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ARTICLE INFO ABSTRACT

Keywords: Roasting could modify the protein structure/conformation, contributing to changes in functional properties. Here
Pea pro_tein we investigated the effects of pre-roasting on the extraction efficiency, structural and functional properties of pea
Extraction protein concentrates and isolates (PPC and PPI) produced from yellow split peas. The shorter roasting times
231?15 ;ﬁfy (150 °C, 10 and 20 min) had little effect on protein yields and could increase the solubility of PPC or PPI by ~
Protein structure 12% at pH 7 and enhance the solubility of PPI by ~ 12% (10-min roasting) and ~ 24% (20-min roasting) at pH 3.
Functionality However, a longer duration of pre-roasting (150 °C, 30 min) significantly reduced the extraction efficiency of

PPC and PPI by ~ 30% and ~ 61%, respectively. Meanwhile, pre-roasting had minor effects on SDS-PAGE
profiles and the secondary structures of pea proteins but significantly altered tertiary structures by reducing
free sulfhydryl groups, increasing disulfide bonds and surface hydrophobicity. As for the emulsifying properties,
pre-roasting improved the emulsion ability index (EAI) of PPC and PPI but decreased the emulsion stability index
(ESD) of PPC and had no significant effect on PPI. Moreover, PPC and PPI with shorter pre-roasting duration (10
and 20 min) had endothermic peaks and showed a slight decrease in the denaturation temperature (T4) and the
onset temperature (T,), respectively. Overall, the study demonstrated that controlled pre-roasting at 150 °C for
10 min and 20 min altered protein structures (mainly tertiary structures), improving the solubility and EAI of pea

proteins at pH 7, while retaining their thermal properties in comparison to unroasted samples.

1. Introduction

The utilization of plant proteins has gathered significant attention
because of their perceived sustainability and health benefits. Soy protein
has emerged as the leading ingredient in plant-based food formulation
(Vallath et al., 2022), with a market value of USD 7.2 billion in 2021 and
a compound annual growth rate (CAGR) of 7.0%. Soy protein holds a
market share that is more than four times that of other mainstream plant
proteins such as pea and wheat proteins in Asia Pacific (Markets, 2022).
However, concerns over genetically modified soybeans and soy protein
allergies have led to an increased demand for alternative plant-based
protein sources. Pea protein, derived from yellow peas, could be an
ideal alternative to soy protein due to its hypoallergenic, non-transgenic
status and sufficient essential amino acid content (Boukid et al., 2021;
Gorissen et al., 2018). From a cost perspective, pea protein is almost half
the price of milk protein and a quarter less than soy protein (Kent &
Doherty, 2014). Nevertheless, the low solubility of pea protein limits its
application as an ingredient or a functional component in the food
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system. The solubility of commercially available pea protein isolate
(PPI) (Bulk Nutrients, Tasmania, Australia) measured in our preliminary
experiment was only 16.8 + 2.8% (w/v) at pH 7 (unpublished data).
Tanger et al. (2020) and Jiang et al. (2017) also found low solubility
(<20%, w/v) across a pH range of 3-8 for commercial PPI from other
suppliers. Therefore, it is necessary to seek feasible approaches to
enhance the solubility of pea proteins.

Several factors affecting plant protein solubility and strategies for
enhancing solubility or emulsifying properties were summarized.
Firstly, a mild fractionation process can produce plant proteins with
better solubility. It was reported that the isoelectric precipitation of
protein may result in irreversible changes in the tertiary structure of pea
globulins, which would induce aggregation and hydrophobic interaction
and reduce solubility (Kornet et al., 2020). The extraction of pea protein
concentrate (PPC) only involved a dissolution step, resulting in higher
solubility compared to PPI with further precipitation at the isoelectric
point (Kornet et al., 2020). Diafiltration as a mild purification method
could retain both globulins and hydrophilic albumins of PPI, and its
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solubility was higher by 18.4% than that of PPI extracted by isoelectric
precipitation with albumin removed (Kornet et al., 2021a). Moreover,
Kornet et al. (2022) found that the mildly purified PPC and highly pu-
rified PPI showed comparable emulsifying properties at a low concen-
tration (0.7% wt) since globulins in PPC had sufficient capability to
stabilise emulsions. However, PPC contains more oligosaccharides and
anti-nutritional factors than PPI (Kornet et al., 2020), which may cause
flatulence and gastrointestinal discomfort. The scale of the processing
batch was shown to influence the solubility and emulsification of pea
proteins. Burger et al. (2022) reported that the solubility of pea protein
prepared on a laboratory scale was 10% (w/v) higher than that prepared
on a pilot scale at pH 7, and the protein produced in the smaller batch
scale could form more stable emulsions with smaller droplet sizes.
Several techniques such as chemical, physical, and enzymatic modifi-
cations are promising ways to improve the solubility and functionality of
pea proteins (Sharif et al., 2018). Nevertheless, chemical modification
may introduce synthetic chemical components (Shen et al., 2022).
Physical modifications such as ultrasonic, high-pressure homogeniza-
tion, and high hydrostatic pressure treatments require expensive
equipment, while the cost of enzymatic treatment is high (Fang et al.,
2020). Thus, these methods may have some limitations for the scale-up
production of plant proteins. Heat treatment presented the potential to
facilitate protein solubility if the conditions were carefully controlled,
and thermal treatment can be readily applied to large-scale production
(Yang et al., 2022a). Spray drying and freeze drying are often used for
protein powders production, and their effects on protein solubility are
related to the extraction methods and drying conditions (Burger et al.,
2022; Yang et al., 2022a).

Roasting is a common pre-treatment method for plant seeds before
milling. Some studies have shown that moderate roasting had a positive
effect on protein solubility and emulsification. Ma et al. (2011) reported
that roasted pea flour (roasted at 80 °C for 1 min) had higher protein
solubility and emulsifying properties than unroasted one at pH 7. The
solubility alteration may be caused by intramolecular hydrogen bonds,
disulfide-sulfhydryl interchange reactions, and isoelectric point acid
shifting during heating, with a diverse degree of biochemical changes in
protein structure, leading to different solubility and functionality
changes (Ma et al., 2011; Neucere, 1972). Stone et al. (2021) found that
wet roasting (roasting at 160 °C for 30 min after tempering pea seeds to
20% or 30%) enabled to improve in the oil-holding capacity of yellow
pea flour since roasting enhanced the exposed hydrophobic groups of
proteins. Additionally, roasted plant seeds can be ground into powder
for protein extraction. For instance, the solubility and emulsion stability
index of peanut protein isolate extracted from roasted peanut (225 °C for
25 min) were improved by 12.6% and 27.0%, respectively, because the
Maillard reaction during roasting changed the major cytoplasmic glob-
ulin of peanut (Zaaboul et al., 2019). It is worth noting that roasting
conditions (temperature/time) have a notable impact on protein solu-
bility due to the different degrees of denaturation and modification in
protein structure. Mesfin et al. (2021) indicated that roasting chickpea
flour at 150 °C for 30 min increased the solubility of protein by more
than 10%, while roasting at 180 °C for 15 min resulted in much lower
solubility.

Although roasting treatment may improve protein functionality, to
the best of our knowledge no systematic studies on the impact of
roasting before extraction (pre-roasting) on the extraction efficiency of
pea proteins and their functional properties have been reported. This
study aims to investigate the effect of roasting pre-treatment on the
extraction efficiency and physicochemical functionalities (solubility,
emulsifying, and thermal properties) of pea proteins for their potential
application in plant-based milk formulations.
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2. Materials and methods
2.1. Materials

Yellow split peas (Ward McKenzie Pty. Ltd., Victoria, Australia) and
commercial pea protein isolate (Bulk Nutrients, Tasmania, Australia)
were bought from a local supermarket (Sydney, Australia). Quick Start
Bradford 1 x Dye Reagent, 2 x Laemmli Sample Buffer, 2-mercaptoetha-
nol, Precision Plus Protein Dual Xtra Standards, 4-15% Mini-PROTEAN
TGX Precast protein gels, 10 x Tris/Glycine/SDS, Coomassie Brilliant
Blue R-250 stain were purchased from Bio-Rad (Hercules, California,
USA). The other reagents were purchased from Sigma-Aldrich (St. Louis,
Missouri, USA) and Chemsupply (Gillman, South Australia) unless
otherwise specified.

2.2. Methods

2.2.1. The pre-treatment of pea seeds

Commercial yellow split peas were roasted at 150 °C for 10, 20, and
30 min in a compact oven (Smeg Pty. Ltd., Guastalla, Italy) in a static
mode. Once cooled, the roasted pea seeds were milled with a high-speed
blender (Optimum G2.6 Platinum Series; Optimum Appliances Pty. Ltd.,
Victoria, Australia) in a dry grind mode for 70 s. The obtained pea flour
was sifted with a 100-um sieve (Endecotts Ltd., London, England) for
subsequent protein extraction. Proteins extracted from unroasted pea
flour were used as control samples.

2.2.2. Pea protein aqueous extraction

Different pea protein powders extracted from unroasted or roasted
pea seeds were obtained using the method reported by Kornet et al.
(2020) with minor modifications. Two types of pea proteins with
different protein contents (different purities) were extracted (Fig. 1),
namely pea protein concentrate (PPC) and pea protein isolate (PPI).
Here, we applied freeze drying to obtain the protein powders, as thermal
drying methods like spray drying would introduce extra heat stress,
which may render it difficult to differentiate whether the change in
protein properties was caused by roasting or the thermal drying process.
The specific steps were described in Supplementary Material (Method
1). The extraction process was repeated twice. Key extraction conditions
of eight samples were listed in Table S1 and the yield of protein was
calculated by Equation (1):

_ The weight of obtained protein powder(g)

Yield(%) x 100% (€8]

The weight of initial pea flour(g)

2.2.3. Total/soluble protein content and protein solubility

Total protein content was calculated from the nitrogen content with
a conversion factor of 6.25 (Mession et al., 2013). Specifically, 20-30 mg
of samples were combusted at 1150 °C in a varioMACRO cube (Lan-
genselbold, Germany), and the resulting N-related gases were checked
and analysed to get the total nitrogen content. Protein recovery (%) was
expressed as the percentage of total protein content in extracted protein
to that of corresponding pea flour.

Pea protein samples (20 mg) were dissolved in 10 mL Milli-Q water,
followed by adjusting the pH value of suspensions to 3, 4, 5, 6, 7, and 8
using 0.1 M NaOH or HCI and shaking at 200 rpm for 2 h at room
temperature (Bioline shaker BL8600; Bioline Global Pty Ltd., UK). Then,
all suspensions were centrifuged at 10,000 x g for 20 min at 20 °C to
separate the non-soluble parts. The supernatants were used to determine
soluble protein content with the Bradford method (Bradford, 1976). The
specific method was described in Supplementary Material (Method 2).
The protein solubility can be calculated by Equations (2) (3):
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Fig. 1. Flow chart of extracting pea protein concentrates (PPC) and pea protein isolates (PPI) using unroasted and roasted pea seeds. (U: unroasted; R: roasted; R10,
R20, R30: pea seeds roasted at 150 °C for 10, 20 and 30 min, respectively; FD: freeze drying).

Solubl tei trati L
Soluble protein content (%, w/v) = oluble protein concentration (ug/mL)

x 100% (2)

Soluble protein content (%)
Protein solubility (% =
rotein solubility (%, w/v) Total protein content in pea protein powders (%)

x 100%

3

2.2.4. Total carbohydrates, starch, and ash content

Total carbohydrates were determined by the phenol-sulfuric acid
method described by Masuko et al. (2005) with minor modification,
expressing as the percentage (wt%) of equivalent glucose. Starch content
was analysed based on the amyloglucosidase-hexokinase-glucose 6-
phosphate dehydrogenase enzymatic method by a starch assay kit
from Sigma (St. Louis, Missouri, USA). Ash content was determined by
heating samples at 600 °C for 2 h in a Nabertherm furnace (Lilienthal,
Germany) according to AOAC method 942.05. All measurements were
conducted in duplicate. The detailed determination methods were
described in Supplementary Material (Method 3).

2.2.5. Colour measurement and sample pictures

The colour characteristic of protein samples was indicated by L*
(lightness), a* (redness), and b* (yellowness) values. A colourimeter
(HunterLab, ColorQuest XE, Reston, USA) equipped with a 0.375-inch
sensor view area was used. The instrument was calibrated with a
white standard plate before testing. Each sample was finely ground with
a mortar and placed in identical transparent packaging and measured in
reflectance mode. Five measurements were taken for each sample. Im-
ages of different proteins were captured using a camera (Nikon, D5600).
To ensure a consistent ambient brightness, the samples were placed in a
light box, with the distance between the lens and the samples set at 35

" Original protein powders concentration(ug/mL)

cm, and the light sensitivity (ISO) value was 640.

2.2.6. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE)

SDS-PAGE of pea proteins was performed based on the methodology
of Kim et al. (2022) and Gao et al. (2020) with minor modifications. 30
mg protein powders were dissolved in 10 mL of PBS buffer (0.01 M, pH
7) and shaken at 200 rpm for 2 h at room temperature. The insoluble
part of proteins was removed by centrifuging at 10,000 x g for 20 min at
20 °C. The obtained protein solution was used for non-reducing and
reducing SDS-PAGE analysis. The detailed steps were presented in
Supplementary Material (Method 4).

2.2.7. Fourier transform infrared (FT-IR) spectroscopy

The FT-IR spectra of pea proteins were performed with Bruker Alpha
(BRKR, Massachusetts, USA) with attenuated total reflection (ATR)
accessory. The detailed steps were recorded in Supplementary Material
(Method 5). OMNIC 32 software (Thermo Fisher Scientific, MA, USA)
was used to collect peaks of spectra. The secondary structure was ana-
lysed using Peakfit software (Systat Software, Inc. USA) through
Gaussian deconvolution and second derivative spectra fitting in the re-
gion of amide I 1700-1600 em ! (Kong & Yu, 2007). The peak assign-
ment of the secondary structures is as follows: intermolecular
( hydrogen-bonded ) f-sheet (~1682 and ~ 1619 cm’l), native
B-sheet (1640-1630 cm ™), p-turn (~1673 cm™ 1), a-helix (~1654 cm ™),
random coil (~1645 cm’l) (Carbonaro et al., 2012; Meng & Ma, 2001;
Zandomeneghi et al., 2004).
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2.2.8. Surface hydrophobicity

Surface hydrophobicity (Ho) was measured according to the method
of Jiang et al. (2017) and Shen et al. (2021) with slight modifications. 8
mM ANS stock solution was prepared in phosphate buffer (PBS, 0.01 M,
pH 7) and used as the fluorescence probe. Four protein concentrations,
from 0.005% to 0.04 % (w/v), were prepared with the same PBS buffer
(0.01 M, pH 7). The preparation method for the protein solution was the
same as that in section 2.2.6. The specific steps were covered in the
Supplementary Material (Method 6).

2.2.9. Sulfhydryl group (SH) and disulfide bond (SS) contents

The contents of total SH, free SH, and SS were measured according to
Cui et al. (2020) with minor modifications. The detailed measurement
steps were covered in Supplementary Material (Method 7).

2.2.10. Zeta potential and mean particle size

The zeta potential of protein solutions was measured with a Zetasizer
(Zetasizer Nano ZS, Malvern Panalytical Instrumentation, UK) according
to the method described by Yang et al. (2022a) with minor modifica-
tions. 0.2% (w/v) protein suspensions were prepared in Milli-Q water,
followed by adjusting the pH value to 3, 4, 5, 6, 7, and 8. After the
suspensions were mixed at 200 rpm and incubated at room temperature
for 2 h, centrifugation (10,000g, 20 min, 20 °C) was performed to obtain
the protein supernatant. All samples were placed into a capillary zeta
cell (DTS1070) to conduct the zeta potential at 25 °C. The refractive
indices for proteins and the dispersant were set at 1.45 and 1.33,
respectively. The mean particle sizes of samples were determined at pH
7 with the same temperature and refractive indices.

2.2.11. Emulsion ability index (EAI) and emulsion stability index (ESI)

EAI and ESI were measured according to the method of Gao et al.
(2022) with some modifications. 0.1% (wt%) protein suspensions were
prepared by PBS buffer (0.01 M, pH 7), shaking at 200 rpm for 2 h at
room temperature (Bioline shaker BL8600; Bioline Global Pty Ltd., UK).
Then, 25% (wt%) commercial sunflower oil was added (protein solution:
oil = 3:1). After homogenization (15,000 rpm for 1 min) for 0 min and
10 min with a high shear homogeniser (IKA-T25 Ultra Turrax, IKA Ltd.,
Germany), 50 pL of the emulsion was immediately taken from the bot-
tom of the beaker and added into 5 mL 0.1% SDS solution. The diluted
emulsion was measured in the cuvette with a 1-cm optical path and the
absorbance was recorded at 500 nm using Infinite 200 PRO (Tecan
Trading AG, Switzerland). The EAI and ESI were calculated with
Equations (4) (5):

2 x 2303
EAI(M*[8) = Joi o w L < Ao % DF ©)
, Ao
ESI =————x (Tyo— T
S1(min) A A x (Tho 0) 5

where DF: dilution factor (100); T;¢ — To: time duration (10 min); Ag and
Ajo: absorbance measured at 500 nm immediately or after 10 min of
emulsion formation, respectively; C: protein concentration (mg/g); 6:
dispersed phase (oil) weight fraction (0.25); L: optical path (1 cm).

Table 1
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2.2.12. Thermal property

The onset temperature (T,), peak temperature (Ty), and enthalpy
(AH) of samples were collected from heat flow diagrams using TA Uni-
versal Analysis 2000 software (Yang et al., 2022a). The detailed
methods were covered in Supplementary Material (Method 8).

2.3. Statistical analysis

All the experiments were performed in triplicate unless otherwise
specified. Microsoft Excel was used to record the data and calculate the
average and standard deviation. A 95% confidence level was used when
one-way analysis of variance (ANOVA) was applied in IBM SPSS Sta-
tistics 26.0 (IBM Inc., USA) to determine the significance level of dif-
ference between the averages. Origin 2019 (OriginLab Corporation,
USA) was used to plot figures.

3. Results and discussion
3.1. Extraction efficiency and solubility of pea proteins

The yield and recovery of pea proteins were measured as indicators
of protein extraction efficiency (Skylas et al., 2017). As presented in
Table 1, except for the protein extracted from pea seeds roasted for 30
min (R30FD-PPC/PPI) with significantly lower yields (P < 0.05), the pea
proteins extracted with shorter roasting times (10 and 20 min) had
similar yields to the proteins derived from unroasted pea flour (UFD-
PPC/PPI). This may be because the longest roasting time (30 min) led to
significant changes in the pH for protein dissolution and precipitation in
pea flour, impairing the overall extraction efficiency (Skylas et al.,
2017). Ma et al. (2011) found the secondary/tertiary structure changes
of the pea protein after roasting the yellow pea flour at 80 °C for 1 min.
Thus, the treatment conditions with higher temperature (150 °C) and
longer time (10, 20, and 30 min) in our study were presumably able to
change the protein structures. In general, pulse proteins will have a
lower yield or recovery percentage when targeting higher purity (Ten-
orio et al., 2018), consistent with the results in this study which was
showing that PPI had lower extraction efficiency than PPC (Table 1).
Apart from R30FD-PPC, the total protein contents of other pea proteins
extracted from roasted flours were comparable to that extracted from
unroasted flour, suggesting that the methods were still effective for
protein fractionation after pre-roasting.

As shown in Fig. 2 (A1) & (A3), all pea proteins displayed a pH-
dependent U-shaped curve of solubility with the lowest solubility at
pH 4 and 5 since they were near the isoelectric point of pea proteins. The
curves presented in Fig. 2 (A2) & (A4) demonstrated that the lowest net
charge on the protein surface was in the range of pH 4-5. The solubility
range of PPC samples (16.2% — 30.5%) was notably higher at pH 4 and 5
than those of PPI samples (2.0% — 10.8%), since PPC retained albumins
that were soluble around the isoelectric point while PPI removed albu-
mins after isoelectric precipitation (Yang et al., 2020). As seen in Fig. 2
(A1), PPC samples extracted from roasted pea flours (RFD-PPC) pre-
sented a lower solubility than UFD-PPC at acidic condition (pH 3) but
with higher solubility at pH 7, showing the same solubility pattern of pea

The protein extraction efficiency and main composition (dry basis, wt%) of PPC and PPI with different roasting times.

Samples Yield (%) Protein recovery (%) Protein (%) Total carbohydrates (%) Starch (%) Ash content (%)
UFD-PPC 25.9 + 1.3 72.3 + 0.9 58.9 + 0.7° 16.5 + 0.4¢ 1.5+ 0.0° 6.2 + 0.0¢
R10FD-PPC 25.4 + 1.0° 64.1 + 0.5° 60.3 +0.3¢ 18.8 + 1.9° 1.6 + 0.0° 6.5 + 0.1
R20FD-PPC 25.2 + 0.1 66.2 + 1.1° 60.6 + 0.2¢ 20.5 + 0.1° 1.1+0.1° 7.1 + 0.0
R30FD-PPC 18.1 + 2.8° 41.9 + 0.5 46.8 + 0.7 27.9 + 0.3 1.0 + 0.04 8.6 + 0.1°
UFD-PPI 12.0 + 0.2¢ 47.5 + 0.4° 85.8 + 0.5° 2.4 +0.1f 0.1 £ 0.0° 0.7 + 0.0
R10FD-PPI 11.7 £ 0.1¢ 49.0 +0.2¢ 96.3 + 0.8% 2.8 + 0.0f 0.1 £ 0.0° 0.6 + 0.0f
R20FD-PPI 11.5 + 0.2¢ 48.0 + 0.9% 97.0 £ 0.3% 2.3 +0.1f 0.1 £ 0.0° 0.6 + 0.0f
R30FD-PPI 4.6 +2.24 25.2 + 0.18 91.0 + 0.3° 48+0.1° 0.1 £ 0.0° 0.9 £ 0.0°

Different letters of the same column present significant differences (P < 0.05).
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Fig. 2. (A) pH-dependence of pea protein solubility (%) and surface charge (zeta potential) at pH 3-8: (A1) Solubility (%) and (A2) Zeta potential of different PPC;
(A3) Solubility (%) and (A4) Zeta potential of different PPI. (B) Effect of roasting on the mean particle size of pea proteins at pH 7. Different letters show significant

differences (P < 0.05).
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Fig. 3. Non-reducing (A) and reducing (B) SDS-PAGE profiles of different extracted pea proteins: 1. UFD-PPC, 2. R10FD-PPC, 3. R20FD-PPC, 4. R30FD-PPC, 5. UFD-
PPI, 6. R10FD-PPI, 7. R20FD-PPI, 8. R30FD-PPI (Red frames indicate broad stained bands in high molecular weight). (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

proteins in pea flour as reported by Ma et al. (2011). Fig. 2 (A2) shows
that the isoelectric point of RFD-PPC shifted to a more acidic pH (pH 5
— 4), especially for R30FD-PPC, resulting in reduced solubility under
strongly acidic conditions (pH 3 and 4). In turn, when the pH is from 6 to
7, the solubility of RFD-PPC increased more significantly than UFD-PPC
since roasted samples are farther away from their isoelectric point. The
solubility of RFD-PPC samples decreased when pH > 7, especially
R30FD-PPC, which may be due to alkaline conditions accelerating the
Maillard reaction and facilitating the formation of insoluble products in
RFD-PPC (Nagai et al., 1998; Yu et al., 2021). This effect was more
significant in RFD-PPC than in UFD-PPC since RFD-PPC may have
accumulated some reaction products from the initial stage of the Mail-
lard reaction during pre-roasting. In contrast, all RFD-PPI presented
higher solubility than the UFD-PPI when the pH was 3, 6, 7, and 8 (Fig. 2
(A3)). It is worth mentioning that the solubility of RFD-PPI samples even
increased at strong acidic condition (pH = 3) by the range of 12% —
24%. The different solubility patterns may result from the existence of
more carbohydrates in PPC than that in PPI (P < 0.05) (Table 1), which
were prone to participate in the Maillard reactions with proteins. In
addition, the PPI structure changed more significantly than PPC during
further purification by isoelectric precipitation, while the structure of
PPC was closer to the proteins naturally present in pea flour (Kornet
etal., 2020). All RFD-PPC and RFD-PPI presented significantly higher (P
< 0.05) solubility than the UFD-PPC/PPI at neutral pH. The solubility of
RFD-PPC and RFD-PPI reached more than 95% and around 85% at pH 7,
respectively, which was 12.0% — 13.7% higher than UFD-PPC, and 6.2%
— 12.5% higher than UFD-PPI. That is because pH 7 was far from the
isoelectric point of the proteins, reducing the possibility of protein ag-
gregation and precipitation. Furthermore, Yang et al. (2022a) referred
to the ‘soluble’ protein aggregates caused by heating, which had small
particle sizes (0.05-0.70 pm) and can only be removed with ultracen-
trifugation (45 min at 320,000 x g) (Sridharan et al., 2020). The soluble
aggregates, mainly legumins and vicilins (based on the protein profile of
SDS-PAGE, Fig. 4), may be generated in this study, because of the lower
protein particle sizes of roasted samples at pH 7 (Fig. 2 (B)), which
cannot be separated under current centrifugation conditions (10,000 x g
for 20 min).

Zeta potential represents the surface charge of proteins and is
regarded as an indicator of electrostatic interactions between particles
(Kornet et al., 2022). In the pH range of 3-8, protein solubility reached a
maximum at pH 7-8, and the absolute values of zeta potential (|¢|) of
PPC and PPI were greater than 20 mV and 30 mV, respectively. As shown
in Fig. 2 (A2), apart from pH 5 and 6, the |¢| of PPC extracted from the
roasted pea seeds were lower than those derived from the unroasted pea

seeds, especially for R30FD-PPC. This may be because roasting triggered
the glycation between proteins and carbohydrates, leading to electro-
static screening and thereby reducing the surface charges in most pH
values (Kutzli et al., 2020). In comparison, the difference between RFD-
PPI and UFD-PPI was much smaller than that of PPC (Fig. 2 (A4)), which
may result from that PPI was more highly purified than PPC and con-
tained fewer glycated components. Doan and Ghosh (2019) found that
heating at 95 °C for 15 min and then cooling down to 65 °C could in-
crease the |¢| by ~ 20% and ~ 80% for pea protein nanoparticles at pH 3
and 10, respectively. Yang et al. (2022a) concluded that the heating
process (95 °C for 5 min) of protein extracts before drying did not affect
the surface charges. The contradicting results may be associated with the
diverse samples and heating conditions used in those studies, as different
forms of protein require specific heating energy to convert the surface
structure. The above studies used protein extracts or protein solutions
exposed to thermal treatment, while in our study, the thermal treatment
was conducted on pea seeds, where the proteins exist as protein bodies
and are protected by cell walls (Kornet et al., 2020). That is why the pea
seeds could be treated at much higher temperatures than extracted
proteins. All the PPI samples had higher |¢| than PPC samples at the
same pH. For example, PPI had higher surface charges (—32.9 - —29.1
mV) than their PPC counterparts (—23.6 - —20.4 mV) at pH 7. Mean-
while, the PPI samples (138.6-325.9 nm) had higher mean particle sizes
than the corresponding PPC samples (82.1-279.8 nm) at a neutral con-
dition (Fig. 2 (B)). This could be explained by the fact that PPC and PPI
contain different protein components. Albumins that exist in PPC while
mostly absent in PPI since they were lost during isoelectric precipitation
had lower surface charge and smaller molecules than globulins (Kornet
et al., 2020; Tanger et al., 2020). As a result, the PPC as a mixture of
globulins and albumins showed smaller particle sizes and lower surface
charges than PPI containing only globulins.

Overall, extracting pea proteins from pea flour roasted at 150 °C for
10 min and 20 min seems to be promising pre-treatment conditions for
improving protein solubility while still maintaining the extraction
efficiency.

3.2. Protein structure characterisation

3.2.1. SDS-PAGE analysis

The protein profiles of PPI and PPC were assessed using non-reducing
and reducing SDS-PAGE. As shown in Fig. 3, multiple bands with mo-
lecular weights (MW) from 10 to 97 kDa and 15 to 88 kDa were
exhibited in electrophoretic lanes of PPC and PPI, respectively. The light
band at 90-97 kDa was attributed to lipoxygenase, which is closely
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related to the unsaturated oxidation and beany flavour of yellow peas
(Chang et al., 2022), and gradually vanished with the extension of
roasting. The 66-71 kDa bands can be assigned to 7S convicilin or
a-subunit of vicilin because of their high degree of homology (O’Kane
et al., 2004). The strong bands with MW ranging from 53 to 57 kDa were
denoted as legumin aff at non-reducing condition (Fig. 3 (A)). Legumin
ap was cleaved into legumin a (~40 kDa) and legumin p (~20 kDa)
bands due to the breakdown of interchain disulfide bonds under a
reducing condition, resulting in the stronger bands in Fig. 3 (B) than that
under non-reducing condition (Fig. 3 (A)), consistent with the studies
reported by Chang et al. (2022) and Peng et al. (2016). The polypeptide

T T
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Fig. 4. (A) FT-IR spectra of (A1) PPC samples, and (A2) PPI samples. (The arrows show peaks at ~ 1745 cm ! that have changed markedly, and the red frames mark
the peaks between ~ 1100 and ~ 950 cm™?). (B) Comparison of secondary structure content (%) in the amide I band of PPC and PPI with different pre-roasting times.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

fractions of vicilin were distributed at 46-50 kDa, 29-33 kDa, and < 15
kDa bands. The light bands with the lowest MW at ~ 10 kDa in the
reducing electrophoretic image (Fig. 3 (B)) was probably ascribed to
albumins (Rubio et al., 2014), which were only retained in PPC samples
and absent in PPI samples. Interestingly, there was no band at ~ 10 kDa
in the non-reducing image (Fig. 3 (A)), which may result from albumins
with a high number of cysteine residues forming higher MW fractions
with other albumin or non-albumin subunits through disulfide bonds
(Higgins et al., 1986; Rubio et al., 2014). The lowest band intensity of
the R30FD-PPC lane resulted from the lowest protein content (Table 1).
Several broad stained bands above the protein bands (at high MW)
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Comparison of the content of total/free sulfhydryl (SH) and disulfide (SS) bonds in PPC and PPI with different pre-roasting times.

Samples SH (pmol/g protein) SS (pmol/g protein)
Total Free

UFD-PPC 27.9 + 0.5° 25.4 + 0.3% (91.1 + 1.9%°) 1.2 + 0.3 (4.5 + 1.0%%)
R10FD-PPC 27.2 + 0.6° 20.0 + 0.5° (73.6 + 0.6%°) 3.6 + 0.19 (13.2 + 0.3%°)
R20FD-PPC 25.9 + 0.5° 13.1 + 0.0° (50.7 + 1.1%") 6.4 + 0.3% (24.6 + 0.5%%)
R30FD-PPC 29.5 + 0.5 17.1 + 0.34 (57.9 + 1.6%%) 6.2 + 0.3% (21.1 + 0.8%")
UFD-PPI 22.2 +0.2¢ 17.7 + 0.2 (79.4 + 1.5%") 2.3 + 0.2° (10.3 + 0.7%%)
R10FD-PPI 20.4 + 0.2¢ 12.3 + 0.17 (60.0 + 1.0%%) 4.1+ 0.1° (20.0 + 0.5%")
R20FD-PPI 19.0 + 0.5 9.1 & 0.18 (48.1 + 0.7%°) 4.9 +0.2° (26.0 £ 0.4%%)
R30FD-PPI 19.5 + 0.2f 9.6 + 0.58 (49.0 + 3.3%°) 3.1+ 0.1° (25.5 + 1.7%%)

Different letters of the same column present significant differences (P < 0.05). The values in parentheses represent the percentage of free sulfhydryl and disulfide

bonds, respectively.

became more visible with the longer roasting time, especially for sam-
ples that were roasted for 20 min and 30 min (lane 3, 4, 7 and 8), while
there were no such bands in UFD-PPC/PPI. These observed staining
areas in the high MW range could be attributed to the Maillard conju-
gates under roasting pre-treatment (Moscovici et al., 2014). The colour
of these bands was darker in the RFD-PPI than in RFD-PPC samples since
Coomassie bright blue only dyes proteins, which were much higher in
PPL In general, the electrophoretic profiles show pre-roasting induced
the Maillard reaction but had a limited effect on the protein bands.

3.2.2. FT-IR analysis

FT-IR analysis is a common method to detect the changes in func-
tional groups and secondary structures of proteins, which can track the
conformational alteration of proteins under different treatment condi-
tions. As found in Fig. 4 (A), the broad asymmetric bands presented in
the range of 3500-3000 cm ™! of all samples are predominantly associ-
ated with O-H stretching vibrations, indicating the presence of
hydrogen bonds (Lin et al., 2021). The changes of O-H stretching band
(both intensity and bandshape) in PPC and PPI were observed by nor-
malising all the spectra using the intensity of the amide I band as a
reference (Fig. S1). The spectral comparison shown in Fig. S1 (A) re-
veals not only that the intensities of the O-H stretching bands observed
for PPC samples are significantly stronger, but also that the shapes of the
O-H stretching bands are broader than those of PPI samples. Consid-
ering the presence of strong characteristic peaks associated with car-
bohydrates (1100-950 cm ) (Rodriguez-Huezo et al., 2022) in the
normalised FTIR spectra of the PPC samples (Fig. S1 (A)), the higher
intensities of the O-H stretching bands in the PPC samples were caused
by an additional contribution of the —OH groups in the carbohydrates.
This resulted in a more complex and higher level of intermolecular
hydrogen bonding, which led to broader O-H stretching bands in the
PPC samples. The PPI samples with much lower carbohydrate contents
(Table 1) possess a lesser extent of intermolecular hydrogen bonding
interaction, showing sharper O-H stretching bands.

It should be noted that the distinct peak at ~ 1745 cm ™! is assignable
to v(C = O) stretching mode of esters from lipid triglycerides and fatty
acids, thereby it has been commonly used to represent total lipids in
analysed samples (Guillen & Cabo, 1997). As shown in Fig. 4 (A),
although yellow split peas have a relatively low lipid content (2.7% wt),
this peak was observed in both unroasted (control) PPC and PPI samples.
However, the peak revealed a significant decrease in the intensity after
10 min of the pre-roasting process before totally disappearing in the
samples that were pre-roasted for 20 min and longer. The disappearance
of this peak suggests the potential oxidative cleavage of the lipid
carbonyl band with long pre-roasting process (i.e., more than 10 min).

In addition, the amide I band (80% C=O stretching) in the range of
1700-1600 cm ! is primarily used to assign secondary structures to
proteins, which can estimate the fraction of f-sheet, p-turn, a-helix and
random coil conformations to evaluate the protein aggregation and
stability (Carbonaro & Nucara, 2010). As shown in Fig. 4 (B), with the
roasting time prolonging, p-sheet (including native and intermolecular

structure) presented a decreasing trend in PPC, while the percentages of
random coil and p-turn increased, especially for R30FD-PPC. The con-
version from p-sheet to p-turn and random coil indicated that the sec-
ondary structure of PPC was more disordered after roasting due to high-
temperature stress. Wang et al. (2017) suggested that high-temperature
treatment enabled to decrease p-sheet and increase random coil/p-turn
by impairing the hydrogen bonding of proteins secondary structures.
Tatham et al. (1985) reported that B-turn requires fewer hydrogen bonds
than the multiple bonded p-sheet structure due to its open reverse-turn
structure. Therefore, from the secondary structure changes in PPC of the
amide I band, it can be inferred that the hydrogen bonds of protein
structures were partially damaged after pre-roasting treatment. The
intermolecular B-sheet structure associated with protein aggregation
was present in all PPC samples, and the percentage decreased with the
extension of roasting treatment, but it was only significant (P < 0.05) in
R30FD-PPC. This may be contrary to the common results that heating
increased intermolecular p-sheet and induced protein aggregation
(Murayama & Tomida, 2004), which could be because the heating
subject in this study was pea seeds instead of the extracted proteins. As a
result, compared to extracted proteins, protein bodies restricted within
dried pea cells would not experience notable aggregation during heating
(Kornet et al., 2020). In contrast, the secondary structure percentages of
PPI with the prominently higher p-sheets and lower random coil, a-helix,
and p-turn (P < 0.05) than PPC showed insignificant changes after
roasting. The difference between the secondary structures of PPC and
PPI is mainly because of their different extraction methods. PPC
extracted from mild one-step alkaline dissolution contained more orig-
inal structural proteins derived from pea seeds. PPI underwent harsher
extraction conditions than PPC and isoelectric precipitation with
extreme acid pH could lead to irreversible aggregation of pea globulins
(Gueguen et al., 1988; Kornet et al., 2020) so that PPI contained more
intermolecular (hydrogen-bonded) p-sheet (Fig. 4 (B)) contributing to
aggregation (Shivu et al., 2013). In addition, the different protein types
in extracted PPI (globulins) and PPC (globulins and albumins) could lead
to the differences in their proportion of native p-sheet, random coil,
a-helix, and p-turn (Kornet et al., 2020; Sosa et al., 2021). Overall, it can
be speculated that in the amide I band, the extraction process played a
major role in the percentage distribution of secondary structures in PPI,
while pre-roasting enabled to influence the secondary structures of PPC.

The features of the amide II band (1550-1500 cm_l, 60% N-H
bending and 40% C-N stretching) interestingly revealed substantial
differences between the PPC and PPI (Fig. 4 (A) and S1 (B)). While the
FT-IR spectra of all the PPC samples show the amide II band centred at
~ 1540 cm™, the spectra of the PPI samples indicate a significant red
shift of the amide II band to ~ 1515 cm™", which were associated with
the transformation of parallel p-sheet (1550-1530 cm ™) to antiparallel
B-sheet (1530-1510 cm 1) protein structures due to isoelectric precipi-
tation (Pelton & McLean, 2000). Moreover, PPI samples show an in-
crease of intensity at ~ 1515 cm! (Fig S1 (B)), suggesting that the
antiparallel p-sheet in the PPI samples is sensitive to the pre-roasting.
Antiparallel p-sheet with well-oriented hydrogen bonds in the main



Y. Lao et al.

chain reportedly can withstand greater distortions and is more stable
than parallel p-sheet structure (Kobayashi et al., 1995), suggesting that
protein structures in PPI samples are likely to be more rigid than that in
PPC due to different extraction process.

3.2.3. The content of sulfhydryl (SH) and disulfide (SS) bonds

The content of SH and SS can characterise the tertiary structure of
proteins and reflect the protein conformation. As shown in Table 2,
roasting greatly changed (P < 0.05) the total SH content of R20FD-PPC
and R30FD-PPC, while it had little effect on the content of R10FD-PPC.
All RFD-PPI samples showed a significant decrease (P < 0.05) in the total
content of SH compared with UFD-PPI. Pre-roasting altered the solubi-
lity and shifted the isoelectric point of proteins in pea flour, which could
be observed from the various yields of PPC or PPI under the same
extraction process (Table 1). Similarly, the sulfur-containing amino
acids content of obtained proteins could be various due to the change in
properties of pea flours used for protein extraction. Apart from this
observation, PPC contained more total sulfhydryl than the PPI coun-
terparts (extracted from the same pea flour) since PPC samples con-
tained higher thiol groups of albumins (Higgins et al., 1986; Rubio et al.,
2014).

Using the percentage (in parentheses of Table 2) to describe the
content of free SH and SS can eliminate the impact of different proteins
with various total sulfhydryl content (Cui et al., 2020). Relatively short
roasting times (10 and 20 min) could promote the oxidation of free SH
groups to form SS bonds (Table 2). Delcour et al. (2012) also found that
heating facilitated the oxidation of SH to SS in heat-induced gluten. The
percentage of SS bonds in R30FD-PPC (21.1%) was significantly lower
(P < 0.05) than that of R20FD-PPC (24.6%), while their free SH content
showed the opposite trend, indicating further cleavage of SS bonds may
occur when the roasting time was longer than 20 min at 150 °C.

3.2.4. Surface hydrophobicity of pea proteins

Roasting can partially denature proteins and expose buried hydro-
phobic groups, increasing surface hydrophobicity (H,) value (Guldiken
et al., 2022). As seen in Fig. 5, the H, of PPC first increased and then
decreased with the extension of roasting time, and R10FD-PPC had the
highest H,. By contrast, the H, of PPI increased with a longer roasting
time. The H, of UFD-PPI was higher than that of UFD-PPC since iso-
electric precipitation removed the hydrophilic albumin, only leaving the
hydrophobic globulins, while albumins still existed in PPC samples
(Stone et al., 2015). Additionally, the albumins in pea protein are
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Fig. 5. Surface hydrophobicity of different pea protein extractions. Different
letters show significant differences (P < 0.05).
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thought to require less energy to unfold than globulins (Kornet et al.,
2022), such that R10FD-PPC exposed more hydrophobic sites and ac-
quired significantly higher H, than R10FD-PPI (Fig. 5). With roasting
times (20 and 30 min) extending, more thermal energy was provided to
unfold the PPI, which increased the exposed hydrophobic groups (i.e.
higher H, in Fig. 5) and promoted the formation of disulfide bonds by
adjacent free SH groups (Table 2). Gong et al. (2016) suggested that the
more hydrophobic groups, the more SS bonds are likely to be produced.
As for PPC, however, with longer roasting times (20 and 30 min), the
formed local hydrophobic core may be masked by more Maillard com-
plexes or caramelisation by-products since it contained more non-
protein components (mainly carbohydrates) than PPI (Table 1). In
general, pre-roasting enhanced the surface hydrophobicity of proteins,
especially for PPI.

3.3. Colour difference of the pea proteins

As shown in Table 3, among PPC and PPI samples, the L* (lightness)
values of proteins showed a decreasing trend with the increase of
roasting time, especially the proteins extracted from pea seeds roasted
for 30 min. By contrast, a* (redness) values of proteins increased
significantly (P < 0.05) with roasting pre-treatment for 20 min and 30
min. b* (yellowness) values of RFD-PPC/PPI decreased significantly
compared with unroasted pea proteins, while R20FD-PPC had the lowest
yellowness values. The higher a* may be due to the browning or caramel
pigments produced by Maillard and caramelisation reactions during the
roasting process (Ozdemir & Devres, 2000), while the reduction of b*
could result from the carotenoid oxidation-induced colour loss (Boon
et al., 2010). Overall, after pre-roasting, protein powders became
darker, redder, and less yellowish in colour (Fig. 6), and this trend of
colour change was more pronounced in protein samples with longer
roasting time (20 and 30 min).

3.4. Functional properties of proteins

3.4.1. EAI and ESI of protein samples

EAI estimates the surface area that can be stabilised per unit weight
of protein by measuring the turbidity of the newly formed emulsion,
reflecting the initial adsorption behaviour of proteins at the water-oil
interface. ESI represents the capacity to impart strength to emulsions
over a defined period and resist destabilising changes (Boye et al.,
2010). From Fig. 7, the EAI of RFD-PPC or RFD-PPI showed an upward
trend compared with unroasted samples. This may be because pre-
roasting improved the solubility of the protein samples at pH 7 so that
proteins had higher efficiency to form emulsions (Karaca et al., 2011).
Except for a slight drop in R30FD-PPC, the EAI values of other PPC
increased with longer roasting time, while the EAI of all PPI samples
showed an increasing trend with longer roasting time, which may be due
to the reduced mean particle sizes (P < 0.05) of RFD-PPC/PPI (Fig. 2
(B)). The small particle size of proteins could increase the migration rate
and promote the adsorption at water/oil interface, lowering the inter-
facial tension (Liu et al., 2022). R20FD-PPC had the similar particle size

Table 3

L*, a*, b* values of PPC and PPI with different pre-roasting times.
Samples L* a* b*
UFD-PPC 83.6 + 0.3% 2.2+ 0.1f 17.7 £ 0.3°
R10FD-PPC 82.1 +0.7° 1.8+0.18 15.1 +£0.1¢
R20FD-PPC 80.7 + 0.6¢ 3.2 +0.1°¢ 13.1 + 0.5
R30FD-PPC 76.4 4 0.3¢ 4.9 £0.1°¢ 14.5 + 0.2¢
UFD-PPI 80.9 + 0.2¢ 3.9 +0.04 19.8 + 0.17
R10FD-PPI 80.3 + 0.6 3.8 +0.14 15.1 +£0.2¢
R20FD-PPI 79.6 + 0.9¢ 5.5+ 0.1° 14.2 + 0.44
R30FD-PPI 75.9 + 0.5¢ 6.6 + 0.1° 13.8 £ 0.2¢

Different letters in the same colourimetric values (L*, a*, b*) show significant
differences (P < 0.05).
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Fig. 6. Sample images of pea protein powders under different pre-roasting treatments.
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reader is referred to the web version of this article.)

to R30FD-PPC, whereas it showed significantly higher EAI (P < 0.05),
which possibly because R20FD-PPC contained much higher proteins
(Table 1) and had the same protein solubility as R30FD-PPC at pH 7
(Fig. 2 (A1)). As a result, the water-oil surface in R20FD-PPC based
emulsion was stabilised by more soluble proteins than that in R30FD-
PPC so that the higher EAI of R20FD-PPC was obtained. Surprisingly,
albumin-containing PPC had significantly lower EAI values (P < 0.05)
than the PPI (Fig. 7), though albumins with smaller molecule weight and
lower surface adsorption energy could diffuse faster to the water—oil
interface than bigger globulins (Kornet et al., 2021b). According to the
surface pressure test conducted by Kornet et al. (2022), globulins
dominated the emulsifying properties of PPC, and it can be speculated
that globulins have better amphiphilicity than albumins and are easier
to be adsorbed in the water-oil interface. Thus, PPC with fewer globulins
exhibited lower EAIL

10

However, the ESI of RFD-PPC was significantly lower than that of
UFD-PPC, which was opposite to the trend of EAI Due to the impurity of
PPC, the resulting Maillard or caramelisation products in RFD-PPC could
decrease the surface charge of proteins, leading to a lower steric
repulsion between the oil droplets so that they are more likely to induce
collision and flocculation of droplets (Zhao et al., 2022). ESI of PPI did
not change much before and after roasting, possibly because of its higher
purity with less non-protein components interference. It is worth noting
that PPC presented higher ESI than PPI, which may be because albumins
and globulins contained in PPC could synergistically match and adsorb
on the water-oil interface to stabilise the emulsion better. More spe-
cifically, albumins are smaller and have a lower net protein charge than
globulins (Yang et al., 2022b), which allows albumins to fit more easily
on the interface and approach closely with low electrostatic repulsion
(Kornet et al., 2021b). Overall, pre-roasting can promote EAI of both
PPC and PPI samples, while it decreased the ESI of PPC and had no
significant effect on the ESI of PPI

3.4.2. Thermal properties

Thermal properties showed the thermal stability or denaturation
degree of proteins. Fig. 8 (A) displays the representative heat flow
patterns of PPC and PPI, showing that all samples had endothermic
peaks between 80 and 100 °C. Thus, the roasting conditions (roasted at
150 °C for 10, 20, and 30 min) in this study did not cause complete
denaturation of pea proteins. Fig. 8 (B) shows the onset temperature (T,)
and denaturation temperature (T4) that were required for the denatur-
ation of each protein powder. The AH of all pea proteins tend to decrease
after roasting, but there was no significant difference among all samples
(Fig. 8 (C)), further proving that the pre-roasting in this study only
partially denatured the pea proteins.

The T, of PPC did not change much, while their Ty first decreased and
then increased with the roasting time extending. The reduction of Ty in
R10FD-PPC and R20FD-PPC, presenting their thermal stability was
impaired, though the average temperature of decrease was only within
5 °C (from 93.7 £ 2.0 to 89.0 + 3.2 °C), which may be caused by the
decreasing of rigid p-sheets (Fig. 4 (B)) of PPC. Surprisingly, the T4 of the
R30FD-PPC was increased, which could be due to its prominent low
protein content and high carbohydrates (Table 1), and most carbohy-
drates are soluble oligosaccharides and polysaccharides (Kornet et al.,
2020). As a result, more soluble carbohydrates containing hydroxyl
groups formed non-specifically extensive hydrogen bonds around the
hydration shell of protein, thereby improving the overall T4 of R30FD-
PPC (Kaushik & Bhat, 1998). The T4 of PPI showed no significant
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Fig. 8. (A) DSC thermographs of pea protein powders (The arrows in the figure show the lowest point of the peaks). Comparison of the (B) onset temperature (T,),
denaturation temperature (Ty), and (C) enthalpy (AH) of different pea proteins. Different letters in the same parameter mean significant differences (P < 0.05).

changes, which could be explained by the conformation of PPI samples
with more rigid p-sheet while referring to their secondary structural
analysis (Fig. 4 (B)) so that their T4 was almost unaffected by pre-
roasting treatment. Despite this, the T, of PPI decreased prominently
with the extension of roasting time, indicating the RFD-PPI was partially
denatured by pre-roasting and only a lower temperature was required to
trigger initial denaturation than that of UFD-PPI. The significant
changes in the tertiary structures (Table 2 and Fig. 6) of PPI samples also
suggested that their native conformation was altered.

Compared to the T, and Ty of PPC and PPI extracted from the same
pea flour, PPC had higher T4 but lower T, than the corresponding PPI
samples. PPC contains more starch residues than PPI (Table 1) since it
omitted the process of isoelectric precipitation, which may cause the
endothermic slope of PPC to appear near the temperature at which
starch began to gelatinize (~59 °C) (Kornet et al., 2020; Kornet et al.,
2021b). Additionally, PPI could remove most of the salt ions in basic pea

11

protein extracts through the isoelectric precipitation, but PPC retains
more ions like K+ and P**, which possibly originate from phytic acid and
K-phytate (Kornet et al., 2021c). The increasing T4 of PPC might be due
to the presence of more endogenous salt ions, which could affect the
electrostatic response, increase intramolecular hydrophobic associa-
tions and strengthen the hydration of protein suspension to increase the
thermal stability (Shand et al., 2007). The more prominent intermo-
lecular hydrogen bonds between proteins and carbohydrates of PPC
samples detected in normalised FT-IR spectra (Fig. S1 (A)) can also be a
reason for the higher T; of PPC than PPI. To conclude, pre-roasting
partially denatured the proteins, and T4 of PPC samples with shorter
roasting time (R10FD-PPC and R20FD-PPC) and the T, of RFD-PPI were
slightly reduced.



Y. Lao et al.

4. Conclusion

Although all the roasting conditions increased the protein solubility
around pH 7, short-term roasting (150 °C for 10 and 20 min) was
beneficial as they did not compromise extraction efficiency. The solu-
bility of RFD-PPI was much improved at pH 3, which could open its
applications in acidic protein beverages. The SDS-PAGE profiles of PPC
and PPI were almost unchanged under all roasting conditions, except for
the broad stained bands presented in the top of gels with pre-roasting
treatment, indicating the existence of high molecular weight Maillard
conjugates. Moreover, as detected in the amide I band, roasting induced
the decrease in native and intermolecular B-sheets and the increase in
the random coil and p-turn in PPC, while only having a subtle impact on
PPI. Nevertheless, the total/free SH, SS bond and Ho were significantly
altered with longer roasting time. The changes in functional properties
of pea proteins including solubility, emulsifying, and thermal properties
were correlated to the effects of roasting times on conformation,
extraction process (with or without isoelectric precipitation), and non-
protein content (carbohydrates, etc.) of the protein powders. Consid-
ering the extraction efficiency and functionality of pea proteins, the pre-
roasting at 150 °C for 10 or 20 min could be a promising pre-treatment
method for the preparation of high-quality PPC and PPIL. The outcomes
provided a strategy for improving the solubility of pea proteins, while
retaining their emulsifying and thermal properties. The strategy could
be beneficial in the processing of pea proteins as ingredients for plant-
based beverage production.
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