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ABSTRACT

Unrefined pea (Pisum sativum) flour is a promising food material that can either serve as a functional standalone ingredient
or as the starting material to extract functional proteins and starches. This observational study used rapid screening of 650 pea
accessions, which span a domestication range from wild species to modern cultivars, to select 20 representative samples based
on near-infrared spectral differences, capturing broad compositional diversity and illustrating how intrinsic physicochemical
and protein functional traits influence their suitability in foods. To investigate the intrinsic variability, the physicochemical
properties (surface charge, thermal properties, particle size), functional characteristics (solubility, interfacial tension), and visual
characteristics were analyzed. Small variations in surface charge conditions were found at pH 5 and 7, whereas the charge varied
from 2.7+1.4 to 11.5+1.4mV at pH 3. However, high variations were found in protein solubility that ranged from 28.4% + 5.1%
t0 92.2% +1.5% at pH 7, and differences in protein characteristics were also identified in thermal denaturation temperatures that
ranged from 85.2°C+0.2°C to 99.6°C+0.8°C. These observations were confirmed through microstructural characterizations
that also showcased the intrinsic color and size differences of the main constituents (starch granules and protein bodies). The
findings of this study indicate that there are significant variations in the physicochemical and functional properties of different
pea flours, which have considerable potential for the food industry. This highlights the importance of selecting the appropriate
pea raw materials for optimal results in various food applications.

1 | Introduction Production of quality foods with high consumer acceptance

requires a consistent composition and quality of the raw mate-

Plant proteins are sustainable food ingredients (Grossmann 2023;
Zhao et al. 2020). Especially the field pea ‘Pisum sativum’ has
attracted much attention over the last decade, and pea protein
ingredients (flours, concentrates, and isolates) are frequently
used to formulate foods such as plant-based meats or dairy al-
ternatives (Ding Tao et al. 2023; Santos et al. 2019). The reason
is that peas are known for their minimal allergenicity and their
relatively high protein quality with a digestible indispensable
amino acid score (DIAAS) of up to 1.0 (Guillin et al. 2022).

rials (Liu et al. 2023). Several studies indicated that there are
substantial fluctuations in the quality parameters of pea protein
ingredients depending on their extraction procedure, resulting
in changes in their functional attributes (Hansen et al. 2022).
For example, Tanger et al. (2020) reported different solubility
profiles when pea proteins were extracted using salt, micellar
(i.e., formation of insoluble pellets), and alkali-isoelectric point
precipitation. Moreover, the solubility profiles obtained through
these different lab-scale extraction methods were very different
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compared to a commercial sample. The commercial sample
exhibited very low solubility (<10% over the pH range 3 to 8).
In contrast, the samples prepared by the authors showed high
solubility in the acidic as well as neutral to alkaline pH range,
which was also observed by Hansen et al. (2022). Differences
like these may stem from unfavorable processing conditions
such as pH and temperature, leading to protein denaturation
and aggregation, ultimately altering protein functionality such
as emulsification, foaming, gelation, and digestibility (Chao and
Aluko 2018; Shand et al. 2007).

The studies mentioned above mainly focused on how differ-
ent extraction procedures and conditions affect the molecular,
physicochemical, and functional properties of pea ingredi-
ents. The studies are typically based on randomly selected pea
seeds or pea flours, and the natural variability of different
pea accessions is typically not considered. Accessions are de-
fined as “[...] uniquely identifiable sample of seeds represent-
ing a cultivar, breeding line or a population [...]” (FAO 2018).
However, it is well known that the composition of plant seeds
is affected by internal (i.e., genetic makeup) and external (i.e.,
cultivation conditions) parameters (Chen et al. 2023; Mertens
et al. 2012). Especially, the differences in functional and phys-
icochemical properties between different pea accessions have
not been well studied yet. Previous studies mainly looked into
the proximate composition of different pea accessions and re-
vealed considerable differences between the individual seeds
(Choi et al. 2022; Kotlarz et al. 2011; Taghvaei et al. 2022;
Vidal-Valverde et al. 2003). For example, Choi et al. (2022)
revealed that the protein content of 62 pea accessions ranges
from 169.0 to 230.3 gkg™!. Moreover, other studies focused on
investigating the physicochemical and functional properties
(e.g., solubility, foaming, emulsification) of pea proteins iso-
lated from different pea accessions and generally showed that
these properties vary between pea samples (Garcia Arteaga
et al. 2021; Lam et al. 2016). This highlights the need for se-
lecting the right pea raw materials when it comes to tailoring
ingredients toward specific applications.

However, these studies examined the variance in protein prop-
erties arising from isolated compounds, leaving a gap in com-
prehensive research on the functional attributes of unrefined
pea flours. This is despite recent research indicating that pea
flour might exhibit comparable functional properties to iso-
lated compounds, offering potential benefits for incorporating
minimally processed pea flour as a functional ingredient into
foods (Hall and Moraru 2021). Moreover, less-refined ingredi-
ents are generally associated with a lower environmental foot-
print. Studies on yellow peas show that aqueous fractionation
reduces all environmental impact indicators by approximately
30%-40% compared to state-of-the-art fractionation methods,
with reduced impacts also evident when expressed on a pro-
tein basis (Lie-Piang et al. 2021). However, flours may exhibit
even lower environmental impacts, as no fractionation is re-
quired, thereby minimizing energy inputs and avoiding ma-
terial losses. Beyond serving as a standalone food ingredient
for specific applications, pea flour is the starting material to
extract functional proteins, and therefore selecting the right
flour is crucial to obtain an ingredient with the desired prop-
erties. With the increase in pea protein consumption, there is
an opportunity to further investigate the physicochemical or

functional properties of pea flours and find novel pea acces-
sions that might have unique physicochemical or functional
properties that can then be cultivated on a larger scale in the
future. This could enable the discovery of flours with high
functionality, eliminating the need for extensive downstream
processing to isolate specific compounds from the seed, thus
offering potential benefits in terms of water and energy con-
servation (Lie-Piang et al. 2021).

The goal of this observational study was to show how rapid
screening can uncover compositional differences among pea ac-
cessions. Out of 650 accessions, 20 representative flour samples
were selected to reflect the wide range in composition and to
highlight differences in physicochemical and protein functional
properties, demonstrating how intrinsic traits shape their suit-
ability for use in foods.

2 | Materials and Methods
2.1 | Materials

The pea seeds used in this study were supplied by The Nordic
Genetic Resource Center (NordGen, Alnarp, Sweden). NordGen
possesses a diverse collection of seeds originating from the
Nordic countries. The collection spans a wide range of pea vari-
eties and domestication levels. All accessions used in this study
can be ordered from NordGen (https://www.nordgen.org).

The pea seeds underwent drying post-harvest at a relative hu-
midity of 150gkg" until they attained a moisture content of a
maximum of 80gkg™'. They were subsequently stored at —18°C
in three-layered aluminum bags to minimize moisture ex-
change. Thawing was carried out at ambient temperature. All
other chemicals used in this study were of analytical grade and
obtained through VWR (Radnor, PA, USA).

2.2 | Methods
2.2.1 | Selection of Pea Accessions

Six hundred fifty pea accessions were screened in reflectance
mode using a FOSS NIRS DS3 (FOSS Analytical, Hilleroed,
Denmark). In the instrument, a light bulb emits light at wave-
lengths ranging from 400 to 2500 nm into the sample. The light
reflects from the sample toward a detector. The detector regis-
ters the intensity of the light at different wavelengths reflected
from the sample, creating an absorbance spectrum representing
the chemical fingerprint of the sample (Osborne et al. 1993).
For the measurements, the pea seeds were placed in a measur-
ing cup at ambient temperature. Each spectrum obtained was
created from an average of seven sub-scans. To ensure repre-
sentative measurements, the pea seeds were mixed in the ves-
sel between each of the three replicate scans. The spectra were
analyzed using MATLAB (R2022b, MathWorks, Natick, USA)
and PLS_Toolbox (version 9.2 (2024), Eigenvector Research,
Manson, USA). Two pre-processing methods were applied to the
spectral data: Standard normal variate and mean centering to
reduce the noise and the baseline effect in the spectra (Tomasi
et al. 2004).

20f 14

Sustainable Food Proteins, 2026


https://www.nordgen.org

Principal component analysis (PCA) was performed to visualize
differences in the spectral profiles of the pea seeds. Based on
the PCA, 20 pea accessions representative of the spectral varia-
tion of the pea seed collection were selected for the present study
(see section 3.1), which also had different geographical origins
(Table S1). This selection was performed based on the placement
of a score in the score plot since grouped scores share a common
feature with the principal component, while scores opposite in
the score plot are negatively correlated (Bro and Smilde 2014).
The 20 selected pea accessions were therefore chosen to cover
all underlying relations referring to their spectral and compo-
sitional differences. The overall approach is shown in Figure 1.

2.2.1.1 | Compositional Analysis of Whole Peas

2.2.1.1.1 | Protein. The protein content was determined
with the Dumas method (Dumatec 8000, FOSS Analytical, Hil-
leroed, Denmark) according to the official reference method
ISO 16634 (FOSS Analytical 2019). The nitrogen content
was multiplied by a protein factor of 5.36 (Frangois Mariotti
and Mirand 2008).

2.2.1.1.2 | Total Lipids. The lipid content was determined
according to ISO 11085 by initially hydrolyzing (Hydrotec 8000,
FOSS Analytical, Hilleroed, Denmark) the pea flour with hydro-
chloric acid for 2h (FOSS Analytical 2018a). The lipid extraction
(Soxtec 8000, FOSS Analytical, Hilleroed, Denmark) was per-
formed using petroleum ether for 1h (FOSS Analytical 2018b).

650 Pisum sativum Accessions

!

Near Infrared Spectroscopy

!

650 Spectra

|

Selection based on placement in
score plot

20 Accessions

A 4

Knife Milling
1 min; 20,000 rom

!

Pea Flour

!

Physicochemical and
functionality tests

}

Identification of promising
accessions

FIGURE 1 | Experimental flowchart that displays how the pea
flours were analyzed.

2.21.1.3 | Starch. The AOAC Method 996.11—specifically
K-TSTA-100A was used to determine the total starch (a-amy-
lase/amyloglucosidase) (Megazyme 2024).

2.2.1.1.4 | Ash. The ash content was determined by the ICC
Standard No. 104/1. A Muffle furnace (Nabertherm GmbH, Lil-
ienthal, Germany) was used for the heat treatment, and a desic-
cator containing silica gel for the cooling (ICC 1990).

2.2.2 | Physicochemical and Functional Properties

2.2.21 | Flour Preparation. Thirty grams of each pea
accession was milled using a knife mill (IKA MultiDrive con-
trol, IKA-Werke GmbH & Co. KG, Staufen, Germany) for 1 min
at 20,000 rpm. The vessel was cooled during the process, which
ensured product temperatures < 30°C. The resulting flours were
transferred into moisture-sealed containers and stored at 4°C
until further use.

2.2.2.2 | Solution Preparation. Pea flour and deionized
water dispersions were prepared at the required concentration
and stirred for 30min until the flour was completely dispersed.
In case further homogenization was needed, the solutions were
homogenized (Ultra Turrax, IKA-Werke GmbH & Co. KG,
Staufen, Germany) at 15,000rpm for 2min. Flour solutions were
adjusted to the required pH (3, 5, or 7, depending on the method)
with HCL and NaOH (0.1-1M and 0.05-0.5M) using a calibrated
pH meter (pHenomenal pH1100L, VWR International, Pennsyl-
vania, USA). The pH was monitored for 30 min before the samples
were transferred for overnight storage at 4°C and readjusted with
an accuracy of +0.1 the next day at room temperature if necessary.

2.2.2.3 | Zeta Potential. To reveal the difference in surface
charge at different pH values, the zeta potential (Zetasizer Nano Z2,
Malvern Instruments Ltd., Malvern, Worcestershire, UK) was
measured. Homogenized solutions with a concentration of 10gkg!
were used to achieve an optimum signal. If needed, the solutions
were diluted with a phosphate-citrate buffer at the respective pH
values (Rex et al. 1989). The folded capillary cells (Malvern Instru-
ments Ltd., Malvern, Worcestershire, UK) were rinsed first with
the buffer at the target pH and then with the solution before being
refilled with the sample solution. The {-potential was determined
by measuring the direction and velocity that the droplets moved
in the electric field applied, and the Smoluchowski equation was
utilized to calculate the ¢-potential.

2.2.2.4 | Thermal Properties. Differential scanning calo-
rimetry (DSC) was used to identify the starch gelation and pro-
tein denaturation temperatures. For this, solutions containing
350gkg™ pea flour were prepared without homogenizing.
In addition, to distinguish between the protein and starch
peaks, the protein was isolated from the flour. Three acces-
sions were selected based on the differences in placement
and magnitude of the enthalpy peaks. For this, 100gkg™" pea
flour solutions were stirred with a magnetic stirrer for 2h with
pH adjustments to pH8 using 1M NaOH every 30 min. The
solutions were centrifuged for 20min at 4500 g to separate
the starch-rich fraction (pellet) from the protein-rich fraction
(supernatant). The protein in the supernatant was subse-
quently precipitated at pH4.5 and separated by centrifugation
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for 20 min at 4500 x g. All samples were subsequently adjusted
to pH 7 before DSC analysis.

All samples were measured in 100 uL aluminum pans that were
hermetically sealed before analysis (TA DSC25, TA Instruments,
New Castle, USA). Each sample was heated from 25°C to 105°C

2.0

Absorbance

0.0 L 1 L 1 " 1 " 1 " 1
400 800 1200 1600 2000 2400

Wavelength (nm)

FIGURE 2 | Raw spectral data derived from NIR spectra of the 650
pea accessions. Nanometer (nm) is represented on the x-axis, and ab-
sorption intensity is represented on the y-axis. Different colors represent
different samples.

0.015

at a heating rate of 3°C/min. All samples were measured twice,
and the results were analyzed with the TRIOS software (TA
Instruments, New Castle, USA).

2.2.2.5 | Static Light Scattering. To measure the parti-
cle size distribution, 10gkg pea flour solutions were prepared
without homogenizing and measured using a Mastersizer 3000
(Malvern Instruments Ltd., Westborough, USA). A refractive
index of 1.45 was chosen, and laser obscuration was around 6.
The results are reported as weighted mean value by diameter
(D3,2) and weighted mean value by volume (D 4,3).

2.2.2.6 | Protein Solubility. The solutions analyzed con-
sisted of 10gkg™" pea flour. To obtain a supernatant for all solu-
tions, 1.5mL was centrifuged (Multifuge X4, Thermo Fisher
Scientific, Massachusetts, USA) for 15min at 20,000 x g. The pro-
tein content of both the supernatant and the solutions before cen-
trifugation was analyzed with the Dumas combustion method
(Rapid MAX N, Elementar Analysensysteme GmbH, Langensel-
bold, Germany). The protein factor used for converting the nitro-
gen content was 5.36 (Francois Mariotti and Mirand 2008). The
protein solubility was then calculated using Equation (1):

Protein SOIublhty = cprotein,supernatant / Cprotein,solution (%)

@

2.2.2.7 | Surface Tension. The dynamic surface tension
of a 10 gkg™" pea flour solution was measured in a bubble pres-
sure tensiometer (BPT Mobile, Kriiss, Hamburg, Germany),
which assesses the highest internal pressure of a gas bubble
generated in a liquid via capillary force at a constant bubble
formation rate. The surface tension can then be calculated
using the Young-Laplace equation. The number of steps was

0.01

0.005

-0.005

Scores on PC 2 (24.23%)

-0.01

0015

-0.03 -0.02 -0.01

0.01 0.02 0.03

Scores on PC 1 (44.67%)

FIGURE3 | Score plot derived from NIR spectra of the 650 pea accessions. PC1 is represented on the x-axis with an explained variance of 44.67%
and PC2 is represented on the y-axis with an explained variance of 24.23%. The 20 selected pea accessions are represented with pea sample numbers

and photos.
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TABLE1 | Chemical composition of 20 pea accessions with pictures of the pea seeds. Pea accession number provided according to Nordic Baltic

Genebanks Information System (GeNBIS).

Pea accession

Protein (gkg~! DM)

Fat (gkg~! DM)

Starch (gkg~! DM)

Ash (gkg™! DM)

Pea sample
G 1 NGB102401 172.91+0.4 18.4%4+0.5 476.02 +4.0 25.98+0.1
‘ 2 NGB11935 180.7M+1.9 23.2Y+0.1 439.7bcde 437 32.5°+0.4
‘ 3 NGB20013 206.69¢8" +18.1 16.6°%¢+0.1 444.7%d¢+12.5 24.3h+0.1
‘ 4 NGB103830 201.3fh +0.6 1719+ 1.6 414.5¢+8.7 28.5¢7+0.2
Q 5 NGB17833 178.3M+1.4 18.1%4+0.1 501.22+10.3 22.9'+0.6
0 6 NGB8646 202.6°8M +0.0 17.2¢9¢+0.3 471.28%¢+21.3 28.2¢6+0.0
. 7 NGB106016 211.5%f + 1.6 17.8°4+0.5 448.8bcde 113 27.3f+0.5
e 8 NGB105418 218.1%4¢fe + 1.0 17.0%9¢+0.2 458,52bcde 417 5 34.5°+0.1
‘ 9 NGB103523 195.38h+2.5 19.2°+0.4 442 2bcde 12 1 25.68"+0.0
. 10 NGB101787 219.20defe 1.2 12.7"8+0.9 375.6%8+6.5 36.52%0.3
‘ 11 NGB102149 230.92bcdef 40 8 17.6%4¢ +0.2 427.1%¢+4.3 24.78"+0.8
12 NGB20205 232.93bcde 10 2 30.22+0.7 337.78+1.1 29.19¢+0.1
(Continues)
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TABLE1 | (Continued)

Pea sample Pea accession Protein (gkg~! DM)

Fat (gkg~! DM)

Starch (gkg' DM) Ash (gkg™! DM)

13 NGB17869 236.93bed + 3.7

23(.32bcdef 4 7 6

14 NGB102153

242.62b¢ +27.7

15 NGB102222

16 NGB24334

256.32+0.7

17 NGB13784 222.8bcdef + 7 8

230.92bcedf 4 3 5

18 NGB102680

250.98b+1.3

19 NGB103050

20 NGB100005 253.7+£1.6

18.14+0.4 469.987¢+11.9 30.34+0.5
14.4°8 + 1.4 442,204 +19 2 29.19+0.3
12.2h+0.3 437.4bcde +16.5 25.38h+0.2
17.4%4¢+0.1 416.5+6.9 27.77+0.2
17.3%4¢+0.6 448.2bcde 137 25.76+0.5
15.89¢f+0.3 464.02vd +0.2 27.9¢+0.1
13.18"+0.4 448.8bcde 151 25.78+0.2
12.2M+0.3 423.4%+13.8 25.88+0.0

Note: Different lower-case superscripts indicate statistically significant differences in the same column (p <0.05). The country of origin of the accessions can be found

in Table S1.

set to n =30 with a start surface age of 10 ms and a stop surface
age of 30,000ms. The measuring chamber was cleaned with
ethanol before filling with the solution. The surface tension
obtained from the pea flour solutions was compared at step
number 30.

2.2.2.8 | Microstructure

2.2.2.8.1 | Light Microscopy. To visualize the microstruc-
ture of the pea flour solutions, light microscopy images were taken.
About 10gkg™! pea flour solutions were visualized (BTW1-213,
National Optical & Scientific Instruments, Texas, USA) with a
40x optic lens and photographed (Motic camera BTX-5A, Kow-
loon Bay, Hong Kong). Before analyzing, a 1:2 dilution was cre-
ated with a citrate-phosphate buffer of the appropriate pH value.

2.2.2.8.2 | Confocal Laser Scanning Microscopy. The
microstructure of the solutions was also visualized using

CLSM (C2+, Nikon, Tokyo, Japan) with a 40X objective. About
10gkg" pea flour solutions were stained with Fluorescein-5-
isothiocyanate (FITC) to visualize proteins, Nile red to visu-
alize lipids, and calcofluor-white to visualize starch. The dyes
were added to the solutions, mixed, and a drop of the stained
solution was added to an object glass with a cover slip on top
before analyzing. The different stains were visualized using
lasers emitting light at wavelengths of 405 to 561 nm that
resulted in colors of green, red, and blue for protein, lipids,
and fiber, respectively.

2.2.3 | Visual Analysis

To visualize the sedimentation rate of the pea flour solutions,
the solutions were photographed (EOS Rebel t7, Canon, New
York, USA) in a lightbox after agitation (t=0min), after 30 min,
and after 60 min.
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2.2.4 | Statistical Analysis

All results generated were analyzed using RStudio (Version
2023.12.0 + 369, Posit Software, PBC, Boston, USA). All exper-
iments were repeated at least twice, and each measurement
was carried out at least in duplicate. ANOVA and post hoc tests
using Tukey's method were performed with a p value of 0.05.
The figures have been plotted in OriginPro (Version 2020).

3 | Results and Discussion
3.1 | Selection Process

The overall aim of this study was to reveal intrinsic differences
between flours of selected pea accessions. The selected acces-
sions span domestication levels from wild species to modern
cultivars. Initially, 650 accessions were screened by collecting
NIR spectra in the range of 400-2500nm. The detector regis-
ters the intensity of the light at different wavelengths reflected
from the sample, creating an absorbance spectrum illustrated
in Figure 2.

Figure 2 illustrates that there is a spectral variation between sam-
ples as the absorption intensity at different wavelengths varies
between samples. This is most likely correlated to the chemical
composition of the sample measured as molecular bonds absorb
at different wavelengths, resulting in a spectrum (Osborne 2000).
The height of the peak (the absorption intensity) can be trans-
lated to the concentration of the molecules absorbing at a given
wavelength by utilizing Lambert-Beer's law (Equation 2):

Azeﬁol~c=—log<£> @)
IO

with A=absorbance, €, = extinction coefficient, [=path length
the light travels in the sample, c=molar concentration in the
sample, I, = path length from the light bulb to the sample,
I=path length from the sample to the detector.

As Equation (2) indicates, if the extinction coefficient and the
path length of the light are constant, the absorbance of light
must be equal to the concentration in the sample (Serensen
et al. 2021). Due to the high signal-to-noise ratio present in the
visual part of the spectra (400-750 nm) illustrated in Figure 2,
this spectral range was excluded in the subsequent analysis.

PCA was performed to investigate the relationship between
the samples. To reduce the signal-to-noise ratio and the base-
line effect in the spectra, two pre-processing methods were
applied to the spectral data: Standard Normal Variate and
Mean Centering, and score (Figure 3), as well as loading plots
(Figure S1) were prepared (Tomasi et al. 2004). The PCA load-
ings for both PC1 and PC2 are primarily influenced by vari-
ables in the 1900-2000nm range, where combination bands
of —OH and —NH,, groups and the second overtone of —C=0
absorption occur. These molecules are associated with water,
protein, and fat, respectively. Both PC1 and PC2 also contain
a pronounced peak around 1400nm where the first overtone
of —OH and —NH absorb. These molecules indicate starch

and proteins present in the pea seeds (Osborne et al. 1993;
Engineering 2013). The score plot was then used to reduce
the number of samples but still showcase potential differ-
ences among the pea accessions. Twentyaccessions were se-
lected based on their different locations within the score plot
(Figure 3). It was anticipated that the rapid NIR screening
would enable the detection of distinctions among a vast sample
population, thereby facilitating the selection of unique samples
for more detailed analysis.

The 20 chosen pea samples were analyzed for their composi-
tional differences by reference methods. These results showed
that the pea accessions were considerably different from each
other, as illustrated in Table 1, indicating that the spectral dif-
ferences are associated with compositional differences. For ex-
ample, the protein content ranged from 173.2 to 256.9gkg™!, the
lipid content from 12.1 to 30.2gkg™!, and the starch content from
338.5 to 501.4gkg™! (in dry matter). Moreover, they displayed
distinct colors, primarily due to flavonoids present in their seed
coats, which also influence the coloration of the resulting flour
dispersions (Figure S2) (Ding Tao et al. 2023). Interestingly, it
appears that the pH levels also influence the coloring properties
of these flavonoids, which can exhibit color changes dependent
on the pH in question. This is likely the reason for the observed
differences in color across the various pH values tested (Stavenga
et al. 2020). However, the seeds are often de-husked for indus-
trial processing, and therefore, the color differences might not be
that relevant for industrial applications.

Overall, NIR screening effectively identified compositionally
distinct pea accessions. Whether these differences also translate
to physicochemical and functional properties is explored in the
following sections.
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FIGURE4 | Surfacecharge of 19 peaaccessions at pH 3, 5,and 7. The
results from NGB103523 were removed as they were classified as outli-
ers influencing the distribution of the plot. Pea sample 9 was excluded
because of extensive sedimentation in the measuring cell.
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3.2 | Physicochemical Properties
3.2.1 | Surface Charge

Initially, the zeta potential of the solutions was measured as a
function of pH. The zeta potential represents the electrical po-
tential at the slipping plane and is an important parameter
when characterizing the stability of a dispersed system (Cano-
Sarmiento et al. 2018). The zeta potential is determined by the
presence of charged compounds in the solution, which are often
proteins, polysaccharides, and other ions (Tanger et al. 2020). The
results of the zeta potential measurements are shown in Figure 4.

As expected, the zeta potential changed when the pH of the
solution was adjusted. Proteins possess a pH-dependent sur-
face charge, which depends on the number and location of
the amino acid-specific residues. A positive charge was ob-
tained for all samples at pH3, which is in line with the re-
ported isoelectric point of pea proteins at around 4.7-4.9 (Stone
et al. 2015). Above the isoelectric point, all accessions exhibited
a negative charge, with a more pronounced negative charge at
pH 7 compared to pH 5. At both pH 5 and 7, the protein particles
exhibited low negative electrostatic charge, which ranged from
-5.6+£0.0 to =7.5+0.9mV and —-8.5+0.4 to —12.3+3.3mV,
respectively. The charge variation between the accessions is

relatively low at these pH values and is the sum of the differ-
ent protein fractions (i.e., albumins and globulins), but also the
polysaccharides present (such as pectin) in the samples can in-
fluence the measured charge (Tanger et al. 2020). The results
of the zeta potential measurements at pH 3 exhibited a greater
difference between pea accessions and ranged from 2.7 +1.4 to
11.5+1.4mV. At pH 3, the lowest zeta potential result was ob-
tained from the wild pea accession NGB101787, while the high-
est result was obtained from the improved cultivar NGB13784.

Interestingly, the measured zeta potentials are quite low and
would result in an unstable colloidal solution if no other repulsive
mechanism is present. According to Cano-Sarmiento et al. (2018),
it must be acknowledged that the measurements were performed
on flour and that counterions present in the flour most likely re-
duced the measured net charge. However, other authors such as
Lam (2016) reported no significant difference in surface charge
between pea protein isolates obtained from different cultivars,
and the zeta potential measurements in their study ranged from
—23.0 to —24.3mV at pH 7. These values were higher compared to
the ones presented in Figure 4, which is most likely related to the
extraction procedure, which results in an isolated protein ingre-
dient with fewer countercharges present. Moreover, the protein
extraction procedure can result in denaturation, which can cause
a change in surface composition and ultimately also in the zeta

TABLE 2 | Enthalpy and peak temperatures obtained from the DSC analysis of the 20 pea accessions.

Enthalpy Peak II

Pea sample Pea accession Enthalpy AH (J/g) Peak I temperature (°C) AH (J/g) temperature (°C)
1 NGB102401 1.752+0.11 63.99+0.17 0.13%4¢f+0.00 88.2b°+0.22
2 NGB11935 1.042bcde 40,01 64.9" +0.44 0.067+0.02 87.3°+0.04
3 NGB20013 1.3620¢4 +0.10 67.59¢7+0.39 0.05¢f+0.02 85.4°+0.05
4 NGB103830 1.422b¢d +0.23 66.6°"8" +0.03 0.099f+0.03 87.0°+0.24
5 NGB17833 1.01°¢d¢ +0.06 67.99¢f+0.15 0.06°f+0.01 85.7°+0.18
6 NGB8646 1.152bede + 0,01 73.2°+0.11 0.04f+0.00 88.2b¢+0.17
7 NGB106016 1.282b¢d +0.14 68.7940.04 0.28%° +0.00 94.28+0.24
8 NGB105418 1.158bcde 0,13 67.09¢8 + 0,57 0.03f+0.01 86.9+0.29
9 NGB103523 0.909¢+0.04 68.99+0.30 0.03f+0.00 85.7°+0.27
10 NGB101787 0.49¢+0.10 64.71+0.07 0.212b¢d +0.01 87.5"+0.62
11 NGB102149 1.532bcd + .28 68.29¢7+1.32 0.25%%¢+0.05 90.5Y+3.54
12 NGB20205 0.829¢+0.11 82.22+0.45 — —

13 NGB17869 1.702° +0.17 66.4%M +0.18 0.342+0.11 88.6%¢+0.11
14 NGB102153 0.92¢4¢+0.17 72.8%¢+0.32 0.094¢f+0.06 85.3¢+0.02
15 NGB102222 1.022bcde +- 0,09 65.38M +0.33 0.342+0.06 94.12+0.16
16 NGB24334 1.092bcde 40,18 71.1°+0.67 0.18b¢de +0,02 87.3°°+0.89
17 NGB13784 1.182bcde 40,34 68.19¢f+0.10 0.03f+0.00 85.2°+0.81
18 NGB102680 1.502b¢d + 0,04 67.19¢8 +0.34 0.094¢f+0.02 88.20¢+0.14
19 NGB103050 1.64%¢+0.35 67.691+0.73 0.12¢4¢f+0.02 87.0°+0.60
20 NGB100005 1.702+0.30 68.49+0.15 0.01f+0.01 86.8°+0.74

Note: Different lower-case superscripts indicate statistically significant differences in the same column (p <0.05); (—) no peak identified.
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potential (Tanger et al. 2020). However, the results presented in
Figure 4 indicate that the zeta potential does differ between pea
accessions with proteins in their native state, especially in the
lower acidic pH range. This can influence the stability of colloi-
dal solutions or dispersions stabilized with these proteins because
a high electrostatic repulsion can stabilize a colloidal system,
whereas a low electrostatic repulsion is preferred for gelation or
controlled aggregation (Masia et al. 2022).

3.2.2 | Thermal Properties

DSC analysis was used to obtain the enthalpy of phase transi-
tion and the temperature at which these transitions occur. It
was expected that especially the starch gelation and the pro-
tein denaturation would impact the measured transitions. The
results of the thermal analysis are reported in Table 2, and to
further illustrate the differences, the DSC curves of five se-
lected pea accessions that show distinctive differences were
plotted in Figure 5.

All accessions except for NGB20205 yielded two peaks.
The first peak had temperatures from 63.9°C+0.2°C to
73.2°C+0.2°C for the 20 different accessions, which is most
likely related to the gelatinization of starch. The second peak
exhibited an even broader range with peak temperatures
ranging from 85.2°C+0.2°C to 94.2°C£0.24°C. This peak
can be attributed to the denaturation of protein. However, it
must be considered that the measured flour is a complex ma-
trix and that the observed peaks could be the result of multi-
ple components and their interactions (Parniakov et al. 2018).
For example, Hall and Moraru (2021) measured untreated pea
protein concentrate and found a phase transition that was
related to amylose-lipid complexes at around T=94°C. This
complex might explain the third peak observed in some of the
curves. Moreover, the reported protein denaturation values

-0.130

-0.135
NGB20205,

-0.140

-0.145

Heat Flow (Wi/g)

-0.150

L T,=857°C

NGB17833

-0.155 . 1 . 1 . 1 . L .
50 60 70 80 90 100

Temperature (°C)

FIGURE 5 | Endothermic peaks and transition temperatures of five
selected pea accessions to showcase the distinctive differences between
them. See Table 2 for thermal peaks for all accessions.

in this study are slightly higher compared to previously re-
ported denaturation temperatures for pea proteins (Mession
et al. 2015). It must be considered that these values are typ-
ically obtained from isolated protein fractions that undergo
extensive extraction and drying processes before the mea-
surements. The refinement typically includes a dialysis step
that removes ions that are known to increase the denaturation
temperature (Mession et al. 2013). In contrast, the samples in
the present study were measured as is and without a drying
operation. To confirm that the observed peaks can be associ-
ated with starch gelation and protein denaturation, the starch
and protein fractions were separated and individually mea-
sured under the same conditions. The DSC measurements of
the separated starch and protein fractions did indeed confirm
that the peaks illustrated in Figure 5 can be attributed to the
gelatinization of starch (Peak 1) and denaturation of proteins
(Peak 2) (see Table S2 in the Appendix).

Interestingly, the DSC curve derived for NGB20205 differed
from the other pea accessions, as shown in Figure 5. When
heated, this accession displayed only one peak from T=63 to
94°C. This might be related to the lobed structure of the starch
granules, which is illustrated in Figure 8. It was previously

TABLE 3 | Surface and volume-based mean particle size measured
by static light scattering of flours obtained from the 20 pea accessions.

Pea Pea

sample accession D;,(um) D, ;(um) Span
1 NGB102401 209%+02 56.6"+1.8 4.0
2 NGB11935  11.58+0.1 24.6°9+0.8 2.6
3 NGB20013  18.0°+0.3  76.8°+3.5 6.3
4 NGB103830  14.3°+0.9  43.6T+49 3.8
5 NGB17833  13.5°+0.2 40.6%8+13 4.1
6 NGB8646 13.4°4+0.4  42.45+16 4.7
7 NGB106016  14.2¢+0.2  40.1%8+1.4 3.4
8 NGB105418  16.39+0.3 52.6%+15 3.7
9 NGB103523  9.5"+0.1  38.5%+09 3.8
10 NGB101787 11.77+04  45.8f+7.2 4.9
11 NGB102149  17.7°+0.4  72.0°+23 6.0
12 NGB20205  9.5"+0.2  39.8%+07 48
13 NGB17869  20.92+0.2  95.48+27 6.6
14 NGB102153  8.8'+0.2  40.9%+0.5 45
15 NGB102222 18.1°¢+0.6  76.8°+4.9 5.3
16 NGB24334  15.69+0.2  79.9°+2.1 7.3
17 NGB13784  19.0°+0.4  89.72+19  36.2
18 NGB102680  10.58"+0.3  32.28+1.5 5.4
19 NGB103050 18.4°€+0.2  62.9+2.6 4.8
20 NGB100005  7.1+0.1 38.6%8+11 4.2

Note: Different lower-case superscripts indicate statistically significant
differences in the same column (p <0.05).
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reported that this starch structure has a low gelatinization en-
thalpy and onset temperature that is more similar to broken
starch granules (Ashogbon et al. 2021). This might explain why
the curve only consists of one wide peak, possibly derived from
the phase transition of starch and protein collectively.

The large differences in gelation and denaturation temperatures
can have important consequences for food applications in which
thermal stability is an important parameter. The limited thermal
stability of starch, for instance, results in the formation of a gel at
temperatures well below those required for protein denaturation.
Forming a gel at low temperatures can help maintain the func-
tionality and structural integrity of the proteins within the starch
gel matrix. On the other hand, pea flour with high thermal sta-
bility will be able to withstand pasteurization, which is a widely
used processing step to ensure microbial-safe food products.

3.2.3 | Particle Size

The particle size of the different compounds in pea flour is
an important parameter that determines a variety of different
properties, such as solubilization, sedimentation, light scatter-
ing, and thickening (Khushbu and Sunil 2020). Table 3 illus-
trates the results obtained from the 20 pea accessions measured
at pH 7. The surface mean diameter of the particles ranges be-
tween 7.1+0.1 and 20.9+0.2um. When compared to the pic-
tures obtained through CLSM visualization (Figure 8), it can be
concluded that these measurements most likely reflect mainly
the size of the starch granules in the solution. The typical size
of a pea starch granule is between 2 and 40 um, while the size
of the protein bodies ranges between 1 and 3pum (Sridharan
et al. 2020). The results indicate that despite the same milling
conditions being used for all pea accessions, the particle size
of the pea flour differs significantly. This may have important
consequences for processing pea flours since it can be expected
that the sedimentation and viscosity are different for the indi-
vidual pea flours, which impacts their processability.

3.3 | Functional Properties
3.3.1 | Protein Solubility

Protein solubility is an important parameter in food appli-
cations since it determines whether a protein remains in a
solution under specific conditions. Solubilized proteins can
diffuse to interfaces, whereas insoluble proteins precipitate
and may form aggregates or gelled matrices (Zhao et al. 2020).
Protein solubility is therefore an important functional prop-
erty for determining the suitability of an ingredient to be used
in food applications.

Figure 6 illustrates the protein solubility at pH3, 5, and 7. A
clear variation between pea accessions is displayed at all pH
values, but is most pronounced at pH?7. Interestingly, the sol-
ubility at pH3 and 5 has similar variations from 13.8%+1.8%
(NGB101787) to 53.4%+11.9% (NGB24334) and 19.3%+0.9%
(NGB101787) to 56.5%+7.4% (NGB24334), respectively. The
range at pH7 is considerably higher, with solubilities ranging
from 29.8%+6.0% (NGB102222) to 94.8% +1.1% (NGB17833).
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FIGURE 6 | Protein solubility presented as a ratio of protein concen-
tration in supernatant to total protein concentration of 20 pea acces-
sions at pH3, 5, and 7.
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FIGURE 7 | Dynamic surface tension of the 20 pea accessions at a
flour concentration of 1%.

This displays the impact of intrinsic characteristics on the func-
tional properties of pea proteins. This may be due to various
factors, including intrinsic differences in amino acid composi-
tion or variations in phytic acid content, which has been shown
to interact with proteins, particularly under conditions below
their isoelectric point (Amat et al. 2024). Low solubilities of pea
proteins could be overcome by selecting the right accessions, as
shown in these results. Within the same plant species, the sol-
ubility can vary by more than 60% before any processing has
been carried out, but pH-driven changes in solubility can be
attenuated by selecting the right accession. For example, acces-
sion NGB24334 exhibits a solubility of 60.2% + 7.6% at pH 3, but
only 39.4% + 6.7% at pH 7, whereas NGB17869 has a solubility of
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FIGURE 8 | Microstructure of 20 pea accessions at pH 7 visualized through confocal laser scanning microscopy. The green stain indicates pro-

teins (mainly around the starch granules), blue indicates fiber, and red indicates lipids. Scale bar 50 um.

92.2% +1.5% at pH 7 but only 29.6% + 1.2% at pH 3. Thus, careful
selection of the accession will be required in the future to ensure
optimum functionality.

However, the ideal solubility varies depending on the applica-
tion. A high solubility at pH7 could be optimal for producing
pea protein milk alternatives, whereas a low solubility at pH 3
is needed for acid-gelling applications. Therefore, choosing a

pea accession with the desired solubility at the desired pH plays
an important role in product development. It has to be men-
tioned that the reported solubilities are for the native states of
the protein, and it is known that heat treatment can decrease
the solubility due to protein denaturation and increased surface
hydrophobicity (Hall and Moraru 2021). Therefore, further stud-
ies are needed to investigate whether the observed differences
remain even after such processing operations.
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3.3.2 | Interfacial Tension

Many proteins are surface-active and can lower the surface
tension by adsorbing and unfolding at the interface to optimize
the exposure of their functional groups to the different phases
(Sridharan et al. 2020). The speed of the reduction of the inter-
facial tension influences the stability of, for example, the foam
created (Moll et al. 2019). The dynamic surface tension was
therefore measured for the flours obtained from the different
pea accessions, and the results are shown in Figure 7.

The results indicate that the pea accessions behave differently
when interacting with the liquid/air interface. NGB20205 and
NGB102680 exhibit a significantly lower dynamic surface
tension (Figure S3), indicating an increased surface activity
compared to the other pea accessions (McClements 2016). In
contrast, NGB103523 and NGB17869 exhibit significantly less
favorable interfacial properties, suggesting a lower presence of
surface-active compounds available to stabilize the liquid-air
interface, leading to increased surface tension. This could be
related to two different phenomena. First, the measurements
were carried out at a constant flour concentration to account
for other potential surface-active compounds besides proteins.
However, the employed flours have different protein contents,
which could affect the measured results (Table 1). Some au-
thors choose a constant protein or surface-active compound to
perform such measurements, but in crude flour, many surface-
active compounds are present, which is why a constant dry
matter was chosen in the present study (Guraya et al. 2025).
Nonetheless, higher protein contents did not necessarily re-
sult in a lower interfacial tension. For example, the pea acces-
sions NGB17869 (pea sample 13) and NGB102680 (pea sample
18) both contain 23.3gkg™! protein but exhibit significantly
different interfacial properties. Second, the molecular compo-
sition and structure of the proteins in the flour might differ,
which can impact their ability to interact with the interface
and lower the surface tension. This shows that an optimum
relationship between protein content and protein composition
is required to achieve the desired interfacial activity.

3.4 | Microstructure

These measurements were carried out to visualize the micro-
structural differences between the different pea accessions, as
illustrated in Figure 8, and the corresponding light microscopy
images are shown in Table S3. CLSM images visually confirmed
a variation in protein solubility at pH 7. The images obtained for
NGB17869 and NGB100005 were dominated by the green color
caused by the protein stain (FITC), and these two accessions also
had high solubilities of 92.2% and 81.7%, respectively (Figure 6).
On the contrary, NGB8646 and NGB102222 displayed lower sol-
ubilities of 55.7% and 28.4%, respectively, and exhibited a distinct
microstructure where the proteins were predominantly located
around the starch granules. According to Moller et al. (2021),
Linskens et al. (1985), and Pernollet (1978), the starch granules
are embedded in a matrix of protein bodies in the pea plant cell.
Milling usually disrupts this structure, but the protein bodies re-
adhere to the surface of the starch granules during the milling
process (Moller et al. 2021). However, it has also been reported
that starch granules can be naturally coated with proteins from

the chloroplasts or amyloplasts in which they form, and that the
observed protein layer may represent a combination of this na-
tive coating and additional deposits introduced during the mill-
ing process (Ma et al. 2018; Sharma et al. 2024). This accounts
for the green staining of the starch granules, as the fluorescent
dye binds to proteins present on their surfaces.

Another interesting observation is related to the accession
NGB20205. It is classified as “rough/wrinkled,” also known as
compound granules, caused by a genetic mutation that results
in reduced activity of the starch-branching enzyme. This leads
to a higher amylose content compared to pea seeds without this
mutation (Hedley et al. 2002; Ren et al. 2021). This genetic mu-
tation can result in a lobed structure with multiple sub-granules
within one starch granule, as visualized in the CLSM photo of
NGB20205.

The blue-stained particles are insoluble fibers from the cell walls
of the cotyledon and the hulls, and the red-stained particles are
lipids. The size and the distribution of these particles also dif-
fer between pea accessions. Especially the presence of lipids in
some of the accessions is noteworthy. Usually, peas are culti-
vated for their starch content, and lipids are not a compound of
interest. Despite this, some of the accessions used in this study
do contain lipids (Table 1), which is also showcased in the CLSM
images. This can have a profound effect on the flavor of the pea
flour because it is known that especially lipid oxidation in pulse-
based ingredients can result in the formation of volatile off-
flavors that decrease consumer acceptance (Roland et al. 2016).

4 | Conclusion

This study demonstrates that rapid NIR-based screening can
effectively identify pea accessions with diverse intrinsic phys-
icochemical and functional traits. The substantial variability
observed among unrefined pea flours highlights the importance
of accession selection to optimize ingredient functionality in
whole-flour and fractionated compounds. The results presented
in this study show that physicochemical and functional proper-
ties differ between pea accessions with great potential for the
food industry. Accessions with a high protein solubility are good
candidates for further screening to evaluate how processing
affects the solubility and interfacial properties, whereas acces-
sions with low thermal transitions are interesting for gelling ap-
plications at low temperatures. It can be concluded that a pea is
not a pea and that careful selection of the accession is required
to maximize the benefit of pea flour and derived ingredients in
different food applications. Beyond accession selection, compo-
sition and functionality are also influenced by growing condi-
tions and processing, and further studies as well as field trials
are needed to elucidate these effects, particularly by investigat-
ing the physicochemical and functional properties of refined
fractions and understanding how processing alters them.
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