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Abstract

Pea protein ingredients are typically produced through alkaline solubilization and isoelectric point precipitation. This work
evaluated the influence of milling and the resulting flour particle sizes on the recovery of protein fractions and antinutrient
contents via this extraction method. Milling energy inputs of 2.39 to 260 kJ/kg were applied to yellow and green peas. An
energy input of 180 kJ/kg yielded a d,,, of ~2.2 pm. No further significant difference was found when the input was increased
further. Increasing the milling energy input increased the release of globulins, albumins, and phytic acid from both pea cul-
tivars. The protein yield of the globulin-rich fraction increased up to 52.1 +1.3% using yellow peas and up to 54.2+0.6%
using green peas. The resulting protein extracts had protein contents of 77.0+1.9% and 78.5 +0.9%, respectively. Similarly,
the protein yield of albumin-rich fractions also significantly increased up to around 17.5% when using both cultivars. The
albumin-rich fractions represented the largest mass yielded in the extraction process from both pea types. With increasing
milling energy input, phytic acid solubilization increased as well and its yield rose to around 40% in both protein fractions.
However, trypsin inhibitor yields were relatively low in them. Overall, a milling energy input at 130 kJ/kg resulted in particle
sizes that yielded optimum protein solubilization but simultaneously increased solubilization of phytic acid. This indicates
that adjusting the energy input and particle size of the pea protein raw material can customize the composition of the result-

ing protein ingredient.
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Introduction

The use of plant proteins instead of animal proteins has
become the leading global response to ensure that the food
system remains within the planetary boundaries. Among the
different sources of plant protein, peas (Pisum sativum) have
gained popularity because of their high protein content and
quality, low allergenicity, and widespread availability (Guil-
lin et al., 2022; Lam et al., 2018; Lu et al., 2020). Pea pro-
teins possess versatile techno-functional properties, such as
gelation, emulsification, and foaming, which makes them a
valuable food ingredient that is frequently employed as sub-
stitutes for animal proteins (Grossmann, 2023). These pea
protein ingredients are typically produced through extrac-
tion processes, and wet extraction is one of the predominant
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procedures (Lie-Piang et al., 2023). These extraction pro-
cesses yield different fractions, each with different proper-
ties and potential applications, but there is currently limited
understanding about how processing impacts the yields of
these fractions (R. Kornet et al., 2022; Moller et al., 2021).

The pea wet extraction process follows the alkaline solu-
bilization — isoelectric point precipitation route, which
ensures high-yield extraction and product purity (Allotey
et al., 2022; Boukid et al., 2021). It employs dry milling of
the seeds into flour, which is then dispersed in water at alka-
line conditions. As alternative, wet milling of hydrated seeds
can be applied. After solubilization of proteins, the starch-
rich (SRF) fraction is removed as insoluble stream, whereas
the pea proteins (globulins and albumins) are recovered as
soluble stream or also called protein-rich (PRF) fraction.
Non-starch constituents such as cotyledon cell wall fiber
are also removed in the SRF. However, different types of
carbohydrates can also end up in the PRF (Mdller et al.,
2021). To purify and concentrate the proteins, an isoelectric
point precipitation at pH 4.5 is typically carried out (Lam
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et al., 2018). This primarily causes the globulin fraction to
precipitate, while the albumin fraction remains in solution as
long as it maintains its native state. Globulins and albumins
are categorized according to their solubility in dilute salt
solutions and in water, respectively, following the Osborne
classification of plant proteins (Osborne, 1907). After
separation, this results in two fractions: (i) a globulin-rich
protein concentrate/isolate (GRF) and (ii) an albumin-rich
side-stream (ARF). Different studies have shown that both
fractions possess very different functional properties, which
enables tailored applications (C. Kornet et al., 2020; R. Kor-
net et al., 2022; Yang et al., 2022). GRF, the most valorized
product, shows capacity to form self-coacervate structures,
stabilize oil-water interfaces, and create solid structures via
thermomechanical processing (Grossmann, 2023). In addi-
tion, ARF shows high foaming due to its ability to form
strong cohesive interfacial layers around air bubbles which
GRF is not well suitable for this purpose (Chang et al., 2023;
Yang et al., 2022). The use of ARF as a standalone ingredi-
ent would therefore contribute to developing a more circular
and comprehensive approach to pea protein manufacturing.

Antinutritional factors (ANFs) that are commonly present
in pea seeds such as phytic acid and trypsin inhibitors are co-
extracted during the pea wet extraction process (Amat et al.,
2023; Rivera Del Rio et al., 2022). This may have important
implications for the digestibility of the ingredient, because
phytic acid reduces bioavailability of minerals such as zinc
and iron due to its chelation properties (Millar et al., 2019),
whereas trypsin inhibitors inhibit digestive enzymes trypsin
and chymotrypsin and consequently protein hydrolysis
(Vagadia et al., 2017). As result, minerals and proteins from
foods that contain these ANFs often have a lower digestibil-
ity. But concerns about ANFs are not limited to nutritional
aspects. Phytic acid, for instance, can also negatively affect
the techno-functional properties of protein isolates such as
gelation, solubility, and emulsification (Amat et al., 2024;
Kaspchak et al., 2020; Pedrosa et al., 2020). Protein interac-
tions with phytic acid via hydrogen bonds or electrostatic
interactions might interfere with protein structures that are
important for their techno-functional properties (Kaspchak
et al., 2020). Although concentration of ANFs in pea pro-
tein isolates or concentrates (i.e., GRF) is reported in litera-
ture, there are still knowledge gaps about the co-extraction
of ANFs alongside proteins during the extraction process.
Because of their molecular size and solubility properties, we
hypothesize that ANFs mostly solubilize in the ARF which
might affect its valorization.

The contents of proteins and ANFs in the final products
might be affected by the extraction process conditions.
Different processing parameters and separation approaches
along the wet fractionation route of pea protein have been
studied to optimize the production of isolates or concen-
trates, impacting the generation of side-streams. Examples
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of them included the ratio of water to flour (Higa et al.,
2022), extraction pH (Cui et al., 2020; Gao et al., 2020),
and protein separation by micellar precipitation, dialysis,
and ultrafiltration (Boye et al., 2010; Stone et al., 2015;
Tanger et al., 2020; Yang et al., 2021). However, the effect
of flour particle size after milling on the extraction yields
has been not well described. A recent quantitative meta-
analysis encompassing over 40 studies examining protein
extraction from pulses (including peas) identified chal-
lenges in evaluating the effectiveness of milling on protein
recovery (Allotey et al., 2022). This was because only a
minority of the studies reported on the quality of the flour
utilized in their extraction processes. In addition, there is
a lack of knowledge about how these different processing
parameters affect the solubilization and presence of ANFs
in the resulting protein fractions.

Therefore, this study aims to evaluate the influence
of milling energy input on peas and the resulting flour
particle sizes on the recovery of protein fractions (glob-
ulins and albumins) and ANFs (phytic acid and trypsin
inhibitors). The main hypothesis is that increasing milling
energy decreases the particle size, increases surface area,
and increases solubilization of pea proteins and ANFs.
Understanding the protein fractionation mechanism will
eventually enable more tailored process designs to maxi-
mize protein yields and minimize the presence of antinu-
trients in pea protein ingredients.

Materials and Methods
Materials

Cultivars AAC Delhi and AAC Radius were selected as
representative material of peas (Pisum sativum L.) with
yellow and green cotyledon, respectively. Both cultivars
are round, smooth seed phenotypes, and have non-pig-
mented seed coats. Dehulled seeds were obtained from
Columbia Seed Co. Ltd. (Vauxhall, Alberta, Canada).
They were planted in May 2022 in the brown chernozemic
soil zone in Canada and harvested in August 2022. Bags of
1 kg peas were vacuum sealed and stored at 2 °C until fur-
ther use. Table 1 shows the components for both cultivars.

All chemicals were of analytical grade and obtained
from Sigma-Aldrich (St. Louis, MO, USA) or VWR (Rad-
nor, PA, USA). Laemmli sample buffer, 2-mercaptoetha-
nol solution, Tris—glycine-sodium dodecyl sulfate (SDS)
buffer, Coomassie brilliant blue R-250, recombinant pro-
teins standard solution, and Mini-PROTEAN TGX 12%
precast gels were obtained from Bio-Rad Laboratories,
Inc. (Hercules, CA, USA).
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Table 1 Composition of two yellow and green pea cultivars. The pro-
tein content was calculated using a nitrogen-to-protein factor of 5.36

Yellow pea Green pea

(AAC Delhi) (AAC Radius)
Moisture (%) 7.5+0.1 8.1+0.1
Protein (%, as is) 18.3+0.1 18.2+0.1
Starch (%, as is) 40.2+0.1 39.6+0.1
Phytic acid (mg/g) 8.5+0.2 9.9+0.7
Trypsin inhibitor activity 4.0+0.1 32+0.1

(TIU/mg)

Flour Production and Flour Characterization
Milling Process

A knife and impact milling system with a temperature-con-
trolled vessel (MultiDrive MI 400, IKA Works, Inc., Wilm-
ington, NC, USA) was used for all milling operations. The
jacketed milling vessel was cooled with a refrigerated water
bath at 4 °C. This ensured sample temperatures below 40 °C.
The mill was operated at 20,000 rpm for all energy inputs,
and milling time was varied from 5 to 120 s.

Determination of Egys. The specific milling energy input
(Egmp) was determined from the reported electrical power
uptake of the mill. For each treatment, a 125 g batch of dry
peas was ground using nine different time periods from 5
to 120 s. The electrical power uptake was measured using a
plug load data logger (HOBO UX120-018, Onset, Bourne,
MA, USA), and the energy input was calculated based on
the milling time. To account for motor and other losses, a
baseline energy uptake was defined as the energy required
by the equipment during its operation using only water for
the same periods. The Eq; (kJ/kg) was calculated using Eq.
(1). The milling intensity was categorized as minimal (<5
kl/kg), low (5 to 9.99 kl/kg), moderate (10 to 49.9 kl/kg),
high (50 to 149 kl/kg), and intense (> 150 kl/kg).

E.

input — Ebaseline

Esvg = T ()
Here, Ej,,, (kJ) is the total electrical energy input

obtained from the power uptake from the pea milling pro-

cess, Ey,qiine (KJ) is the total electrical energy input obtained

from using only water, and m_,, (kg) is the mass of the pea

seeds used for milling.

peas

Flour Particle Size Distribution

Static light scattering was used to obtain the particle size
distribution of the obtained flours. An LS 13 320 Laser
Diffraction Particle Size Analyzer equipped with a powder

fluidization chamber (Beckman Coulter, Inc., Brea, CA,
USA) was used to determine the particle size at which 90%
of the particle volume is below or equal to this size (dy)
and the surface area mean size (d;,). Surface area values
can explain extraction efficiency of pulses proteins (Higa
et al., 2022). The obscuration and refractive index were
set at 5% and 1.6, respectively. Before the measurement,
the flours were sieved using 2 mm and 1 mm mesh sizes to
remove excessively large particles that can interfere with
the measurement.

Extraction Process Flow

After milling, 62.5 g of flour (all the size fractions) was
used for protein extraction using the alkaline solubiliza-
tion-isoelectric point precipitation method described by
Kornet et al. (2020) with some modifications (Fig. 1). Pea
flour was dispersed in water at 10% (w/w) and adjusted
to pH 8 with 1 M NaOH. The mixture was stirred for 2 h,
and its pH was checked every 30 min and adjusted if nec-
essary. The solution was stored for 12 h at 4 °C to ensure
complete flour hydration and account for pH buffering.
Subsequently, the pH was readjusted and centrifuged at
20,000 g for 30 min at room temperature. The resulting
pellet is the start-rich fraction (SRF) and the supernatant
is the protein-rich fraction (PRF). The PRF fraction was
recovered and acidified to pH 4.5 with 1 M HCI while stir-
ring for 2 h. The mixture’s pH was controlled every 30 min
and adjusted if necessary. Final centrifugation was applied
at 20,000 g for 30 min at room temperature. The pellet and
supernatant contain the globulin-rich fraction (GRF) and
albumin-rich fraction (ARF), respectively. All fractions
were freeze-dried, and the powders were stored at 4 °C in
sealed containers until further analysis.

Mass Balance and Yield Calculations

The mass yield of the fractions SRF, PRF, GRF, and ARF
before and after freeze-drying were calculated as shown
in Eq. (2) for wet mass and Eq. (3) for dry mass. Protein,
starch, phytic acid, and trypsin inhibitors yields (%) in the
individual fractions were calculated based on how much
was recovered from the flour as shown in Eq. (4):

Myyet fraction
——— x 100 )

initial mixture

Yieldwet—fraction =

Here, the Yield, . iraciion (%) 1s the yield of the fractions
SRF, PRF, GRF, or ARF; m . fraction (&) 1S the mass of
the wet fractions; mpia1 mixure (8) 1S the mass of the pea
flour—water mixture.
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Fig. 1 Process flow of the pea
protein extraction using the
alkaline solubilization-isoelec-

tric point precipitation method At different energy

inputs, <40 °C

10% flour in water,
pH8,2h

12h,4°C

20,000 g, 30 min

pH4.5,2h ‘

20,000 g, 30 min ‘

mdry fraction

Yidddry—fraction = x 100 (3)

Minitial dry flour

In this equation, the Yieldy,y frciion (%) is the yield of the
dry fractions SRF, PRF, GRF, or ARF; m; fraction (8) 1S the
mass of the dry fractions; m (g) is the mass of the
dry pea flour.

initial mixture

. Cfraction X Y ielddry—fraction
Component Yield =

X100 (4

Clour

Here, Component Yield (%) is the yield of protein, starch,
phytic acid, or trypsin inhibitors in the SRF, PRF, GRF, or
ARF; Cfaciion 18 the concentration of the component in the
dry fraction; cg,,, is the concentration of the component in
the pea flour.

@ Springer

Field Peas

l

Milling

l

Mixing

Solubilization

, rmoT oo S

. |
| Starch-rich L

Centrifugation

| fraction (SRF) |
J

Acidification ’
1 — \I
Centrifugation ’_,: Albumin-rich

fraction (ARF) |
~

Freeze-drying I<

!

Dry fractions
(powders)

Chemical Compositional Analysis
Protein

The protein content was determined utilizing the Dumas
combustion method in a nitrogen analyzer Rapid N exceed
(Elementar Analysensysteme GmbH, Langenselbold, Ger-
many) with a combustion temperature of 950 °C. The oxy-
gen dosing flow was set at 225 mL/min. The protein content
was calculated using a nitrogen conversation factor of 5.36
(McClements & Grossmann, 2022).

Starch

The starch content or total starch was determined according
to AOAC method 996.11 using the Megazyme total starch
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assay kit (Neogen, Lansing, MI, USA). The manufacturer’s
instructions were followed for samples containing resistant
starch that is typically found in pea cultivars and isolated pea
starches (Chung & Liu, 2012; Zhou et al., 2019).

Phytic Acid

The content of phytic acid was measured using the Mega-
zyme phytic acid/total phosphorus assay kit (Neogen, Lan-
sing, MI, USA) according to the manufacturer’s instruc-
tions. The assay is designed to extract the phosphorus from
phytic acid (IP¢), lower myo-inositol phosphate forms (IP,,
IP,, IP,, IPs,), and monophosphate esters by phytase and
alkaline phosphatase. Sample extraction was carried out
overnight at room temperature. The total phytic acid content
was calculated assuming that the amount of phosphorous is
exclusively released from phytic acid and comprises 28%
of phytic acid.

Trypsin Inhibitors

The trypsin inhibitor activity was analyzed as described
by Liu (2019) with slight modifications. Samples were
extracted with 10 mM NaOH for 3 h. All mixtures were
then standardized to the highest pH value of 11.2. The fol-
lowing enzymatic reaction was carried out to achieve 30 to
70% trypsin inhibition. This was achieved by mixing 1 mL
of the sample mixture, 2.5 mL of 0.4 mg/mL. DL-BAPA
(Na-benzoyl-DL-arginine-p-nitroanilide hydrochloride) in
50 mM Tris buffer containing 20 mM CaCl, at pH 8.2, and
1 mL of 20 pm/mL trypsin in 1 mM HCI containing 5 mM
CaCl,. After 10 min incubation at 37 °C, the reaction was
stopped with 0.5 mL of 30% (v/v) acetic acid. For reference
samples, 1 mL of deionized water was used instead of the
sample mixture. Reaction blanks for all samples were pre-
pared by adding acetic acid solution before the trypsin solu-
tion to inactivate the enzyme. The reaction mixtures were
then centrifuged at 1500 g for 5 min and the absorbance of
the resulting supernatant was measured at 410 nm. Water
was used to blank the spectrophotometer before the meas-
urements. Trypsin inhibitor activity was reported as trypsin
inhibitor units (TIU) per mg of sample and was calculated
using Eq. (5).

Ir(AbSRefA - AbSRefA Blk) - (AbSSample - AbSSampleBlkA)‘l %
C

TIU = 50

®
where Absg,; is the absorbance of the reference sample
(water instead of the sample), Absy.; gk 1S the absorbance
of the reference sample blank (deactivated), Absg, . 1S the
absorbance of the sample, and Absg,,1cpix 1S the absorbance
of the sample blank (deactivated). c is the concentration of
the sample in the sample mixture in mg/mL.

Protein Composition

Qualitative analysis of the protein composition in the flours
and the fractions obtained from milling at the lowest and
highest energy input was performed by sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS-PAGE).
Samples were dispersed in water and mixed with Laemmli
sample buffer and 5% 2-mercaptoethanol. Prior, the ARF
samples were purified adding four times the sample volume
of cold acetone and incubating for 1 h at—20 °C. After cen-
trifugation (15,000 g for 10 min), the pellet was recovered,
dried at room temperature for 30 min, and used as is for the
dispersion. All dispersions were then incubated at 70 °C for
10 min and centrifuged at 15,000 g for 5 min. An aliquot of
the supernatant (60 pg of proteins from flour and SRF, 135
pg of proteins from GRF, and 30 pg of proteins from ARF)
and size standard (10-250 kDa) was loaded into the wells
of the Mini-PROTEAN TGX 4-20% precast gels. Elec-
trophoresis was then run at 150 V for 1 h in Tris—glycine-
SDS buffer in a Mini-PROTEAN Tetra electrophoresis cell
(Bio-Rad Laboratories, Inc., Hercules, CA, USA). The gels
were stained with Coomassie brilliant blue R-250 for 1 h at
constant shaking and decolored overnight with 27.5% (v/v)
methanol and 15% (v/v) acetic acid.

Statistical Analysis

All experiments were performed at least three times and
measurements were carried out at least in duplicate. Average
and standard deviations were calculated with Excel (Micro-
soft Inc., Redmond, USA). The effect of milling energy input
on flour particle size was analyzed using #-test (two-tailed
distribution) to identify whether an increment in the energy
input had a significant effect on the particle size. Prior, F-test
was used to test for equal variances. The effect of milling
and cultivar on the extraction efficiency (yields and compo-
sition) was completed using analysis of variance (ANOVA)
followed by Tukey’s post hoc test. OriginPro (OriginLab
Corp., Northampton, Massachusetts, USA) was used to
apply all statistical tests. Significant difference was defined
as p<0.05.

Results and Discussion

Effect of Milling Energy Input on Flour Particle Size
The milling energy input is positively correlated with a
decrease in flour particle size (Palavecino et al., 2019). This

first part of the study investigated the impact of the energy
input on the achievable flour particle size of yellow and
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green peas. To reveal the particle sizes at different energy
inputs and find the minimum attainable particle size, the
energy input was varied from Egy;; =2.39 to 260 kJ/kg.

Overall, only slight differences in particle size were found
between the two cultivars tested at the different energy
inputs. Milling reduced the particle sizes of yellow and
green peas similarly at different energy inputs. A minimal
milling process at around 2 kJ/kg for yellow and green peas
resulted in very coarse flours with ~75% (w/w) of particles
being > 2 mm and ~ 10% (w/w) of particles being < 1 mm in
both cultivars. Increasing the milling energy to a low input
(around 6.5 kJ/kg) increased the < 1 mm fraction to ~38%
(w/w). After a moderate input (47 kJ/kg), more than 90%
(w/w) of particles of yellow and green pea flours were < 1
mm. Increasing the energy input further decreased the
particle size of all samples <1 mm when the energy input
exceeded around 80 kl/kg. Figure 2 shows the resulting d; ,
and d,, for the 1 mm fraction from both cultivars.

Milling further at an intense energy input (180 kJ/kg for
both cultivars) significantly reduced the dy, to 2.24 +0.01
pm and 2.27+0.01 pm for yellow and green pea flours,
respectively. At this energy input, the d;, was 1.31+£0.01

pm for both cultivars. No significant difference in the dy,
was found in the flours milled at higher energy inputs for
each cultivar. For this reason, the energy input range of 2.39
to 180 kJ/kg was chosen for all further experiments. More-
over, Fig. 2 also includes the surface area distribution of
the < 1 mm fractions of flours after minimal, low, moderate,
high, and intense milling for yellow and green flours. The
particle size distributions of the flours from both cultivars
were similar at the chosen energy inputs. After moderate and
high milling inputs, the flours had a multimodal distribution
for surface area with two peaks at 5 and 20 pm. After intense
milling input, the flours had a clear bimodal distribution
with peaks with maxima at 0.5 and 2 pm.

The structure of pea cotyledon consists of storage cells
of 100 to 150 pm where starch granules of 5 to 30 pm and
protein bodies < 10 pm are embedded (Jiang et al., 2021;
C. Kornet et al., 2020; Monnet et al., 2019; Pelgrom et al.,
2013). It can be expected that these storage cells are dis-
rupted during the milling operation. Depending on the mill-
ing energy input applied, starch granules can be exposed
but remain within the cells, released as a whole, or frag-
mented (i.e., particles <30 pm). In contrast, protein bodies

Fig.2 Particle size analysis 350 T avelow 1750 12 Vol e——
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can be present either attached to the surface of the gran-
ule, absorbed in vacuoles, or free in the form of aggregates
(Dashek & Clore, 2017; Moller et al., 2021; Monnet et al.,
2019). Hence, the different flours obtained in this study from
both cultivars likely contained a mixture of these elements.
After minimal milling, flours would most likely contain large
fragments of cotyledon (~90% w/w of the flour> 1 mm),
partially disrupted storage cells (< 100 pm), and minimal
fractions of released starch granules (<30 pm). Increasing
to moderate and high energy inputs, the disrupted storage
cells would then be reduced further into starch granules with
attached protein bodies (<30 pm). Free forms of proteins
and damaged starch granules therefore most likely compose
the peaks at 5 and 20 pm (Fig. 2). Finally, after an intense
milling input, flours would contain mostly small damaged
starch granules and partially disrupted and free protein bod-
ies composing the peaks with maxima at 0.5 and 2 pm.

Effect of Particle Size on Mass and Protein Yields

The protein extraction was carried out by wet fractionation
through alkaline solubilization-isoelectric point precipitation
using flours of peas milled at minimal, low, moderate, high,
and intense milling energy inputs. Wet mass balance, dry
mass (powder) balance, and protein yield of the fractiona-
tions were calculated and are illustrated in Fig. 3 for yellow
pea flours and in Fig. 4 for green pea flours.

Wet and Dry Mass Balances

The wet balance shows that the alkaline solubilization-iso-
electric point precipitation route generates large amounts
of side-streams, i.e., the ARF. The SRF can be considered
a side-stream of protein extraction, but it is used to produce
pea starches. In general, when yellow and green pea flours
were subjected to intense milling that resulted in the small-
est particle size (d; ,= ~1.3 pm and dgy= ~2.2 pm in both
cultivars), the ARFs represented 77% of the initial wet mass
(77.0+1.1% for yellow and 76.4+2.5% for green) and the
SRFs represented 68% of the initial dry mass (67.1+6.0%
for yellow and 68.2 +3.7% for green). In comparison, the
final product of the protein extraction process (GRF), rep-
resented only about 3% of the total wet mass (3.3+0.1%
for yellow and 3.3 +0.2% for green) and 13% of the dry
mass under the same conditions (13.4 +0.3% for yellow and
13.7+1.1% for green).

When increasing the energy milling input from minimal
to intense, wet mass yield of SRF decreased using yellow
and green pea flours. Conversely, the recovery of GRF and
ARF increased in the fractionation process from both flours
due to decreased particle sizes and increased surface area
after milling. Higher milling input enhances the extraction
of PRF. Differences between balances show that the SRF

Wet mass balance (%)

10 flour +
GRF 1.1 —
= Yellow minimal 20 "ater PRF 73.4|:| GRF 2.7—
= Yellow moderate GRF 3.3=—
= Yellow intensé PRF 71.2 I:I
|:| PRF 80.3 I:l ARF 72.2§>
Water
[:I SRF 26.6 © M 685»
SRF 28.7 D ARF 77.0§>
SRF19.7 D
Dry mass balance (%)
100 dry mass PRF 10.5= GRF 4.1 =
Yellow minimal PRF 2440 GRF 11.3=
PRF 30,00 GRF 134
Yellow moderate
Yellow intense |:| SRF 33_5
ARF 64 =
I:I SRF73.33) ARF 13.1 =
SRF 67.1 %) BRI s
Protein yield (%)
e 100 protein PRF-18.6:0 GRF 13.2 =
Yellow minimal PRE 575 D GRF 421
) Yellow moderate l:l PRF 71 -ZD GRF5213
)Yellow intense |:|
SRFE 84.6)
|:| ) ARF 54—
SRF 43.0 ARF154>
SRF288'D ARF18:0m

Fig.3 Wet and dry mass balance as well as protein yield along the
fractionation process from yellow pea flours after minimal (2.39 kJ/
kg), moderate (47.4 kJ/kg), and intense (180 kJ/kg) milling condi-
tions. PRF: protein-rich fraction; SRF: starch-rich fraction; GRF:
globulin-rich fraction; ARF: albumin-rich fraction. The total ranged
from 100+0.2% to 100+0.3% for the wet mass balance, 97 +6.4% to
101 £3.1% for the dry mass balance, and 99 +7.7% to 103 +2.5% for
protein yield

contains a high solid content whereas the ARF contains large
amount of water. Further downstream operations of ARF
therefore require the capacity to process large volumes.

Protein Yields

Starch Fraction. As shown in Figs. 3 and 4, the SRF
mass decreased when increasing the energy input. This is
explained by an increase in protein recovery in the GRF
and ARF, which was a result of enhanced protein extraction
from the SRF. More protein is being solubilized from the
flours milled at higher energy inputs showing that larger
surface area increases extraction efficiency. When increasing
the energy milling input from minimal to intense, the protein
content in SRF significantly decreased from 18.9+0.5% to
8.5+ 0.1% using yellow pea flours and from 19.4 +0.4% to
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Fig.4 Mass balance of wet and dry mass and protein yield along
the fractionation process from green flours after minimal (2.74 kJ/
kg), moderate (47.6 kl/kg), and intense (180 klJ/kg) milling condi-
tions. PRF: protein-rich fraction; SRF: starch-rich fraction; GRF:
globulin-rich fraction; ARF: albumin-rich fraction. The total ranged
from 100+0.1% to 100+0.3% for the wet mass balance, 97 +2.1%
to 105 +3.2% for the dry mass balance, and 102 +2.1% to 109+ 1.6%
for protein yield

9.5+ 1.0% using green pea flours. However, no significant
increases in extraction yields from the SRF were found any-
more for high and intense milling for both cultivars.

The particle sizes in flours after intense milling
(d3,=~1.3 pm and dyy= ~2.2 pm in both cultivars) should
have sufficed to expose protein bodies (< 10 pm) from the
storage cells. Yet~30% of the protein was retained in the
SRF even for the smallest particle sizes obtained under
intense milling. Kornet et al. (2020) showed that smaller
aggregates of protein bodies attach to the starch granules and
become insoluble, which means they do not solubilize into
the PRF and remain in the SRF. This effect might be induced
by the milling process that may promote electrostatic attrac-
tion between protein bodies and cell wall fragments or starch
granules (Moller et al., 2021). Electrostatic attraction of par-
ticles occurs when they become charged through electron
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transfer by contacting each other (contact electrification) or
by impacting on the milling vessel (Hemery et al., 2009).
In general, protein fractions are charged to a much higher
extent than starch fraction after milling (Assatory et al.,
2019). Perhaps, the solubilization conditions used during
the extraction were insufficient to overcome the strength of
these interactions.

Globulin Fraction. As the milling energy input increased
from minimal to intense, the protein yield of the GRF signif-
icantly increased using yellow and green pea flours as shown
in Fig. 5. Higher milling energy inputs reduced particle sizes
and increased surface area of flour particles which enhanced
the extraction of pea proteins. No significant differences in
the yields and contents of protein were found in the fractions
from flours obtained with high milling and intense milling
inputs for each cultivar and between them. This indicates
that there is an optimum particle size at which maximum
globulin solubilization is achieved and decreasing the par-
ticle size further does not increase the solubilization. In
this study, the optimum particle size was dgy=617 +34 pm
(d3,=24.0£3.1 um) for yellow peas and dgy =527 +27 pm
(d3,=17.7£0.4 pm) for green peas. In addition, this study
also found that among all milling conditions, 71 to 73% of
the solubilized proteins in PRF from yellow pea flours ended
up in GRF, whereas slightly higher recoveries were found
from green pea flours with 75 to 78% of the solubilized pro-
teins in the PRF ended up in GRF.

Results in the GRFs from yellow and green pea flours
milled at high energy input were similar to previous studies
(Adebiyi & Aluko, 2011; Boye et al., 2010; Chang et al.,
2022; Karaca et al., 2011; C. Kornet et al., 2020; R. Kor-
net et al., 2022; Lam et al., 2017; Stone et al., 2015). They
reported protein contents in protein isolates (i.e., the GRF)
from 70 to 82% (nitrogen-to-protein conversion of 5.36 as
used in our study) and protein yields from 44 to 68% (protein
extracted in the dry powder extracted from the protein in
the flour). Also, our results were in the range of the protein
contents of five commercial pea protein products (48 to 79%)
reported in Burger et al. (2022). The broad range of their
protein contents, however, suggests that different protein
extraction methods or downstream processes were applied
in their production.

Nevertheless, limited studies reported the particle size
of the flours used for the extraction process and its effect on
the wet fractionation of peas. Higa et al. (2022) concluded
that pulses flours with smaller particle sizes (d, 3 =63 to
142 pm and dyq =195 to 318 pm) had higher extraction and
protein yields in their protein concentrates than the flours
with larger particles (d, ;=312 to 413 pm and dg; =752 to
945 pm), which is in line with our results. In the GRF from
yellow peas, the protein yield and content were 65.2% and
79.5%, respectively, from flour with small particles (d, ;=86
pm and dg, =249 pm). The protein yield was higher than the



Food and Bioprocess Technology
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values reported in this study from flours with smaller par-
ticles. Lam et al. (2017) also reported higher protein yields
from six different yellow and green pea cultivars. Using
flours refined through a 1 mm screen, they obtained pro-
tein yields from 64.5 to 67.5% but no significant differences
were found between cultivars. Like Higa et al. (2022), both
used defatted flour and flour dispersion at pH 9 to 9.5 which
differed from the conditions used in the present study, i.e.,
whole flour with extraction at pH 8.

Gao et al. (2020) reported a significant increase of pro-
tein yields at higher alkaline conditions (49.2% at pH 8.5,
52.4% at pH 9.0, and 57.6% at pH 9.5) but lower yields
compared to previously reported values. Hence, our data
need to be interpreted with caution and it could be that also
other effects beyond pH value during the extraction step
play an important role here, especially because the globulins
typically show no considerable increase in solubility above
pH 8 (Grossmann, 2023; Kimura et al., 2008). Moreover,
the protein content in the GRF is not affected by the pH,
as demonstrated by Cui et al. (2020) who studied protein
extraction in different yellow pea cultivars from pH 8.5 to
10. We hypothesize that the adhesion mechanism between

Specific energy input (kJ/kg)

protein bodies and starch granules previously explained was
the main factor that limited the solubilization of proteins, but
more studies will be needed to confirm this.

Albumin Fraction. In the ARF, protein yield increments
were also observed as shown in Fig. 5. When increasing the
energy milling input from minimal to intense, the protein
yield in ARF significantly increased using yellow and green
pea flours due to increased surface area. No significant dif-
ferences in the protein yields were found using yellow pea
flours milled at moderate, high, and intense energy inputs.
Under these conditions, the protein content of the ARFs was
around 23% and showed no significant differences between
them. Hence, the optimum particle size to obtain ARF from
yellow pea flours was doy=906+9 pm (d;,=46.2+1.4
pm). In the ARFs from green pea flours, no significant
differences in protein yields were found when the milling
energy input was increased from high to intense. The protein
contents of the ARFs under these conditions were around
19% and showed no significant differences between them.
For green pea flours, the optimum particle size to obtain
ARF was dyy=527+27 pm (d3,=17.7+0.4 pm). When
comparing between cultivars, no significant differences in
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the protein yield and content were observed from both opti-
mum conditions.

Protein contents in the ARF were previously reported as
well (nitrogen-to-protein conversion of 5.36 as used in our
study). For instance, Kornet et al. (2020) studied yellow pea
flours (80 pm) and obtained ARF with protein contents of
19.8% and protein yield of 17%. In a later study, Kornet et al.
(2022) showed higher protein content in the ARF (48.9%)
and lower protein yield (12.3%) from flours from yellow
peas (80 pm). This was explained due to the use of dia-
filtration as an additional downstream operation. Likewise,
Yang et al. (2022) obtained an ARF with 49% protein con-
tent (12.3%) after diafiltration.

Protein Profile of the Fractions

Under reducing conditions in SDS-PAGE, we performed a
qualitative analysis of the proteins in yellow and green flours
as well as the fractions (SRF, GRF, and ARF) obtained from
the extraction process after minimal and intense milling.
As shown in Fig. 6, yellow and pea flours contain differ-
ent globulin and albumin proteins, with legumin and vicilin
being the most dominant protein fractions. Based on the
band intensity, no considerable differences in the content of
legumin and vicilin among different untreated green and yel-
low pea flours were identified (Choi et al., 2022; Lam et al.,
2017). After the wet fractionation method to produce protein
isolates, the presence of the pea proteins overall was similar
in the fractions, except in ARF, after minimal and intense
milling. In ARF, a broader range of proteins was observed
after intense milling. Among the fractions, the profile of

From Yellow Peas

AREF differed from the GRF which showed similar ranges
of proteins with the SRF and pea flours.

The GRF was comprised of a broad range of pea proteins:
the 11S fraction (legumin) and the 7S fraction (vicilin and
convicilin) of the globulin component and lipoxygenases,
lectins, pea albumin 1 (PA1), and pea albumin 2 (PA2) of the
albumin component. Conversely, the ARF mainly had ~30
kDa vicilin, legumin p-subunit, lectins, PA1, and PA2 which
overall had lower MWs. The protein profile of ARF also
included lipoxygenases that have higher MW (100 kDa).
Dziuba et al. (2014) reported pea albumin component with
high MW proteins (~50 to 110 kDa) which might include
pea albumin large (PMA-L) fraction and pea albumin small
(PMA-S) fractions. The presence of some globulins in the
AREF can be also possible with differences in the solubility
at the isoelectric point of 4.5. Further studies are needed to
characterize the protein composition of ARF. Overall, simi-
lar differences between GRF and ARF were also reported
in previous studies (Chang et al., 2023; Moller et al., 2022).

Starch Yields

In general, we found that the majority of the starch from
flours ended up in the SRF (87.8 £6.3% to 95.4+1.4%).
No significant differences in the starch yields were found.
When increasing the energy input, the starch content of SRF
increased from 46.9+0.7% to 55.6 +0.2% using yellow pea
flour and from 42.7 +3.6% to 56.3 +2.0% starch using green
pea flour. However, changes in the starch content were not
significant among different milling intensity conditions and
between cultivars. In the GRF and ARF, less than 2% of
starch yield was obtained for each fraction independently of

From Green Peas

- M.W. |Yellow SRF GRF ARF M.W. | Green SRF GRF ARF
(kia) Marker | Flour [Minimal Intense[Minimal Intense [Minimal Intense| Marker | Flour [Minimal Intense [Minimal Intense [Minimal Intense
250 v
150
100 ~ Lipoxygenase
7 Convicilin
50 Legumin a
Legumin B

37

25
20

/
R N

IREEIR
UL A

e —
—

.
! -
= = ‘

Fig.6 Protein profile visualized by reducing SDS-PAGE of yel-
low and green pea flours and SRF, GRF, and ARF from the protein
extraction process after using minimal (2.39 kl/kg for yellow and
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the energy input. Using yellow pea flours, the starch content
of GRF decreased from 5.2+0.1% to 2.4 +0.1%; and using
green pea flours, it decreased from 5.4 +0.6% t0 2.2 +0.2%.
In the AREF, the starch content increased with increasing
milling intensity from 1.7 +0.4% to 4.7 +0.3% for yellow
pea flour and from 2.2 +0.1% to 3.7 +0.6% for green pea
flour. This might be due to the solubilization of starches
due to the disruption of starch granules at higher milling
intensities.

Effect of Particle Size on Antinutritional Factor
Extraction

Phytic Acid

Initially, the content of phytic acid in the untreated flours
was measured. A phytic acid content of 8.5+0.2 mg/g in
yellow pea flour and 9.9 +0.7 mg/g in green pea flour was
found as shown in Table 1. Although a higher content of
phytic acid was identified in green peas, there is no correla-
tion between cultivars with different cotyledon colors and
phytic acid content (Amarakoon et al., 2012). In general, our
values were slightly higher than previous data reported in lit-
erature that ranged from 4.5 to 8.3 mg/g (Amarakoon et al.,
2012; Gultekin Subasi et al., 2024; Millar et al., 2019; Wang
et al., 2008). These studies concluded that phytic acid in
yellow and green peas depends on the cultivar and its origin.

In the SRF, similar to the protein yield results, the con-
tent of phytic acid significantly decreased in the fractions
when increasing the milling energy. Its phytic acid con-
tent decreased from 8.5 +0.1 mg/g (82.4+1.3% yield) to
3.4+0.1 mg/g (25.1+0.7% yield) in the fractions from yel-
low pea flours when increasing the milling from minimal
to intense energy input. Likewise, the content decreased
from 8.1+0.1 mg/g (70.2+0.3% yield) to 1.9 +0.2 mg/g
(12.4 +1.5% yield) in the fractions from green pea flours
after a similar increase in milling energy conditions. Hence,
the reduction of phytic acid in the SRF indicated that it was
released alongside the proteins from the flour at pH 8. The
inherent association between protein and phytic acid has
been previously reported (Chigwedere et al., 2023; Fredrik-
son et al., 2001), and it is known that at pH > 6, phytic acid
is soluble due to interactions with proteins and multivalent
cations from minerals (Amat et al., 2024; Cheryan & Rackis,
1980).

Figure 5 shows the contents and yields of phytic acid in
the GRF and ARF obtained from flours milled at increas-
ing energy inputs. In the GRF, the phytic acid yield signifi-
cantly increased when increasing the milling energy input
from minimal to intense in both cultivars. However, no sig-
nificant differences were found in the phytic acid contents
of GRF when increasing the energy inputs within each
cultivar. When comparing yellow and green flour, it was

revealed that the phytic acid contents in the GRFs from
green pea flours milled at intense and high energy inputs
(33.5+0.5 mg/g and 35.5 + 0.4 mg/g, respectively) were
significantly higher than the phytic acid contents among
all the GRFs from yellow pea flours. No significant dif-
ferences were found between the GRFs from green pea
flours milled at low and moderate energy inputs (27.3 +3.0
mg/g and 28.5 + 3.6 mg/g, respectively) and all the GRFs
from yellow pea flours. These values were in a similar
range than previously reported, which ranged from 9.6
to 25.5 mg/g (Chigwedere et al., 2023; Gultekin Subasi
et al., 2024; Pedrosa et al., 2020). Phytic acid yields in the
protein fractions, however, were lower than expected. In
acidic conditions, phytic acid has a strong phytate-protein
interaction which explains that 60 to 70% of the initial
phytic acid from soybean ended up in the protein isolates
prepared by isoelectric precipitation (Cheryan & Rackis,
1980). Differences in the protein profile, pH, and ionic
strength in the protein fractions might explain the differ-
ences (Amat et al., 2023).

In the ARF, the yield and content of phytic acid sig-
nificantly increased in both cultivars when increasing the
milling energy input from minimal to intense. The ARF
from intense energy input in yellow flour had significantly
higher concentration of phytic acid (16.3 +0.3 mg/g) than
the ARFs from moderate and intense input (14.1+0.1
mg/g and 13.1 +0.2 mg/g, respectively). No significant
differences were found, however, in the phytic acid con-
tents of ARFs from green pea flours milled at moder-
ate, high, and intense energy inputs (24.3 +0.6 mg/g to
27.4+ 1.2 mg/g). These fractions had significantly higher
contents of phytic acid than the ARFs from all yellow pea
flours evaluated.

In conclusion, the phytic acid content in the ARF was
affected by the cultivar and energy input. To produce
an ARF with lower phytic acid content can be tailored
by particle size and cultivar without neglecting its pro-
tein content. In this study, the optimum condition (i.e.,
maximum protein content and minimum phytic acid)
was the use of yellow pea flours with dyy, =617 +34 pm
(d3,2 =24.0+3.1 pm). Conversely, in the GREF, its content
was not affected by energy input but by cultivar. The use
of yellow pea flours produced GRF with lower phytic acid.
Moreover, evaluating the mineral composition of the ARFs
and GRFs, especially zinc and iron, would help to better
evaluate the nutritional risk of the presence of phytic acid.
Higher concentrations of these minerals can overcome the
interference by phytic acid during mineral absorption in
the digestive tract (Amarakoon et al., 2012; Auer et al.,
2024, Millar et al., 2019). Moreover, membrane filtration
or micellar precipitation can help to reduce the phytic
acid content in the GRF and ARF (Fredrikson et al., 2001;
Taherian et al., 2011; Tanger et al., 2020).
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Trypsin Inhibitors

Yellow and green pea flours had an initial inhibitor content
of 4.0+0.1 TIU/mg and 3.2+ 0.1 TIU/mg, respectively, as
shown in Table 1. Like phytic acid, the content of trypsin
inhibitors in peas depends on the cultivar and origin rather
than the cotyledon color. Among different cultivars, trypsin
inhibitor content can vary between 1.3 and 5.5 TIU/mg
(Fenn et al., 2022; Millar et al., 2019; Reinkensmeier et al.,
2015; Wang et al., 2008). In this work, yellow pea flour con-
tained higher trypsin inhibitors than green pea flour.

In the SRF, the trypsin inhibitor activity significantly
decreased in the fractions with increasing milling energy
input from minimal to intense. Its trypsin inhibitor activ-
ity decreased from 3.6 +0.3 TIU/mg (73.2 +£5.2% yield) to
0.4+0.1 TIU/mg (6.9 + 1.0% yield) in the fractions from
yellow pea flours. Likewise, it decreased from 3.0+ 0.1
TIU/mg (78.9 +3.7% yield) to 0.5+0.1 TIU/mg (9.5 +0.4%
yield) in the fractions from green pea flours under similar
conditions. As observed with other fractions, a threshold
was identified and no significant difference in the inhibitor
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activity in the SRF was observed when the milling energy
intensity was increased from high to intense milling inputs
for each cultivar and between them.

The reduction of trypsin inhibitors in the SRF with a
decrease in particle size indicated that it was released along-
side the proteins during solubilization at pH 8. A larger
surface area of pea flours increased extraction efficiency of
trypsin inhibitors. However, the measured trypsin inhibitor
yield in the PRF was only around 30% from both studied yel-
low and green flours milled at high and intense energy input
(which had the highest protein yields). In the GRF and ARF,
as shown in Fig. 5, the trypsin inhibitor yield was only 12%
in both fractions from yellow and green pea flours milled
at intense energy input. Hence, it seems that the extraction
procedure has influenced the trypsin inhibitor activity, high-
lighting the necessity for further investigation to pinpoint the
precise mechanism involved.

No significant differences in the trypsin inhibitors were
found in the GRF obtained from flours milled at increas-
ing energy inputs and in the ARF obtained from the same
flours. Milling energy input was not a factor that affected
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the content of trypsin inhibitors in both fractions. However,
differences between cultivars were observed. When com-
paring both cultivars, the trypsin inhibitors in the GRFs
from yellow pea flours milled under moderate, high, and
intense input (3.9+0.3 TIU/mg to 4.0+ 0.3 TIU/mg) were
significantly higher than their content in the fractions from
all green flours studied. Moreover, no significant differences
in the trypsin inhibitors were found in the ARF from green
peas milled at high and intense input (2.6 + 0.4 TIU/mg and
3.6 +£0.5 TIU/mg, respectively) and the fractions from all
the yellow pea flours studied.

Earlier studies reported varying trypsin inhibitor activi-
ties in protein isolates from different pulses using the wet
fractionation method by alkaline solubilization-isoelectric
point precipitation. Trypsin inhibitor activities in protein
isolates (i.e., GRF) derived from different peas ranged
from 0.13 to 3.7 TIU/mg (Cipollone & Tironi, 2020;
Fernandez-Quintela et al., 1997; Pedrosa et al., 2020).
However, no data has been previously published that
reported the trypsin inhibitor activity in the ARF.

Conclusions

Increasing the energy input during milling of peas resulted
in a decrease in particle size and increase in surface area.
Smaller particle sizes (i.e., larger surface area) enhanced
co-extraction efficiency of proteins and ANFs from pea
flours during the alkaline extraction-isoelectric point
precipitation process. Higher protein contents, but also
higher ANFs, were recovered in the final protein products
(i.e., GRF and ARF) at higher milling input as shown in
Fig. 7. Most proteins ended up in the GRF which has been
traditionally the final product of the extraction process.
However, the ARF was the largest fraction by wet mass,
which resulted in considerable amounts of protein that
can be recovered from this fraction (5 to 19%). A mill-
ing energy input of around 130 kJ/kg (dgy~570 pm and
d3 ,~20 pm) might suffice to prepare yellow or green pea
flours to obtain maximum protein yields in the GRF and
ARF. With this condition, to produce 1 kg of dry GRF
with a protein content of 77%, approximately 10 kg of
yellow or green peas would be required; and to produce
1 kg of dry ARF with a protein content of 22%, approxi-
mately 30 kg of yellow peas or 36 kg of green peas would
be required. No practical differences would exist in the
content of starch, phytic acid, and trypsin inhibitors in the
final products when the energy input is increased beyond
130 kJ/kg. Thus, milling intensity has a considerable influ-
ence on total and protein yields, which is important to
design optimized plant protein extraction processes.
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