with the cultivar
Fernando showing a similar TPC value of 230 mg GAE/per 100g.
Meanwhile, Bubelova et al. (2018) reported comparable TPC values for
dehulled red lentils (84.69 mg GAE/per 100g). The range of TPC values
in different chickpea genotypes was 72 mg GAE/per 100g to 191 mg
GAE/per 100g (Yadav et al., 2024), which is in agreement with the value
reported in this study. However, several studies have reported signifi-
cantly higher TPC values. Millar et al. (2019) reported a TPC value of
387.5 mg GAE/per 100g in fava bean. Saleh et al. (2019) observed much
higher TPC values in chickpea (568 mg GAE/per 100g) and lentil (521
mg GAE/per 100g) flours. Skylas et al. (2023) found that TPC in faba
bean and red lentil were 276 GAE/per 100g and 368 mg GAE/per 100g,
respectively.

Fractionation methods significantly increased the TPC among all
three legume flours, ranging from +61.37 % to +135.54 %. Wet-
fractionated fava bean PF (425.7 mg GAE/per 100g) showed a lower
TPC compared to that produced by dry fractionation (568.9 mg GAE/per
100g), while no significant difference was observed for the other two
legumes. A significant increase in TPC (~55 %) in fava bean after dry
fractionation was also reported by Dumoulin et al. (2021). Similarly,
after dry fractionation, TPC in fava bean, red lentil and yellow pea,
increased by 145.94 %, 92.53 %, and 139.71 %, respectively (Skylas
et al., 2023). Regarding wet fractionation, Shi et al. (2022) applied wet
extraction and observed increases in TPC of Fabelle fava bean (+72.3
%), Malik fava bean (+72.4 %), Snowbird fava bean (+17.8 %), pea
(+184.4 %), and soy (+23.7 %) respectively. However, no significant
difference was found between defatted peanut flour (6 mg GAE/per
100g) and wet-extracted peanut protein concentrate (6 mg GAE/per
100g) (Asen et al., 2021).

Phytic acid, also known as myo-inositol hexakisphosphate, is
responsible for reducing the absorption rate and bioavailability of metal
ions, including zinc, iron, magnesium, and calcium, which can lead to
mineral deficiencies (Samtiya et al., 2020). Phytic acid has been found in
a wide range of legumes. Shi et al. (2018) reported different phytic acid
levels among legumes, including fava beans (1.965 — 2.285 g/100g),
common beans (1.564 — 1.882 g/100g), lentils (0.856 — 1.556 g/100g),
chickpea (1.133 - 1.400 g/100g), and peas (0.855 — 1.240 g/100g). In
this study, phytic acid values in chickpea (1.114 g/100g) and red lentil
(1.075 g/100g) were similar, while a higher phytic acid level was
detected in fava bean (1.224 g/100g). Similar phytic acid levels in fava
beans have been reported by (Zehring et al., 2022), with values ranging
from 0.80 to 1.37 g/100g. Meanwhile, Lazarte et al. (2015) also reported
similar values of phytic acid in fava beans (1.170g/100g) and lentils
(0.846 g/100g).
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Table 2

Total polyphenols (mg GAE/per 100g dw), phytic acid (g/100g dw), condensed tannins (mg/100g dw), saponins (mg/100g dw) and trypsin inhibitors (TUI/mg dw) of
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fava bean, chickpea, and red lentil in three forms: raw flour, dry-fractionated protein-enriched fractions, and wet-fractionated protein-enriched fractions.

Sample Processing Total polyphenols (mg GAE/per Phytic acid (g/100g Condensed tannins (mg/ Saponins (mg/100 g Trypsin inhibitors (TUI/
100 g dw) dw) 100 g dw) dw) mg dw)
Fava Raw 263.8 + 13.0° 1.224 £ 0.057¢ 10.94 + 0.88f 584.5 + 34.6% 0.629 + 0.059¢
bean
Dry 568.9 + 28.1% 0.854 + 0.055°¢ 55.18 + 2.59¢ 946.5 + 37.7¢ 1.451 + 0.044°
fractionation
Wet 425.7 + 22.5° 0.797 + 0.050° 38.76 + 1.60¢ 1237.9 + 59.7¢ 1.395 + 0.102°
fractionation
Chickpea Raw 110.3 + 8.0° 1.114 + 0.058% 21.47 +0.9° 807.4 + 48.0° 0.287 + 0.008¢
Dry 259.8 + 15.6¢ 2.279 +0.131* 62.18 + 2.12° 1616.2 + 69.3% 0.968 + 0.038¢
fractionation
Wet 252.7 £ 9.1° 1.914 + 0.069" 62.50 + 3.06" 1661.6 + 59.4° 1.312 + 0.090°
fractionation
Red lentil Raw 91.1 + 7.4 1.075 + 0.043¢ 19.85 + 0.76° 714.0 + 30.5° 0.602 + 0.0134
Dry 171.9 + 10.4¢ 1.952 + 0.068° 81.44 + 3.47° 1312.6 + 71.9° 2.287 +0.128°%
fractionation
Wet 175.6 + 7.59 1.884 + 0.097" 55.12 + 2.64¢ 1395.7 + 35.3° 1.009 + 0.100°
fractionation

Data expressed as mean + SD, n = 3. Different lowercase letters within each column indicate significant differences (p-value < 0.05).

The impact of fractionation largely depended on the type of legumes.
Phytic acid decreased in fava bean after dry (-30.23 %) and wet (-34.89
%) fractionation. In contrast, Dumoulin et al. (2021) reported that
phytic acid in fava bean increased by ~145.5 % after dry fractionation.
In this study, the decrease in phytic acid after dry or wet fractionation
might be attributed to processes such as milling and aqueous extraction.
Milling removes the seed coat, where phytic acid is mainly concentrated
(Feizollahi et al., 2021). In addition, aqueous extraction led to the
dissolution and removal of phytic acid at acidic pH during wet frac-
tionation. However, this phenomenon was observed only in fava beans.
Phytic acid levels in chickpea increase by +104.58 % and +71.81 %
following dry and wet fractionation processes, respectively. Similarly, in
red lentil, the increases were +81.58 % after dry fractionation and
+75.26 % after wet fractionation (Bloot et al., 2023). Similarly, De
Angelis et al. (2021) observed an increase in total phytates in red lentils
(+35.61 %), yellow lentils (+90.26 %), green peas (+60.34 %), and
kabuli chickpeas (+78.61 %) after dry fractionation. Among five com-
mercial hemp protein concentrates, those subjected to both dry and wet
fractionation showed lower phytic acid levels (1.9 g/100 g, 1.6 g/100 g,
and 1.3 g/100 g) compared to those that underwent dry fractionation
only (3.4 g/100 g and 3.6 g/100 g) (Nasrollahzadeh et al., 2022). This
tendency was also observed in fractionated chickpea PF, while fava bean
and red lentil showed no significant difference in phytic acid levels
between dry and wet fractionation.

Condensed tannins (CT) are astringent and polyphenolic com-
pounds with a bitter taste. They form insoluble complexes with proteins
and other organic compounds, including amino acids and alkaloids,
which reduces their digestibility and absorption (Manzanilla-Valdez
et al., 2024c). CT inhibit the activities of trypsin, chymotrypsin,
amylase, and lipase, and interferes with dietary iron absorption. In an-
imal studies, CT showed a negative impact on feed intake and growth
rates (Gemede and Ratta, 2018). CT levels in legumes have been
extensively quantified, for example, Baginsky et al. (2013) measured the
CT content in 10 varieties of fava beans and found that the CT levels
ranged from 30.9 mg/100 g to 95.88 mg/100 g. CT content in chickpea
was reported as 175.23 mg/100 g by Dida Bulbula and Urga (2018).
Similarly, Adamidou et al. (2011) also reported CT levels of 1.28g/100g
in fava bean and 0.49 g/100 g in chickpea. Moreover, Zhang et al.
(2015) observed that the TC content in red lentils across 10 cultivars,
ranged from 300 mg/100 g to 582 mg/100 g. In this present study, CT
levels in fava bean, chickpea and red lentil were found to be 10.94
mg/100 g, 21.47 mg/100 g, and 19.85 mg/100 g, respectively. These
notably low CT values may be attributed to dehulling. Alonso et al.

(2000) reported that CT content in dehulled fava bean was 15 mg/100 g,
compared to 195 mg/100g in raw seeds. Similarly, Bautista-Exposito
et al. (2022) observed a CT level of 1,583 mg/100 g in red lentil hulls,
indicating that dehulling significantly reduces tannin levels in red
lentils.

This study is the first to demonstrate that fractionation increased CT
levels in three legumes. The increasing trend of CT in fava bean and
chickpea was closely associated with TPC. However, in red lentils, the
increase in CT content increased by dry fractionation (+310.28 %) was
higher than that produced through wet fractionation (4+177.68 %).

Saponins are steroid or triterpenoid glycosides. Due to bitter taste
and throat-irritating activity, saponins led to decreased food intake and
impaired growth. They also decrease the activity of digestive enzymes,
destroy red blood cells, and negatively affect nutrient absorption
(Gemede and Ratta, 2018). Legumes have been reported to be rich in
saponins. Fenwick and Oakenfull (1983) reported that the saponin
content in chickpea, fava bean, red lentil (small) and red lentil (large)
were 5.6 g/100 g, 30 mg/100 g, 460 mg/100 g and 370 mg/100 g,
respectively. Srivastava and Vasishtha (2013) observed relatively lower
saponin contents in ten chickpea cultivars, ranging from 654.5 mg/100
g to 843.0 mg/100 g. In addition, Sharma and Sehgal (1992) reported a
higher saponin content in two varieties of fava bean, with values of 1,
370 mg/100 g and 1,331 mg/100 g. Moreover, Sharma et al. (2023)
reviewed the saponin content in legumes reported in the literature and
found that the total saponins (%) in lentils varied from 11 mg/100 g to
51 mg/100 g, while in chickpeas, it ranged from 150 mg/100 g to 600
mg/100 g. In this study, red lentil showed a relatively high saponin
content (714.0 mg/100 g). While saponin content in chickpea (807.4
mg/100 g) and fava bean (584.5 mg/100 g) falls within the range re-
ported above.

Despite extensive research on saponins in plant-based foods, there
remains a limited systematic comparison of the impact of dry and wet
fractionation methods on saponin levels in legumes. Similar to other
antinutritional factors, fractionation processes markedly increased the
saponin concentrations. Between the two fractionation methods, a sig-
nificant difference was observed only in fava beans, where wet-
fractionated fava bean PF exhibited higher saponin content (1,237.9
mg/100 g) compared to dry-fractionated PF (946.5 mg/100 g). Similar,
saponin content in red quinoa flour were 9,680 mg/100g, and increased
to 16,220 mg/100 g after protein enrichment by wet fractionation
(Manzanilla-Valdez et al., 2024a, 2024b). Fenwick and Oakenfull
(1983) reported saponin contents of 430 mg/100g in raw fava bean and
820 mg/100g in protein isolate, supporting the notion that
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protein-enrichment processes lead to a significant increase in saponin
concentration.

Trypsin inhibitors (TI) are considered as antinutritional factors
because they directly inhibit the key digestive proteases, including
trypsin and chymotrypsin, thereby reducing protein digestion and ab-
sorption (Manzanilla-Valdez et al., 2024c). In this study, no significant
difference was found in TI activity between fava bean (0.629 TIU/mg)
and red lentil (0.602 TIU/mg), while chickpea showed a significantly
lower value at 0.287 TIU/mg. Much higher TI activity for these legumes
has been previously reported. For instance, Vidal-Valverde et al. (1997)
reported that the TI activity of fava bean was 2.62 TIU/mg. Labba et al.
(2021) provided a range of TIU values for 15 different cultivars of fava
bean, which ranged from 1.2 TIU/mg to 23.1 TIU/mg. In addition, the TI
activity for Desi (16 cultivars) and Kabuli (21 cultivars) chickpeas
ranged from 3.14 TIU/mg to 15.06 TIU/mg and from 3.48 TIU/mg to
18.31 TIU/mg, respectively (Rincon et al., 1998). Regarding red lentils,
Barbana and Boye (2013) observed that TI activity was 0.94 TIU/mg.
Ruckmangathan et al. (2022) reported a similar TI value for red lentils
(0.96 TIU/mg). They also reported a TI value of 0.68 TIU/mg for fava
bean, which was found to be similar to the value reported in this study.

Dry fractionation increased the TI activity in fava bean (+130.68 %),
chickpea (+237.28 %) and red lentil (+279.90 %). Dumoulin et al.
(2021) also found that the TI activity of fava bean increased after dry
fractionation, but only slightly raised from ~10.4 TIU/mg to ~15
TIU/mg. Similarly, Vogelsang-O’Dwyer et al. (2020) reported a 64.8 %
increase of TI activity in fava bean after dry fractionation. However,
they observed that the TI activity decreased significantly after isoelectric
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precipitation (wet fractionation), from 1.42 TIU/mg (raw fava bean
flour) to 0.29 TIU/mg, which differed with the findings in the current
study. In this study, wet-fractionated legume PF exhibited higher TI
activity compared to unprocessed flours, with increases ranging from
+67.61 % to +357.14 %. When compared to those produced by dry
fractionation, the changes were sample-dependent. Specifically, TI ac-
tivity increased in chickpea (4+36.5 %), decreased in red lentil (—56.0
%), and showed no significant change in fava bean. Mondor et al. (2009)
found a slight increase in TIU of kabuli chickpea (from 20.60 to 21.00
TIU/mg), but no change in Desi chickpea after isoelectric precipitation.
de Paiva Gouvea et al. (2024) also reported no significant differences
were found in TI activity between fava bean flour and fava bean protein
concentrate (obtained by isoelectric precipitation). The contrasting
trend in TI activity observed in this study may be attributed to the fact
that only trypsin inhibitors interacting with protein bodies were
retained, while those bound to other areas in the seeds, such as seed coat
and embryonic axis, were removed (Wang et al., 2023b). This explained
the lower TIU values found in these unprocessed legumes studied and
the increase in TI activity after protein enrichment processes.

3.3. Nutritional properties

The amino acid (AA) composition of fava bean, chickpea, and red
lentil is presented in Fig. 1. Significant statistic differences were
observed in the AA profiles of these unprocessed flours. However,
considerable similarities were also evident, reflecting that they are all
from the Fabaceae family. Glu was the most abundant amino acid in all

g amino acid/100g protein
22.50

I~ 19.69

— 16.88

14.06

11.25

8.438

5.625

2.813

0.000

Fig. 1. Amino acid profiles (g amino acid/100g protein) of fava bean, chickpea, and red lentil in three forms: raw flour, dry-fractionated protein-enriched fractions,
and wet-fractionated protein-enriched fractions. The FAO/WHO infant pattern (2013) was used as a reference. The change in colour of the scale from blue to red
indicate the amino acid content from low to high. Gly, glycine; Lys, lysine; Glu, glutamine; Ser, serine; Ala, alanine; Leu, leucine; Met, methionine; Phe, phenyl-
alanine; Trp, tryptophan; Pro, proline; Val, valine; Ile, isoleucine; Cys, cysteine; Tyr, tyrosine; His, histidine; Arg, arginine; Asn, asparagine; Asp, aspartic acid; Thr,
threonine. Data presented as mean, n = 3, (p < 0.05). FB, raw fava bean flour; FBDF, fava bean protein-enriched ingredient after dry fractionation; FBWF, fava bean
protein-enriched ingredient after wet fractionation; CP, raw chickpea flour; CPDF, chickpea protein-enriched ingredient after dry fractionation; CPWF, chickpea
protein-enriched ingredient after wet fractionation; RL, raw red lentil flour; RLDF, red lentil protein-enriched ingredient after dry fractionation, and RLWF, red lentil

protein-enriched ingredient after wet fractionation.
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three flours, ranging from 17.19 g/100 g to 20.51 g/100 g. Asp was the
second most prevalent amino acid (14.33 g/100 g-14.75 g/100 g), fol-
lowed by Arg (8.25 g/100 g — 9.70 g/100 g). In contrast, Pro was the
least abundant amino acid, the highest level of this amino acid was
found in fava bean, at 0.69 g/100 g. Furthermore, Cys (0.49 g/100 g —
0.66 g/100 g), Met (0.77 g/100 g —0.85 g/100 g), and Trp (0.93 g/100 g
- 1.03 g/100 g) were identified as limiting AAs. The AA composition
reported in the present study largely aligned with previous literature
(Labba et al., 2021; Lee et al., 2021; Sanchez-Velazquez et al., 2021).
The minor variations detected among studies can be attributed to dif-
ferences in legume variety and growth conditions (Boye et al., 2010b).

Fractionation methods were found to significantly but minimally
affect the AA composition. Dry fractionation led to a slight increase in
essential AAs, ranging from +0.42 % to +1.71 %. Wet fractionation had
no significant effect on the essential AA profiles of fava bean flour but
resulted in an increase of +1.89 % and +1.93 % in essential AA content
for chickpea and red lentil, respectively. Li et al. (2024) compared fava
bean and yellow pea flours obtained through dry and wet fractionation
and found that the proportions of essential AAs were similar, 37.6 % vs.
38.0 % for fava bean and 38.9 % vs. 38.7 % for yellow pea. Lys was
abundant in all legume flours, ranging from 6.73 g/100 g-7.14 g/100 g.
Despite Lys has been well-documented as heat sensitive (Hendriks,
2018), both dry and wet fraction had minimal impact on Lys content.
The high Lys content in legumes made them an excellent candidate for
blending with cereals to provide a balanced amino acid composition
(Herreman et al., 2020).

It can be concluded that fractionation methods had a limited impact
on AA composition of fava bean, chickpea, and red lentil. However,
further investigation is required to evaluate the effects of both protein-
enrich techniques on nutritional quality of legumes. This is because
nutritional quality is not only determined by AA composition, but also
by digestion and absorption, which are essential to meet the dietary AA
requirements (Boye et al., 2010b). Therefore, additional parameters,
including AAS (%), EAAI, BV, PER; s, and IVPD (%) and IVPDCAAS have
been calculated and are presented in the following section.

Amino acid score (AAS) is an essential parameter used to evaluate
the adequacy of protein sources to supply essential AAs relative to the
reference pattern values (FAO/WHO, 1991). The AAS values of most
limiting essential AAs are summarised in Table 3. Among the raw
legume flours, the AAS of Met + Cys was the lowest, ranging from 54.56
% to 57.26 %, indicating that Met + Cys were the most limiting amino
acids. This observation aligned with Swanson (1990), who reported that
both sulphur-containing AAs, together with Trp, were generally low in

Table 3
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pulses. After fractionation processing, Met + Cys remained the most
limiting amino acids in fava bean and red lentil. However, in chickpea,
the most limiting AA shifted to Trp, with AAS of 82.10 % and 77.34 %
after dry and wet fractionation, respectively. Simultaneously, AAS for
Met + Cys in chickpea significantly increased to 90.74 % and 95.37 %
under the same conditions. This indicates a notable improvement in
nutritional quality of chickpea protein. In contrast, a reduction in AAS
was observed in fava bean after wet fractionation, where AAS for Met +
Cys decreased to 52.04 %. This was the only case in this study where
protein enrichment had a negative impact on AAS of the most limiting
essential AAs.

EAAI evaluates protein quality by assessing the profiles of all
essential amino acids, rather than individually, using egg protein as the
reference (Oser, 1959). A higher EAAI is directly associated with a more
balanced amino acid composition, improved protein quality, and
enhanced protein efficiency. The EAAI of the three legumes flours
ranged from 70.92 % to 75.50 %, classifying them as useful protein
sources (70 < EAAI <80) (Chang et al., 2023). In most cases, fraction-
ation had a positive impact on EAAL particularly in chickpea, where an
increased Met + Cys content resulted in EAAI values of 76.49 % after dry
fractionation and 76.67 % after wet fractionation. However, a negative
impact was observed in fava bean where a reduction in Met + Cys
content lead to a decrease in EAAI to 68.70 % following wet fraction-
ation, a value considered inadequate in terms of nutritional quality
(EAAI <70) (Chang et al., 2023). BV is another parameter associated
with the proportion of absorbed protein that is utilized by the human
body. Protein sources with both EAAI and BV greater than 70 are
considered nutritionally valuable and are effectively absorbed and
metabolized (Mir et al., 2019). In this study, red lentil flour was iden-
tified as a promising protein source, with an initial BV of 70.59. Frac-
tionation slightly improved its nutritional quality, leading to increased
BV values of 70.75 and 71.31 after dry and wet fractionation, respec-
tively. However, BV for fava bean flour, particularly wet-fractionated
fava bean PF remained low (63.18), thereby additional strategies are
required to enhance its amino acid profile. One potential approach is
blending fava bean flour with cereals to achieve a more balanced AA
composition, thereby improving both EAAI and BV. PER is defined as the
weight gain per unit of protein consumed in animal studies and is
commonly used to assess the ability of a protein to support animal
growth. In this study, the PER values for all unprocessed flours and
fractionated PF exceeded 2.7, indicating their suitability as excellent
protein sources for animal consumption (Hoffman and Falvo, 2004). A
slight decrease in PER was observed in chickpea after dry fractionation,

Protein quality parameters of fava bean, chickpea, and red lentil in three forms: raw flour, dry-fractionated protein-enriched fractions, and wet-fractionated protein-

enriched fractions.

Sample Processing AAS? (%) EAAI” (%) BV¢ PER,"  PER,Y PER;' PER,’  PERg’ IVPD® (%) IVPDCAAS' (%)
Fava bean Raw 57.26 (Met + Cys) 70.92 65.61 2.99 2.95 3.01 2.71 2.92 79.84 + 1.74> 45.72
Dry fractionation  62.93 (Met + Cys) 72.22 67.02 3.23 3.15 3.36 2.78 3.02 82.01 + 0.93% 51.61
Wet fractionation  52.04 (Met + Cys) 68.70 63.18 3.32 3.24 3.43 2.71 2.97 84.12 + 0.36° 43.78
Chickpea Raw 56.22 (Met + Cys) 71.91 66.69 2.87 2.84 3.15 2.89 3.07 78.87 + 2.04> 44.34
Dry fractionation 82.10 (Trp) 76.49 71.57 2.82 2.84 3.47 2.97 3.21 76.04 + 1.99¢ 62.43
Wet fractionation 77.34 (Trp) 76.67 71.87 3.20 3.18 3.93 3.03 3.12 76.64 + 0.46° 59.38
Red lentil Raw 53.56 (Met + Cys) 75.50 70.59 2.82 2.79 2.91 2.97 3.09 80.08 + 0.91° 42.89
Dry fractionation  60.00 (Met + Cys) 75.65 70.75 3.21 3.14 3.35 3.04 3.21 78.75 + 1.81% 47.25
Wet fractionation  61.79 (Met + Cys) 76.15 71.31 3.39 3.33 3.72 3.07 3.22 84.06 + 1.52° 51.94

Different lowercase letters within the IVPD (%) column indicate significant differences (p-value < 0.05), data expressed as mean + SD, n = 3.
Note: EAAI (%), AAS, BV (%), PER;_s5 and IVPDCAAS (%) are calculated values, no standard deviation is available.
2 Amino acid score.

b Essential amino acid index (EAAI) on total amino acids (TAA).

¢ Biological value.

4 Protein efficiency ratio.

¢ In vitro protein digestibility.
f In vitro protein-digestibility corrected amino acid score.
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with values decreasing from 2.87 to 2.82. Aside from this, all other
fractionation treatments positively influenced PER, with wet fraction-
ation demonstrating the most significant improvements (27.8 %). These
results suggest that all legume flours analysed effectively support
growth in animal models. Nevertheless, further research is needed to
determine human growth requirements, as the correlation between
amino acid profiles that support growth in humans and animals remains
weak (Adhikari et al., 2022; Deglaire and Moughan, 2012; Hoffman and
Falvo, 2004).

IVPD is another critical protein quality parameter that provides in-
sights into protein bioavailability. As shown in Table 3, the IVPD values
for fava bean, chickpea, and red lentil were 79.84 %, 78.87 %, and
80.08 %, respectively. The similar digestibility values observed among
these legumes may be attributed to their comparable amino acid profiles
and storage proteins. Previous studies have reported slightly lower IVPD
values, with Olakanmi et al. (2024) measuring IVPD at ~75 % for fava
bean flour, and Portari et al. (2005) reporting 72.36 % for chickpea
flour. Similarly, Barbana and Boye (2013) documented an IVPD of
77.05 % for red lentil flour. The slightly higher IVPD values observed in
this study may be attributed to low levels of trypsin inhibitors. Inter-
estingly, dry fractionation did not improve IVPD, whereas a significant
increase was observed in fava bean (from 79.84 % to 84.12 %) and red
lentil (from 80.08 % to 84.06 %) following wet fractionation. Frac-
tionation has been shown to enrich protein content and improve
accessibility to larger particles, thereby contributing to an increase in
protein digestibility (Pelgrom et al., 2014). However, the accumulation
of anti-nutritional factors following both dry and wet fractionation
negatively impact protein digestibility. Particularly, in wet fraction-
ation, protein denaturation and subsequently aggregation further
reduced protein digestibility (Zhang et al., 2023). Consequently, the
overall improvement in IVPD was limited.

IVPDCAAS, calculated as the product of IVPD and AAS of the most
limiting essential AA, provides a relatively more accurate evaluation of
protein quality (Wang et al., 2023a). Dry fractionation improved the
IVPDCAAS across all legume flours, increasing from 42.89 % - 45.72 %
to 47.25 % - 62.43 %. In contrast, wet fractionation had mixed effects.
Specifically, IVPDCAAS decreased to 43.78 % in fava bean, failing below
the value of raw flour. However, wet fractionation increased the
IVPDCAAS in chickpea (59.28 %) and red lentil (51.94 %). Notably, in
chickpea, IVPDCAAS was higher after wet fractionation than dry frac-
tionation, whereas in red lentil, wet fractionation yielded lower values
compared to dry fractionation. While fractionation generally improved
IVPDCAAS, reductions in specific essential amino acids, particularly
Met + Cys, likely contributed to decreases in IVPDCAAS values.

Previous studies have investigated the nutritional quality of these
legumes. Shi (2022) also found Met + Cys as limiting amino acids in fava
bean flour (AAS 0.77 — 0.91) and fava bean protein isolates (AAS 0.58 —
0.62). They reported lower IVPD values (75.8 % — 78.8 %) and similar
IVPDCAAS values (44.8 — 49.3) in fava bean protein isolates, but lower
IVPD values (72.8 % — 73.0 %) and higher IVPDCAAS values (55.8 —

Table 4
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64.1) in raw flour. Li et al. (2024) also reported Met + Cys (AAS 0.7) as
the most limiting amino acids in fava bean, with considerably higher
IVPD values (84.5 % and 92.5 %) and IVPDCAAS values (50.7 % and
63.7 %) for dry- and wet-fractionated fava bean PF, respectively. For
chickpea, Tavano et al. (2016) also identified Met + Cys (AAS 0.75) as
limiting amino acids in chickpea flour, reporting a lower IVPD of 70.99
%, but a higher IVPDCAAS of 53.24 %. Goertzen et al. (2021) found that
the limiting amino acid in chickpea protein isolate changed to Trp (AAS
0.83), which aligns with the findings of the present study, along with a
higher IVPD (82.24 %) and IVPDCAAS (68.24 %). For red lentil, Liu
et al. (2022) reported Trp (AAS 0.71) as the most limiting amino acid,
with Met + Cys having only a slightly higher AAS (0.77). They observed
a lower IVPD (73.6 %) but a higher IVPDCAAS (53.1 %) for red lentil
flour. Thirulogasundar (2023) investigated the nutritional value of red
lentil protein isolate and found that Trp (AAS 0.62) was lower than Met
+ Cys (AAS 0.78), with a notably higher IVPD (89 %) and IVPDCAAS
(55 %). Variations in nutritional parameters across studies can be
attributed to a wide diversity of factors such as varietal differences
(genetic traits), extraction technology used, plant developmental stage
and growth conditions (Lee et al., 2021; Trovato et al., 2021).

Soy and casein are two widely used ingredients in the food industry.
The limiting amino acid in soy is Met + Cys, with and AAS, IVPD and
IVPDCAAS of 0.88, 84.06 %, and 73.73 %, respectively (Nosworthy
et al., 2023b). In contrast, casein has Thr as the lowest AAS (1.04), with
an IVPD of 89.28 %, and IVPDCAAS of 92.85 % (Nosworthy et al.,
2023a). Clearly, fava bean, chickpea, and red lentil flours exhibit lower
nutritional values compared to soy and casein. To address the limita-
tions, fractionation alone is insufficient. Alternative strategies, such as
protein blending (Hertzler et al., 2020), and additional processing
methods like extrusion (Nosworthy et al., 2018) and germination
(Qureshi, 2023), are recommended to further enhance the nutritional
quality of these legume flours.

3.4. Protein composition and structural properties

SDS-PAGE was performed under reducing conditions to investigate
the protein profiles of the three legumes before and after dry or wet
fractionation (As shown in Fig. 2). The bands observed in the gel were
identified according to the molecular weights reported by previous
studies (Glusac et al., 2020; Lee et al., 2021; Zmudzinski et al., 2021).
The difference between raw flours and dry-fractionated PF were minor.
The only notable difference observed in the gel was the disappearance of
a band (~113 kDa) in fava bean and a band (~107 kDa) in red lentil.
This finding aligned with the work of Silventoinen et al. (2021), which
indicated that all protein bands were retained in protein-enriched fine
fractions, compared to milled rye brans. However, they also reported
that concentrated albumins (12 - 14 kDa) after dry fractionation
resulted in higher band intensities, a finding that was not observed in
this study. A more pronounced difference was observed in legume pro-
tein ingredients after wet fractionation. Despite the observation that

Secondary structure and surface hydrophobicity of fava bean, chickpea, and red lentil in three forms: raw flour, dry-fractionated protein-enriched fractions, and wet-

fractionated protein-enriched fractions.

Sample Processing B-sheet (%) Random coil (%) a-helix (%) B-turn (%) Surface hydrophobicity (Ho)
Fava bean Raw 27.68 + 3.25¢ 34.80 + 3.44% 29.05 + 0.50° 8.47 + 1.06° 44,243 + 3,399°
Dry fractionation 36.25 + 2.37%° 33.49 + 1.01% 22.45 + 2.14° 7.82 + 0.77° 29,058 + 1,279¢
Wet fractionation 38.29 + 0.43% 29.57 + 2.77% 22.80 + 2.09° 9.33 + 1.56° 62,739 + 3,455°
Chickpea Raw 40.33 + 1.53% 30.02 + 2.43% 18.63 + 0.62"° 11.01 + 3.97¢ 26,001 + 2,348°
Dry fractionation 34.18 + 2.17° 22.91 + 1.04° 24.45 + 1,05 18.46 + 2.07° 35,204 + 1,104
Wet fractionation 37.07 + 1.49%° 34.37 +2.217 21.46 + 0.55"4 7.10 + 0.51¢ 92,915 + 6,601°
Red lentil Raw 27.97 + 0.54° 20.57 + 2.16° 22.60 =+ 0.94°¢ 28.85 + 3.27° 32,492 + 3,059¢
Dry fractionation 34.82 + 0.30° 22.65 + 0.50° 24.83 + 0.57° 17.71 + 0.57° 36,307 + 1,519
Wet fractionation 40.48 + 0.65° 30.56 + 1.83° 19.07 + 2.05¢ 9.88 + 2.05¢ 99,381 + 3,226°

Data expressed as mean + SD, n = 3. Different lowercase letters within each column indicate significant differences (p-value < 0.05).
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Water holding capacity (g/g), oil holding capacity (g/g), foaming capacity (%), foaming stability (%), emulsifying activity index (m?/g), and emulsifying stability
index (min) of fava bean, chickpea, and red lentil in three forms: raw flour, dry-fractionated protein-enriched fractions, and wet-fractionated protein-enriched

fractions.
Ingredients Processing Water holding 0Oil holding Foaming Foaming Emulsifying activity Emulsifying stability
capacity (g/g) capacity (g/g) capacity (%) stability (%) index (mz/g) index (min)
Fava bean Raw 1.08 + 0.02f 3.45 + 0.19* 115.6 + 3.8° 71.2 £ 0.64 52.2 + 1.9 30.9 + 1.7°
Dry 1.37 4+ 0.03° 3.30 + 0.26% 85.6 + 3.7° 73.7 + 1.7°¢ 63.6 + 1.6° 31.9 + 1.8%
fractionation
Wet 2.33 + 0.02° 2.78 £ 0.12°¢ 139.1 £+ 1.0% 49.2 4+ 1.0¢ 94.9 4 4.0¢ 24.3 + 2.0
fractionation
Chickpea Raw 1.71 + 0.09¢ 3.40 + 0.07° 50.9 + 1.7% 93.1 +1.8% 67.9 + 1.4% 65.4 + 5.7°
Dry 1.76 + 0.05¢ 3.98 + 0.21° 76.4 + 3.1 83.4 +1.1° 99.8 + 4.2 172.3 + 21.0°
fractionation
Wet 2.21 + 0.04° 3.16 + 0.04¢ ot N.D.? 95.5 + 5.1° 52.2 + 4.0°
fractionation
Red lentil Raw 1.26 + 0.01° 3.17 + 0.16% 113.3 + 0.7 71.0 + 1.1¢ 75.2 +2.3¢ 33.6 + 0.8¢
Dry 2.03 + 0.05° 3.88 + 0.17%° 92.7 + 2.04 75.3 + 2.1° 109.3 + 1.9% 57.6 + 3.9
fractionation
Wet 2.83 + 0.09° 3.52 +0.12° 127.8 + 2.0° 19.7 + 0.2° 108.1 + 3.7 56.0 + 3.9
fractionation
Data expressed as mean + SD, n = 3. Different lowercase letters within each column indicate significant differences (p-value < 0.05).
# Not determined.
Table 6 Fava bean Chickpea Red lentil
Gelling properties® of fava bean, chickpea, and red lentil in three forms: raw (R
8 properti » chickpea, : raw (R) - (kDa) R DF WF R DF WF R DF WF
flour, dry-fractionated (DF) protein-enriched fractions, and wet-fractionated
(WF) protein-enriched fractions. fgg
Ingredient Fava bean Chickpea Red lentil 100
concentration (%w/
75
v)
Processing R DF WF R DF WF R DF  WF 50
2% XA X X XA X X XA X X
4% XA X X XA X X XA X X 37
6 % XA X X XA X X XA X X
8 % XA X X XA v X XA X X
10 % XA v X XA v X XA v X
12 % XA v X XA v X XA v X 25
14 % XA v X A v X XA v X 20
16 % XA v X A v X A v X
18 % A v v A v X A v X
20 % A v v xv/ v x/ A v xv/ 15
# x - no gel; XA - gel < syneresis; A -gel > syneresis; xv/ - weak gel; v - firm gel "
most of the protein bands were retained, their intensities differed. Few ;

differences were observed in red lentil, while several bands (~71 kDa,
~38kDa, and below ~17 kDa) appeared weaker in fava bean. Regarding
chickpea, the bands at ~18 — ~20 kDa and ~28 — ~30 kDa were
retained, but the intensities of other bands were noticeably lower. Kot-
tage et al. (2024) also reported that the protein profiles of pea protein
obtained by wet fractionation showed overall the same protein bands
but with lower intensities compared with those produced by dry
fractionation.

Scanning electron microscopy (SEM) micrographs of fava bean,
chickpea, and red lentil particles are presented in Fig. 3, illustrating the
differences in morphological characteristics between unprocessed flours
and their respective dry- and wet-fractionated PF. In raw flour, elon-
gated and rounded starch granules (indicated by “S”) were the pre-
dominant components, while smaller, asymmetrical particles, identified
as protein and/or fibre particles (“P/F”) (Schlangen et al., 2022), were
also present. Additionally, irregularly shaped cellular material (denoted
as “CM”) (Pelgrom et al., 2013), consisting of a combination of starch
granules and protein bodies (with/without fibre), was visible. After dry
fractionation, a notable reduction in starch granules was observed,
indicating the effective separation of protein bodies from starch gran-
ules. Larger CM particles were found in fava bean samples, correlating
with a broader particle size distribution, which was confirmed by

11

Fig. 2. SDS-PAGE patterns of faba bean, chickpea, and red lentil in three forms:
raw (R) flour, dry-fractionated (DF) protein-enriched fractions, and wet-
fractionated (WF) protein-enriched fractions. Protein bands: a) Fava bean -
Convicilin; b) Fava bean - Vicilin; ¢) Fava bean - Legumin; d) Chickpea - Lip-
oxygenase; e) Chickpea - Vicilin (7S Globulin); f) Chickpea - a-Legumin (11S
Globulin); g) Chickpea - Vicilin (7S Globulin); h) Chickpea - f-Legumin (11S
Globulin); i) Chickpea - Vicilin (7S Globulin); j) Red lentil - Convicilin; k) Red
lentil - 7S Vicilin; 1) Red lentil - 11S Acidic subunit; m) Red lentil — 11S Basic
subunit, and n) Red lentil - y-Vicilin.

particle size measurements (Schlangen et al., 2022; Xing et al., 2020).
Following wet fractionation, a significant presence of protein bodies was
observed in the SEM images. These particles exhibited a smooth and
rounded morphology with noticeable shrinkage, a characteristic feature
of protein isolates dried via spray-drying, attributed to water evapora-
tion from wet droplets (Alonso-Miravalles et al., 2019). Notably, the
wet-fractionated fava bean PF displayed larger particles compared to
chickpea and red lentil, consistent with the particle size distribution
measurements. These findings confirm the changes in particle size
during the fractionation process and highlight the ability of both tech-
nologies to modify particle composition and morphology.
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Red lentil

Fig. 3. Microstructure of fava bean, chickpea, and red lentil in three forms: raw flour, dry-fractionated protein-enriched fractions, and wet-fractionated protein-
enriched fractions, imaged by scanning electron microscopy (SEM). S, starch granules; CM, cellular materials; P/F, protein and/or fibre; PD, protein bodies.

The molecular composition of soluble fractions was determined by
fast protein liquid chromatography (FPLC). As shown in Fig. 4, fava
bean flour exhibited three main peaks at 193.8 kDa (30.48 %), 109.3
kDa (39.16 %) and 145 Da (15.22 %), while chickpea flour displayed
four predominant peaks at 240.7 kDa (31.76 %), 155.5 kDa (28.69 %),
34.3 kDa (11.91 %), and 2.19 kDa (10.93 %). Red lentil flour presented
two main peaks at 127.9 kDa (85.56 %) and 2.44 kDa (11.17 %). The
peak at 240.7 kDa corresponds to convicilin, while the peak at 193.8 kDa
represents the legumin trimer. The peaks at 155.5 kDa and 127.9 kDa
are associated with vicilin, while the 109.3 kDa peak corresponds to the
legumin unit pair. The peak at 34.3 kDa represented a-legumin. Peaks at
2.19 kDa and 2.44 kDa are attributed to low molecular weight peptides,
whereas the 145 Da peak represents free amino acids (Barac et al.,
2015).

FPLC profiles of legumes ingredients obtained through dry frac-
tionation are shown in Fig. 4. Fava bean and red lentil showed no

apparent difference in the peaks and the ratios of major components.
However, the peak corresponding to vicilin was absent in chickpea, and
convicilin (230.8 kDa) was the predominant component, accounting for
68.70 % of the peak area. Wet fractionation had a relatively notable
impact on the peak composition. After this processing, the M,, of the
largest protein component in fava bean increased to 233.5 kDa from
193.8 kDa, indicating protein aggregation. Additionally, a new peak at
13.6 kDa appeared, representing 11.05 % of the peak area. This may
correspond to Albumin-1 E (Warsame et al., 2020), suggesting protein
dissociation. For chickpea, an increase in Mw (from 240.7 kDa to 263.8
kDa) was found in the largest protein component, also indicating protein
aggregation. Notably, a peptide with a M, 5.10 kDa was observed, ac-
counting for 12.72 % of the peak area, suggesting that some protein
molecules may have disassembled. Relatively less impact from wet
fractionation was observed in red lentil protein. No significant differ-
ence was found in My,, while the ratio of high M,, components to low My,

Fava bean Chickpea Red lentil
263.8kDa
1000+ 9 - 1500+ » zmxxm/ — cp 3000+ o Sp—
233.5kDa 147.4kDa — FBDF i —CrD¥ 114.5kDa — RLDF
— FBWF 1250+ — CPWF . — RLWF
800 e 1250 2500
] 3 ]
= G
E 193.8kD: E 10004 ‘;’ 2000+
2 600 184.1kDa. H g
- 118.2kDa - -
S S 7504 S
8 H 29.4kDa 8 1500
= =
£ 4097 166Da 145D H S i
H g 500 240.7K1 2kDa & 1000+ 127.9kDa
200 250} -~ P 2.63KDa 245kDa
/4] i 6:D“/wm 2.44kDa :ums“r’:mz
oda R LN\ - s
) 6: Y J T 937kDA T 1 T T 1
0 10 ] 30 0 10 ’ 0 op 30 0 10 20 30

Elution volume (mL)

Elution volume (mL)

Elution volume (mL)

Fig. 4. FPLC gel filtration analysis of a) fava bean; b) chickpea; and c) red lentil protein ingredients. FB, raw fava bean flour; FBDF, fava bean protein-enriched
ingredient after dry fractionation; FBWF, fava bean protein-enriched ingredient after wet fractionation; CP, raw chickpea flour; CPDF, chickpea protein-enriched
ingredient after dry fractionation; CPWF, chickpea protein-enriched ingredient after wet fractionation; RL, raw red lentil flour; RLDF, red lentil protein-enriched
ingredient after dry fractionation, and RLWF, red lentil protein-enriched ingredient after wet fractionation.
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components changed from 7.66:1 to 3.37:1, suggesting that vicilin
became insoluble and/or dissociated (Scilingo et al., 2002).

Particle size is another important property of protein ingredients
because it can influence functional properties and visual acceptance. A
decrease in particle diameter is linked to improved WHC and foaming
stability due to the increased surface area per unit volume, which can
enhance the characteristics of food products (de Paiva Gouvea et al.,
2023). The volume-weighted particle size distribution for fava bean,
chickpea and red lentil are presented in Fig. 5. The distribution of these
three legume flours were bimodal, consisting of two parts: 1) protein
bodies, ranging from 1 to 3 pm (Pernollet, 1978), and 2) starch granules,
with the highest peak at ~20 pm (Pelgrom et al., 2015b). After dry
fractionation, monomodal peaks were observed in fava bean, chickpea
and red lentil, with an average particle size of 15.0 + 0.9 pm, 10.1 £ 0.1
pm and 7.7 + 0.2 pm, respectively. The reduction in particle size of
dry-fractionated PF was also observed by Rempel et al. (2019), reflecting
that the protein-enriched fraction was effectively separated from starch
granules.

A monomodal peak was also observed in wet-fractionated fava bean,
chickpea, and red lentil protein flours, with larger particle sizes of 45.4
+ 0.6 pm, 36.4 £ 1.0 pm, and 37.9 + 0.5 pm, respectively. The increase
in particle size is likely attributed to the formation of larger aggregates,
which may result from the increased viscosity associated with higher
protein content (O’ Donoghue et al., 2019). This could also be attributed
to protein denaturation and aggregation under harsh conditions during
alkaline extraction and spray-drying (Abd Rahim et al., 2023). The
observed changes in particle size before and after fractionation reported
in this study are generally in agreement with the findings of Li et al.
(2024). However, a notable difference was observed, in their study, the
highest peak for fava bean and yellow pea protein isolates obtained
through wet fractionation was approximately 90 pm, whereas the cor-
responding peaks in this study ranged from ~30 pm to ~40 pm. This
indicates that relatively smaller aggregates were formed, likely due to
the differences in fractionation conditions and type of legumes.

The secondary structure of proteins in legume flours was analysed
using FTIR spectroscopy. According to Ye et al. (2024), the spectral
regions of p-sheet, random coil, a-helix, and p-turn were located at 1,610
-1,640 cm !, 1,640 - 1,650 cm 1,1,650 - 1,660 cm !, and 1,660 - 1,700
cm ™}, respectively. The proportions of tightly ordered structure (B-sheet
+ a-helix) (Ye et al., 2024) of fava bean, chickpea, and red lentil were
56.73 %, 58.95 % and 50.57 %, respectively (Shown in Table 4).
Following dry and wet fractionation, the content of tightly ordered
structures in fava bean and chickpea remained unchanged. However, a
significant increase was observed in red lentil, with tightly ordered
structures increasing to 59.65 % and 59.55 % after dry and wet frac-
tionation. For random coil structure, a significant decrease was observed
in chickpea after dry fractionation, from 30.02 % to 22.91 %.
Conversely, red lentil exhibited a significant increase in random coil
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content after wet fractionation, from 20.57 % to 30.56 %. The p-turn
content in chickpea increased significantly after dry fractionation, rising
from 11.01 % to 18.46 %. In contrast, the p-turn in red lentil showed a
remarkable reduction, decreased from 28.25 % to 17.71 % after frac-
tionation and further decreasing to 9.88 % after wet fractionation. Apart
from the aforementioned samples, the fractionation process did not
exert a significant effect on random coil and f-turn structures in other
legumes.

The comparison of secondary structure of legume flours with previ-
ous studies was challenging due to differences in legume cultivars,
growth location, absence of standardized protocols for ingredients
preparation, and differences in equipment used for identifying second-
ary structures. Jeganathan et al. (2024) reported similar o-helix (23.24
%) and B-turn (14.57 %) proportions in fava bean. However, a much
higher p-sheet proportions, accounted for 57.16 %. In this study, a sig-
nificant higher proportion of random coil (29.57 — 34.80 %) was found.
This finding was supported by Liu et al. (2017), who predicted that
random coil in storage protein in fava beans ranged from 23.28 % to
38.43 %. In addition, Withana-Gamage et al. (2011) measured the sec-
ondary structure of Kabuli and Desi chickpea protein, reporting B-sheet
(32.5 % — 40.4 %), random coil (16.3 % — 19.2 %), a-helix (25.6 % —
32.7 %), and B-turn (13.8 — 18.9 %) contents. p-sheet and a-helix con-
tents were similar to those of the present study but with lower random
coil proportions and higher p-turn content. The higher random coil
content observed in this study may be attributed to manufacturing
techniques that led to slight protein unfolding compared to lab-scale
extractions (Buscajoni et al., 2022; Fitzkee and Rose, 2004). The
impact of fractionation methods on secondary structure is complex and
protein-dependent, consistent with the findings reported by De Angelis
et al. (2024) and Li et al. (2024).

Surface hydrophobicity (Hy) of protein reflects the distribution of
hydrophobic residues on the surface and is closely associated with its
interfacial and functional properties (Tang et al., 2021). Among un-
processed flours, fava bean had the highest Hy (44,243), followed by red
lentil (32,492). Dry fractionation had varied impact on the PF, specif-
ically Hy value was reduced in faba bean (-34.32 %), increased in
chickpea (426.14), and remained unchanged in red lentil. Wet frac-
tionation resulted in a pronounced increase in Hy among all samples.
Wet-fractionated chickpea and red lentil showed similar Hy values (92,
915 and 99,381), while Hy for fava bean was relatively lower (62,739).

Non-proteinaceous compounds, such as starch have lower surface
hydrophobicity compared to proteins (Scott and Awika, 2023). They
may also hinder or interfere with hydrophobic domains of proteins
(Yang et al., 2023), thereby reducing the surface hydrophobicity of
proteins. As a result, protein-enriched ingredients have attracted
significantly more interest in the literature than raw flours. For instance,
Karaca et al. (2011) reported that the surface hydrophobicity of fava
bean protein isolates was 55.23 Hy, which was lower than that of red
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lentil protein (64.67 Hp) and chickpea (80.36 Hy), consistent with the
findings reported in the present study.

In this study, the impact of dry fractionation on Hy largely depended
on the type of legume. This can be attributed to the fact that dry frac-
tionation does not extensively disrupt protein structures, allowing non-
proteinaceous compounds to remain in place and continue blocking
hydrophobic regions. Consequently, the effect of surface hydrophobicity
is largely influenced by the extent of removal of these obstructing
compounds. In contrast, wet fractionation has been well-documented to
increase Hy. Vogelsang-O’Dwyer et al. (2020) observed a marked in-
crease in Hy for fava bean protein isolated through isoelectric precipi-
tation (2,183), compared to PF obtained thought dry fractionation (1,
208). Similarly, Kottage et al. (2024) reported that Hy of
wet-fractionated pea PF was 2,928.41, significantly higher than that of
dry-fractionated PF (1,526.92). The increase in Hy can be attributed to
protein denaturation caused by changes in pH and the high tempera-
tures associated with spray-drying. These conditions induce protein
unfolding, exposing previously buried hydrophobic regions and conse-
quently enhancing surface hydrophobicity (Hall and Moraru, 2021).

3.5. Techno-functional properties

Techno-functional properties of proteins, including water holding
capacity, oil holding capacity, foaming properties, emulsifying proper-
ties, protein solubility, gelation, particle size, and zeta-potential, are
known to determine the behaviour of proteins in food processing tech-
nologies and play an important role in new food product development.
In this study, the techno-functional properties of fava bean, chickpea,
and red lentil were measured, and the impact of dry fractionation and
wet fractionation is presented.

Water holding capacity (WHC) reflects the ability of protein flour
to absorb water without dissolving. Since most food applications of
protein flours largely depend on the interaction between protein and
water, this property plays a crucial role in determining the body and
texture of food products, as well as influencing thickening, viscosity, and
other sensory properties (Sreerama et al., 2012). As shown in Table 5,
chickpea flour exhibited the highest WHC at 1.71 g/g, followed by red
lentil (1.26 g/g) and fava bean (1.08 g/g). Makri et al. (2005) reported a
lower WHC for chickpea four at 1.19 g/g, whereas Du et al., (2014)
documented a WHC range of 1.33 g/g to 1.47 g/g among six chickpea
cultivars. For red lentil flour, slightly higher WHC was reported by
Marchini et al. (2021) at 1.68 g/g while (Kaur and Sandhu, 2010)
observed a WHC range of 1.5 g/g to 1.7 g/g among four red lentil cul-
tivars. Moreover, Olakanmi et al. (2024) reported a relatively compa-
rable WHC of 0.96 g/g for fava bean flour, whereas Oluwajuyitan and
Aluko (2024) presented a higher WHC of 1.65 g/g.

No significant difference in WHC was found in chickpea before and
after dry fractionation. However, WHC of fava bean and red lentil
improved to 1.37 g/g and 2.03 g/g, respectively, after dry fractionation.
Comparatively, these results differed from the findings of Oluwajuyitan
and Aluko (2024), who reported that WHC of fava bean decreased to
0.62-0.71 g/g from 1.65 g/g. Moreover, De Angelis et al. (2021a) also
observed a decrease in WHC for red lentil (-0.04 g/g), yellow lentil
(-0.15 g/g), green pea (-0.23 g/g) and kabuli chickpea (-0.46 g/g).
Schlangen et al. (2022) observed a similar increasing trend in WHC for
mung bean and cowpea, but a decrease in yellow pea. Dry fractionation
resulted in an increased protein content and a reduction in starch con-
tent. The presence of polar and charged amino acid residues within the
protein chains enhances water retention through hydrogen bonding and
electrostatic interactions (Raschke, 2006). In contrast, starch which
contains fewer polar groups forms weaker interactions with water (Scott
and Awika, 2023). Additionally, the increase in TDF, ranging from
+0.88 g/100 g-4.52 g/100 g, has been positively correlated with WHC
due to its porous network (Liu et al., 2025). Therefore, the overall WHC
is likely the result of the combined effects of these components. Varia-
tions in the contribution of residual fibre to water retention may explain
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the observed difference in WHC among legume PF after dry fraction-
ation. A continuous increase in WHC was found after wet fractionation
in all three legumes (increased to 2.21-2.83 g/g). This finding aligned
with Hopf et al. (2024), who reported that chickpea (+2.8 g/g), fava
bean (+3.5 g/g), and mung bean (+4.2 g/g) exhibited higher WHC in
commercial products produced via wet fractionation compared to dry
fractionation. Additionally, the average WHC (2.9 8 g/g) of
wet-fractionated commercial plant protein ingredients (oat, chickpea,
lentil, pea, hemp, soy and wheat gluten) was higher than those obtained
(chickpea, lentil, pea, mung bean, grass pea, and fava bean) by
dry-fractionation (0.77 g/g) (De Angelis et al., 2024). This may be due to
protein denaturation during the wet fractionation process, since dena-
tured proteins have a higher WHC compared to its native form (Biihler
et al., 2020).

Oil holding capacity (OHC) indicates the ability of a protein
ingredient to entrap oil (fat). Since oil (fat) retains flavours and en-
hances mouthfeel, OHC is considered as an important functional prop-
erty in food applications (Khattab and Arntfield, 2009). Fava bean and
chickpea flour showed similar OHC, which were 3.45 g/g and 3.40 g/g,
respectively. Olakanmi et al. (2024) reported similar OHC for fava bean
flour (3.66 — 3.86 g/g). However, a lower OHC for fava bean (1.65 g/g)
was found by Oluwajuyitan and Aluko (2024). Much lower OHC for
chickpea has been reported in previous studies, for example, 0.81 g/g
(Jagannadham et al., 2014) and 1.05 - 1.24 g/g (Kaur and Singh, 2005).
Similarly, OHC of red lentil was reported at 1.32-1.39 g/g (Bourré et al.,
2019) and 0.92 - 1.13 g/g (Kaur and Sandhu, 2010), which are much
lower than the value reported in this study (3.17 g/g).

No significant difference was found in fava bean, while dry frac-
tionation significantly improved OHC in chickpea (+0.58 g/g) and red
lentil (+0.71 g/g). A similar trend was reported by Oluwajuyitan and
Aluko (2024), where OHC in fava bean increased from 0.69 g/g to 0.99 —
1.09 g/g after dry fractionation. Fenn et al. (2022) also observed that dry
fractionation improved OHC in yellow pea from 0.54 to 0.57 g/g to
0.93-0.97 g/g. Similarly, do Carmo et al. (2020) reported that the
protein-rich fraction of pea (1.12 g/g vs. 0.77 g/g) and chickpea (1.15
g/g vs. 0.82 g/g) had higher OHC compared to their starch-rich frac-
tions, indicating that fractions with higher protein content tend to
exhibit improved OHC. However, a further increase in protein content
induced by wet fractionation failed to enhance the OHC, even in fava
bean (2.78 g/g) and chickpea (3.16 g/g), where the OHC was lower than
the one reported for the unprocessed flour. This finding contrasted with
previous reports. For example, Hopf et al. (2024) reported higher OHC
in chickpea (1.4 g/g vs. 1.0 g/g), fava bean (1.5 g/g vs. 1.1 g/g), and
mung bean (1.7 g/g vs. 1.0 g/g) produced by wet fractionation
compared to dry fractionation. Ma et al. (2022) reviewed OHC of five
flours, fourteen protein concentrates and twenty-nine protein isolates,
and suggested a positive correlation between OHC and protein content,
which generally aligned with the data from dry fractionation, but con-
tradicted findings related to wet fractionation. The discrepancy was
attributed to the exposure of the hydrophobic core of proteins after
denaturation, as indicated by the increase in Hy values of legume flours
from 26,001 to 44,243 to 62,739 — 99,831 after wet fractionation. This
change reduced their oil-binding capacity (Zhu et al., 2017).

Foaming properties involve protein flour creating air bubbles at the
air-water interface and maintaining these bubbles in suspension.
Foaming capacity (FC) and foaming stability (FS) are two common pa-
rameters used to evaluate this property. The former indicates the volume
of foam produced, while the latter represents the ability to retain the
bubbles. FC of chickpea was 50.9 %, which was much lower than that of
fava bean (115.6 %) and red lentil (113.3 %). However, FS of chickpea
showed the highest percentage (93.1 %), compared to fava bean (71.2
%) and red lentil (71.0 %). Dry fractionation led to an increase in FC of
chickpea (+25.5 %) but resulted in a decrease in fava bean (-30.0 %) and
red lentil (-20.6 %). In terms of FS, dry fractionation had a slight effect,
ranging from -9.7 % to +4.5 %. Smaller air bubbles were visually
observed after dry fractionation, likely due to the removal of starch and
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available carbohydrates, which resulted in a reduction in viscosity
(Stewart, 1995). In addition, although dry fractionation increased the
overall protein content, the protein solubility decreased, for example,
from 60.1 % to 30.1 % in red lentil, suggesting that soluble protein
fraction did not increase substantially thereby limiting improvements in
FC (Moll et al., 2022). Moreover, surface hydrophobicity of fava bean
proteins decreased from 44,243 Hy to 29,508 Hy, contributing to a
reduction in FC (Zhu et al., 2017). These factors led to a decrease in FC.
The contrasting trend observed in chickpea may be attributed to an in-
crease in saponins, from 807.4 to 1,616.2 g/100 g, as saponins are
known to act as natural foaming agents (Timilsena et al., 2023).
Regarding the minor changes observed in FS, this is likely because dry
fractionation has a limited impact on the overall protein profile (e.g.,
protein fractions observed by SDS-PAGE), which would be expected to
have only a limited influence on FS.

Regarding wet fractionation, compared to unprocessed flour, an in-
crease in FC was observed in Fava bean (4-23.5 %) and red lentil (+-14.5
%), However, the bubbles generated by wet-fractionated chickpea PF
rapidly collapsed, resulting in a FC value of zero, thereby preventing the
determination of FS. A significant decrease in FS was observed in fava
bean and red lentil, with values sharply reduced to 49.2 % and 19.7 %,
respectively. The observed increase in FC can be attributed to an
enhanced surface hydrophobicity, which improves the ability of pro-
teins to adsorb at the air-water interface (Zhu et al., 2017). Additionally,
the presence of aggregated proteins reduces surface tension and, when
combined with non-aggregated proteins, facilitate the formation of
larger and more stable air bubbles (Hu et al., 2019; Rullier et al., 2008).
However, in this study, the FS was decreased likely due to the separation
of albumin from globulin during the wet fractionation extraction steps,
resulting in weaker interfacial layers around air bubbles (Moller et al.,
2022). Furthermore, the substantial removal of starch and carbohydrate
led to a decrease in the viscosity of the continuous phase, further
contributing to the reduction in FS (Silventoinen et al., 2021).

Numerous studies have evaluated FC and FS in these legume flours.
For instance, Olakanmi et al. (2024) reported that FC and FS of fava bean
flour were ~70 % and ~90 %, respectively. In contract, Oluwajuyitan
and Aluko (2024) claimed a much lower FC (~33 %), but FS still at ~90
%. Additionally, Raikos et al. (2014) reported a comparable FS (~70 %),
but a lower FC (~75 %) in fava bean flour. Regarding chickpea, Sreer-
ama et al. (2012) observed a similar FC (46.3 %) in chickpea flour, but a
relatively low FS (39.2 %). Conversely, Jagannadham et al. (2014) re-
ported a similar FS (96.91 %), but a much lower FC (29.27 %).
Compared to this study, significant differences were observed in the FC
and FS of red lentil flours which were 57.1 % and 43.2 %, respectively,
as reported by Badia-Olmos et al. (2023).

Unlike the findings in this study, Fenn et al. (2022) observed an in-
crease in FC for four yellow pea cultivars, with their FC increasing from
212 - 246 % to 245 - 305 % after dry fractionation. In contrast, FS
exhibited no statistically significant change. Oluwajuyitan and Aluko
(2024) observed an overall negative impact of dry fractionation on FC
and a slight increase in FS, which aligned with this study. The com-
parison between dry fractionation and wet fractionation has also been
evaluated by previous studies, for example, dry-fractionated chickpea
PF exhibited a lower FC (14.7 %) compared with wet fractionated PF
(41.7 %) (Hopf et al., 2024). Fava bean flour showed the opposite trend,
with FC decreasing from 67.1 % to 39.2 %. FS decreased in chickpea
flour from 95 % to 74 %, while no significant changes in FS were
detected for fava bean flour (Hopf et al., 2024). Additionally, De Angelis
et al. (2024) compared plant-based ingredients obtained though dry
fractionation and wet fractionation, they reported that the average FC
value was higher in dry fractionated PF (112.03 % vs. 182.92 %).
However, FS was lower in wet-fractionated samples compared to
dry-fractionated ones (39.91 % vs. 74.74 %). The substantial variation
observed across studies may be attributed to several factors, including
differences in homogenization speed, foaming duration, protein con-
centration, and the technology used to produce the protein ingredients.
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Emulsifying property refers to the ability of proteins to act as
emulsifiers, forming a layer around oil droplets that are dispersed in the
water phase to prevent phase separation. In this study, this property was
evaluated by emulsifying capacity (EC) and emulsifying stability index
(ESI). EC refers to the interfacial area stabilized per unit weight of
protein, while ESI indicates the ability of the protein to retain the
emulsion structure (Thaiphanit et al., 2016). Red lentil flour presented
the highest EAI at 75.2 m?/g, followed by chickpea flour (67.9 m?/g).
Chickpea flour showed the best ESI (65.4 min), while only a small dif-
ference was observed between fava bean flour (30.9 min) and red lentil
flour (33.6 min). Dry fractionation led to an increase in EAI, ranging
from +11.4 m?/g to +33.9 m?/g. An increase in ESI was also found in
chickpea (+106.9 min) and red lentil (+24.0 min) after dry fraction-
ation, but no significant change was observed in fava bean. The signif-
icant increase in EAI and ESI observed in dry-fractionated chickpea and
red lentil PFs can be primarily attributed to their elevated dietary fibre
content, which can act as natural emulsifiers, helping to prevent droplet
aggregation and gravitational separation (Zhang et al., 2019). Further-
more, the smaller particle size of dry-fractionated PF contributed to the
enhancement of both EAI and ESI (Zhou et al., 2025). Regarding fava
bean, the reduction in surface hydrophobicity (-15,185 Hy) limited im-
provements in emulsifying properties (Dong et al., 2023), which may
explain the slight increase in EAI and the lack of significant change in
ESI following dry fractionation.

Compared to dry fractionation, wet fractionation further increased
the EAI in fava bean (+29.3 m?/g), while no significant change was
observed in chickpea and red lentil. However, wet fractionation had a
negative impact on the ESI of fava bean (-9.3 min) and chickpea (-13.2
min), with values even lower than those of the unprocessed flours, while
no significant change was observed in red lentil. The increase in surface
hydrophobicity following wet fractionation contributed positively to the
emulsifying properties of PF by strengthening protein-oil interactions.
However, the formation of denatured and aggregated proteins during
wet processing can result in inhomogeneous interfacial layers, thereby
reducing ESI (De Angelis et al., 2024). Furthermore, the removal of
carbohydrates may also contribute to reduced ESI, as carbohydrate help
stabilize emulsions through steric hindrance and electrostatic repulsion
(Wang et al., 2021).

Comparison of emulsifying properties with previous studies on
legume flours were challenging, as most studies measured the EAI and
ESI of protein concentrates/isolates rather than flours. For example, Shi
and Nickerson (2022) reported that the EAI and ESI of protein concen-
trates from three fava bean cultivars were ~12 m?/g - ~31 m?/g and
~12min — ~25min, respectively. do Carmo et al. (2020) reported that
EAI and ESI for fava bean protein concentrate was 11.80 m?/g and
14.24 min, respectively. Karaca et al. (2011) found that EAI of chickpea,
fava bean and lentil protein concentrate was 47.9, 44.3 and 44.5 m?/g,
respectively, with corresponding ESI values of 82.9 min, 69.4 min, and
86.8 min. Lee et al. (2021) reported much lower EAI and ESI values for
red lentil protein concentrate with ~29 m?/g and ~15 min, respec-
tively. These data largely disagreed with the results of this study.
Regarding the comparison between dry fractionation and wet fraction-
ation. There were obvious discrepancies among studies, which were not
only due to differences in sample types but also due to variations in
experimental conditions, such as volume, speed, oil types, and sample
dispersion (Lee et al., 2021). EAI and ESI reflect the emulsifying prop-
erties of the whole system, rather than the properties of the legume
ingredients alone.

Protein solubility (PS) measures the amount of protein solubilized
in water, and it is strongly affected by pH. PS is closely associated with
other functional properties, such as emulsification and gelation, and
directly determines the utilisation of protein ingredients in food
formulation. Fig. 6 illustrates the PS of legume flours across a pH range
of 2-9, showing a typical U-shaped curve. Solubility was highest under
highly acidic (pH 2) and/or alkaline (pH 9) conditions, while the lowest
solubility was observed at pH 4 and/or pH 5. This is attributed to the
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Fig. 6. Protein solubility (%) of a) fava bean, b) chickpea, and c) red lentil protein ingredients. FB, raw fava bean flour; FBDF, fava bean protein-enriched ingredient
after dry fractionation; FBWF, fava bean protein-enriched ingredient after wet fractionation; CP, raw chickpea flour; CPDF, chickpea protein-enriched ingredient after
dry fractionation; CPWF, chickpea protein-enriched ingredient after wet fractionation; RL, raw red lentil flour; RLDF, red lentil protein-enriched ingredient after dry
fractionation, and RLWF, red lentil protein-enriched ingredient after wet fractionation. Data expressed as mean + SD, n = 3.

isoelectric points of proteins in these legume flours, which were between
pH 4 and pH 5. At isoelectric points, the net surface charge of a protein is
zero, leading to protein aggregation and precipitation (Lee et al., 2021).
Dry fractionation resulted in a slight increase in PS near the isoelectric
point, however, PS significantly decreased under most other pH condi-
tions. PS for chickpea flour at pH 3 (31.08 %) and pH 4 (13.57 %) was
highest after wet fractionation, compared to raw flour (15.14 % and
4.66 %) and dry-fractionated PF (19.65 % and 11.24 %). Despite an
increase in PS was found at both specific pH conditions, a huge decrease
was found under other conditions. For example, maximum PS within the
pH range of 2-9 decreased from 63.68 to 80.01 % (unprocessed flour) to
47.72 — 35.18 % (wet-fractionated PF).

Previous studies have investigated the impact of dry fractionation on
protein solubility. Silventoinen et al. (2021) reported a decrease in
protein solubility of rye bran from 42.2 % to 34.9 % under native pH
after dry fractionation. This finding was consistent with the results of the
present study. However, the same study also found that protein solubi-
lity of wheat bran did notchange after processing (43.9 % vs. 45.1 %,
p-value >0.05). In contrast, Oluwajuyitan and Aluko (2024) reported a
significant increase in protein solubility of dry-fractionated fava bean
PF. The large disagreement in the literature suggests that the impact of
dry fractionation on protein solubility is highly dependent on protein
ingredients, protein fraction ratios (albumin/globulins/glutenin-
s/prolamins) and processing parameters.

Extensive evidence indicated that wet fractionation negatively
impacted protein solubility. Kottage et al. (2024) reported that the
maximum PS of dry-fractionated pea PF was 53.78 %, significantly
higher than that of wet-fractionated pea protein (17.21 %). Addition-
ally, Hopf et al. (2024) observed higher PS of chickpea (79.6 % vs 45.7
%), fava bean (79.7 % vs 8.7 %), and mung bean (79.5 % vs 5.9 %) when
compared to wet fractionated counterparts at neutral pH. Similarly,
Vogelsang-O'Dwyer et al. (2020) observed that PS of dry-fractionated
fava bean PF was higher than that of protein isolated by isoelectric
precipitation. They suggested that the reduction in PS after wet frac-
tionation was due to protein denaturation resulting from the extraction
and spray-drying steps. Overall, dry fractionation led to moderate pro-
tein aggregation, resulting in a slight decrease in PS. In contrast, the
extensive protein aggregation and denaturation during the wet frac-
tionation led to a more pronounced decrease in PS (Kottage et al., 2024;
Moller et al., 2022).

Gelation is associated with the capacity of denatured proteins to
form a three-dimensional network, which is important for developing
the textural and rheological characteristics of food products. The gel
formed by raw flours appeared as ‘viscous paste’, which was charac-
teristic of starch gelation rather than protein gelation (BeMiller, 2011).
This physical process involved the swelling and breaking of starch
granules, which form hydrogen bonds with water and form a thick
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solution (Schmiele et al., 2019). As shown in Table 6, at a 20 % con-
centration, only a weak protein gel was observed in unprocessed
chickpea flour, indicating starch play a dominant role in gelation. The
proteins entrapped within the starch matrix appear to play a minor role
in gel formation (Scott and Awika, 2023).

The least gelling concentration (LGC) refers to the minimum con-
centration of protein required to form a self-supporting gel and serves as
an indicator of the gelation behaviour of proteins. A lower LGC indicates
that less protein is needed for forming a gel, contributing to an increased
sustainability and affordability (Schlangen et al., 2022). The LGC of the
three dry-fractionated protein-enriched legume PF reported in this work
ranged from 8 % - 10 %. Although gelation properties were influenced
by protein content, cultivar types, pH and preparation methods, similar
LGC ranges have been reported in the literature. For examples, LGC
values of 8 % - 10 % for fava bean (Kamani et al., 2024) and 10 % lentil
protein (Jo et al., 2020) were reported. Similarly, Boye et al. (2010a)
also reported LGC of red lentil and chickpea between 10 - 12 % and 10 -
14 %, respectively. Dry fractionation increases protein content while
selectively removing the starch fraction. The residual starch contributes
positively by occupying space, absorbing water, and participating in
protein-polysaccharide interactions, thereby facilitating the formation
of a stronger gel network (Guo et al., 2024).

However, after wet fractionation, the gelation properties were
adversely affected. In this study, the LGC of fava bean increased to 18 %,
whereas chickpea and red lentil formed only weak gels even at a 20 %
concentration. Kaur and Singh (2007) similarly reported higher LGC
values for protein isolates obtained from six chickpea cultivars using
alkaline extraction, with values ranging from 14 % to 20 %, compared
with flour (10 - 14 %). They suggested that non-protein components,
such as polysaccharides, also contribute to gelation. Moreover, the harsh
conditions during wet fractionation resulted in an increased presence of
insoluble protein particles, which negatively affected gelation properties
(Tiong et al., 2025). In contrast, wet fractionation effectively removes
most of the starch and significantly increases the protein content.
However, the extracted proteins were prone to denaturation and ag-
gregation. These structural alterations not only reduced the availability
of soluble proteins essential for gel formation and hindered the forma-
tion of new intermolecular interactions during heating, which are
essential for maintaining a stable gel network (Zhang et al., 2023b). As a
result, gelation properties are weakened.

Zeta-potential describes the surface changes on proteins. As shown
in Fig. 7, zeta-potential changed from the maximum to minimum value
when the pH increased from 2 to 9. The deprotonation of carboxyl and
amino groups was responsible for this phenomenon (Tang and Sun,
2011). The maximum positive zeta-potential values for fava bean,
chickpea, and red lentil were +24.9 mV, +20.2 mV, and +23.7 mV,
respectively, all observed at pH 3. Subsequently, zeta-potential
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after dry fractionation; FBWF, fava bean protein-enriched ingredient after wet fractionation; CP, raw chickpea flour; CPDF, chickpea protein-enriched ingredient after
dry fractionation; CPWF, chickpea protein-enriched ingredient after wet fractionation; RL, raw red lentil flour; RLDF, red lentil protein-enriched ingredient after dry
fractionation, and RLWF, red lentil protein-enriched ingredient after wet fractionation. Data expressed as mean + SD, n = 3.

decreased to - 34.3 mV, - 39.4 mV, - 34.5 mV at pH 9. The isoelectric
points (IP) for fava bean, chickpea, and red lentil were observed at pH
~4.4, ~4.2 and ~4.3, respectively. Previous papers reported similar IP
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Fig. 8. Principal component analysis (PCA) plots of a) ingredient composition and antinutritional factors; b) nutritional values; c) structural features; and d) techno-
functional properties for FB, raw fava bean flour; FBDF, fava bean protein-enriched ingredient after dry fractionation; FBWF, fava bean protein-enriched ingredient
after wet fractionation; CP, raw chickpea flour; CPDF, chickpea protein-enriched ingredient after dry fractionation; CPWF, chickpea protein-enriched ingredient after
wet fractionation; RL, raw red lentil flour; RLDF, red lentil protein-enriched ingredient after dry fractionation, and RLWF, red lentil protein-enriched ingredient after
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ratio of storage protein (albumin/globulin) resulting from variations
between cultivars and growth conditions.

Compared with protein solubility, the impact of fractionation on
zeta-potential was minimal, with a maximum pH change of +0.2 in the
isoelectric point. This finding aligned with Vogelsang-O'Dwyer et al.
(2020), who also observed slight changes in the zeta-potential curve
between dry-fractionated faba bean PF and wet-extracted fava bean PF.
This indicates that differences in protein solubility were not related to
changes in zeta-potential, but were primarily influenced by processing
conditions that can lead to protein denaturation (Jiang et al., 2016) or
hindered dehydration (Crowley et al., 2015).

3.6. Pearson correlation coefficient analysis and principal component
analysis

Pearson correlation analysis was performed to assess the impact of
both dry and wet fractionation on the measured variables (Appendix
A.2.). Following dry fractionation, protein content (0.9497), condensed
tannins (0.9444), and saponins (0.8223) exhibited strong positive cor-
relation. In contrast, total starch (-0.9784), available carbohydrates
(-0.8442), Trp (-0.8371), Dsg (-0.8662), LGC (-0.9879), and protein
solubility at pH 7 (-0.9445) showed strong negative correlations.

In the case of wet fractionation, several components demonstrated
significant positive correlations, including protein content (0.9614),
condensed tannins (0.9133), saponins (0.9341), trypsin inhibitors
(0.9157), Ser (0.8723), Ile (0.8695), Leu (0.9368), and PER; (0.9392),
PERy (0.9497), PER3 (0.9015), Dso (0.9215), surface hydrophobicity
(0.8973), WHC (0.9008), and EAI (0.9060). On the other hand, wet
fractionation was negatively correlated with total starch (-0.9938),
available carbohydrates (-0.8622), TDF (-0.9046), Gly (-0.8623), mois-
ture content (-0.8814), LGC (-0.8165), protein solubility at pH 7
(-0.9765), and FS (-0.8653).

To evaluate the characteristics of legume ingredients developed
through dry and wet fractionation, four PCAs were conducted, focusing
on 1) ingredient composition and antinutritional factors; 2) nutritional
values; 3) structural features; and 4) techno-functional properties
(Fig. 8). The first two principal components (PC1 and PC2) explained
79.5 %, 63.5 %, 80.3 %, and 67.3 % of the total variance for each
dataset, respectively.

In terms of ingredient composition and antinutritional factors, and
nutritional values, raw red lentil and fava bean flours exhibited simi-
larities, indicated by their close clustering. However, they appeared in a
different quadrant than chickpea flour, suggesting differences. For
structural features, red lentil, fava bean, and chickpea flour located
separately, indicating substantial structural variation among them.
Chickpea and red lentil flour clustered in the same quadrant when
techno-functional properties were analysed, while fava bean flour was
positioned separately, indicating a significant difference in
functionality.

Wet fractionation exhibited a pronounced influence across all le-
gumes studied, as evidenced by the shifts in different quadrant
compared to the corresponding unfractionated flours. Dry fractionation
also exerted significant impact, but these were more selective. Specif-
ically, dry fractionation affected 1) fava bean and red lentil (in ingre-
dient composition and antinutritional factors and techno-functional
properties); 2) chickpea and red lentil (in nutritional values); and 3) fava
bean and chickpea (in structural features). Notably, red lentil and fava
bean were in the same quadrant after dry fractionation and wet frac-
tionation, suggesting that the fractionation method did not significantly
affect their composition and level of antinutritional factors. Similar
patterns were observed between chickpea and red lentil when analysing
their nutritional values.

Taken together, PCA underscore that influence of wet fractionation
on legume flours is more pronounced, whereas the variation induced by
dry fractionation appears to be legume-specific and dependent on the
characteristics analysed.
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4. Conclusion

As expected, this study demonstrates that fractionation processing
more effectively concentrates protein in fava bean and red lentil than in
chickpea. Although antinutritional factors accumulated, particularly
after dry fractionation, IVPD was found to be maintained or even
improved. This enhancement is attributed to the disruption of the starch-
protein matrix (as revealed by SEM analysis), which increased protease
accessibility and mitigated the inhibitory effects of antinutritional
compounds. Dry fractionation was found to negatively impact Trp
levels, whereas wet fractionation led to improved levels of Ile, Ser, and
Leu, across all legume samples. Dry fractionation also conferred superior
functional properties for legumes, minimal structural modification with
retention of the complete protein profile. Whereas, wet-fractionated
protein isolates exhibited enhanced emulsifying and foaming capac-
ities, albeit with limited stability. Overall, dry fractionation is a prom-
ising method for producing functional ingredients, such as those used for
producing texturized vegetal proteins. While wet fractionation remains
valuable for generating protein isolates with enhanced essential amino
acid content and higher protein purity.
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