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The processing of plant protein extracts can affect the protein structure, leading to altered functional properties.
In this work, we evaluated the impact of two common processes in pea protein extraction: heating and drying.
Non-heated and heated (5 min at 95 ◦ C) samples were compared, which were either freeze- or spray-dried. These
processes led to alterations of the proteins, and resulted in changes of their interface and foam-stabilising
properties. A mild protein extraction method was used to preserve the native protein structure during
aqueous extraction, allowing the extraction of both albumin and globulin proteins. Spray-drying of these frac
tions led to higher surface hydrophobicity, which resulted in increased surface activity and stiffer interfacial
layers at pH 3.8 and 7.0. The heating step induced aggregation of the globulins, while albumins remained sol
uble. Here, we demonstrated that the albumins had a dominant effect on the interfacial (rheology and ellips
ometry) and foaming properties after heating, as the globulin aggregates were too large for effective interface
stabilisation. A similar mechanism was also shown at pH 3.8, where the globulins precipitated, as the pH was
close to their pI, while albumins remained soluble. Again, the albumins dictated the interfacial properties,
leading to highly stable foams after removing the insoluble globulins. We have shown marginal differences in
protein functionality after freeze- or spray-drying. More importantly, the changes in soluble protein composition
dictate the protein functionality after heating or pH shifts.

1. Introduction
Plant protein functionality is currently a major topic in food science,
especially in the context of replacement of animal-based proteins by
plant ones (Loveday, 2019). This trend is driven by concern about
ecological impacts, increasing demand for food due to a growing world
population, and health-related issues (Aiking & de Boer, 2018; Friel
et al., 2009; Stehfest et al., 2009). As a result, plant proteins from
numerous sources have been studied for their functional properties, such
as gelling, emulsifying, and foaming properties (M. B. Barac, Pesic,
Stanojevic, Kostic, & Bivolarevic, 2015; Kristensen et al., 2021;

Krstonošić, Kalić, Dapčević-Hadnađev, Lončarević, & Hadnađev, 2020;
Pelgrom, Boom, & Schutyser, 2014; Rickert, Johnson, & Murphy, 2004).
In a majority of these studies, proteins are extracted using a ‘conven
tional’ method, which includes dehulling/milling, defatting, alkaline
protein solubilization, isoelectric point (pI) precipitation, sometimes
desalting, and drying. The result is a relatively pure plant protein extract
with protein purities above 80% (Sari, Mulder, Sanders, & Bruins, 2015;
Yang & Sagis, 2021).
Commercially available plant protein extracts are often used in food
applications, and are likely to be produced using the same conventional
method. Using such protein extraction methods has several drawbacks:
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Fig. 1. Overview of protein extraction processes applied in this work.

They require a high amount of resources, e.g. water, energy and
chemicals, and generate a large number of waste streams (Lie-Piang,
Braconi, Boom, & van der Padt, 2021). Extensive processing also reduces
the protein yields, because when globulins are extracted, albumins are
discarded (Chua & Liu, 2019; C.; Kornet et al., 2020; R.; Kornet, Yang,
Venema, van der Linden, & Sagis, 2022; Souza, 2020; Yang, de Wit et al.,
2022). Globulins are a plant protein class, which often possess a pI be
tween 4 and 5, while albumins remain soluble at these pH’s (Gonza
lez-Perez, Vereijken, van Koningsveld, Gruppen, & Voragen, 2005;
McClements & Gumus, 2016; Osborne, 1924). Albumins are removed in
the final centrifugation/filtration step to obtain purified plant globulin
extracts. Finally, extensive processing seems to alter the native protein
structure, leading to aggregation, thus lower solubility and decreased
functional properties (Geerts, Nikiforidis, van der Goot, & van der Padt,
2017; R.; Kornet et al., 2021; Schmitt et al., 2021).
A new upcoming trend is mild purification, which has been per
formed on several protein sources, for instance, by excluding the pI
precipitation step, leading to increased gelling, emulsifying and foaming
properties (Geerts et al., 2017; Karefyllakis, Octaviana, van der Goot, &
Nikiforidis, 2019; R.; Kornet et al., 2021; Langton et al., 2020; Ntone,
Bitter, & Nikiforidis, 2020). This indicates the potential to control the
protein structure/aggregated state and protein composition, thus pro
tein functional properties, by (protein extraction) processing. Two
inevitable process steps in obtaining protein extract powders are the
heating and drying steps. Pasteurisation or ultra-heat treatments (UHT)
are necessary to increase the microbial stability of protein ingredients.
Heating of proteins can lead to the unfolding of the protein’s secondary
and tertiary structure, exposing its hydrophobic regions. Such regions
could start interacting to form protein aggregates, which might possess
lower protein solubility, and altered functional properties (Avelar,
Vicente, Saraiva, & Rodrigues, 2021; Bogahawaththa, Bao Chau, Triv
edi, Dissanayake, & Vasiljevic, 2019; Peng et al., 2016). The impact of
heating on protein structure and functionality has already been evalu
ated in many studies, but the combination with different drying methods
has not received much attention yet, especially for mildly-purified plant
protein extracts.
In plant protein functionality studies, protein extracts are generally
freeze-dried. This drying method is often considered less harmful to the
proteins than spray-drying, since it avoids the heating step in the latter.
Another advantage of freeze-drying is the possibility to produce smaller
batches, as spray-drying often requires large volumes, and sample losses
in the equipment are unavoidable. However, freeze-drying is impractical
for industrial-scale plant protein extraction, where spray-drying is a
more common process step. Several studies have compared the prop
erties of freeze- and spray-dried protein extracts. For soy protein hy
drolysates, no differences in protein molecular properties and oxidation
stability were observed using various drying methods (Wang et al.,
2020). In one study, freeze-drying led to slightly larger protein particle

sizes than spray-drying, indicating protein aggregation (Chen, Chiu,
Feng, Maes, & Serventi, 2021). The protein solubility and foaming
properties of egg white and rice protein seemed to improve for
spray-dried samples (Liu et al., 2015; Zhao et al., 2013). The latter is
particularly interesting from a protein functionality aspect. However, a
convincing relationship between the impact of drying on molecular,
interfacial and foaming properties on proteins is missing.
In this work, we aim to study the impact of processing on plant
protein functionality by comparing non-heated and heated (5 min at
95 ◦ C) pea protein extracts, which are further processed by either freezeor spray-drying. Pea was chosen in this study, as the proteins are
commonly applied in foods and are well-characterised (Barać, Pešić,
Stanojević, Kostić, & Čabrilo, 2015; Burger & Zhang, 2019; R. Kornet
et al., 2022; Lam, Can Karaca, Tyler, & Nickerson, 2018). The pea
proteins were mildly extracted and purified, to retain protein nativity
and co-extract albumins and globulins. All protein extracts were studied
for their molecular properties (protein composition and surface prop
erties), air-water interfacial properties (rheology and ellipsometry), and
foaming properties. Also, the protein extracts were studied at neutral
and acidic pH, which are relevant pHs for food systems. The outcome of
this study will provide crucial insight into the impact of processing
(heating and drying) on plant protein extracts, which is essential for
creating stable, sustainable and healthy plant-based food products.
2. Experimental section
2.1. Materials
Yellow pea (Pisum Sativum L.) seeds were provided by Alimex
Europe BV (The Netherlands). All materials and chemicals (analytical
grade) were obtained from Merck (Germany), and used as received. All
samples were prepared in ultrapure water (MilliQ Purelab Ultra, Ger
many), unless stated otherwise.
2.2. Sample preparation
2.2.1. Preparation of pea protein extracts
Pea protein extracts were produced using an aqueous protein
extraction method based on Kornet et al.(C. Kornet et al., 2020)
(visualised in Fig. 1). The pea seeds were milled into flour with an
average particle size of 100 μm, using an Alpine Multi-processing System
(Hosokawa Micron Powder Systems, USA) with Zirkoplex setup (ZPS).
Four different pea protein extracts were produced and 750 g of pea flour
was used to create each batch. The flour was dispersed in demineralised
water in a 1:10 (w:w) (flour:water) ratio. The pH was adjusted to pH 8.0
using 1M NaOH and stirred for 2 h using an overhead stirrer, while
constantly adjusting the pH to 8.0. Afterwards, the slurry was centri
fuged at 9000 g for 30 min using a Sorvall Lynx 6000 centrifuge
2
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(Sysmex, Netherlands). The pellet was discarded, and the supernatant
was filtered over a 595 ½ folded paper filter (Whatman, Germany) to
collect the soluble phase: a mildly-purified pea protein extract con
taining albumins and globulins. This extract followed four process
routes. In the first two process routes, the extract was untreated and
either freeze- (EKS 30 Freeze Dryer, Zirbus, Germany) or spray-dried.
The samples were spray-dried with a GEA Mobile Mino (GEA Niro,
Germany), equipped with a 1 mm diameter nozzle. The protein extract
(dry matter content diluted to 2% w/w) pumped through the system
with a feed flow of 1.5 L/h. The inlet temperature was 185 ◦ C, and the
outlet temperature was 60–70 ◦ C.
In the last two process routes, the extract was heated for 5 min at
95 ◦ C using an HT220 HTST/UHT system (OMVE, Netherlands) at 20 l/
h. Also here, the protein extract was diluted to 2% (w/w). Higher dry
matter contents (>2.0% w/w) led to weak gel formation upon heating.
Afterwards, the heated extract was either freeze- or spray-dried, using
the same machine and settings as the non-heated extracts. The samples
were labelled using heated (Heat), freeze-dried (F), spray-dried (S), and
pea protein concentrate (P), leading to FP, SP, HeatFP, and HeatSP.

2.4. Determination of particle size and zeta-potential
The particle size and zeta-potential of 0.01% (w/w) protein solutions
were determined using dynamic light scattering with a Zetasizer Nano
ZS (Malvern Instruments, UK). Samples prior to the measurement were
passed through a syringe filter (1 μm Surfactant-free Cellulose Acetate)
and placed into a DTS1060 cuvette. Autocorrelation functions collected
at 173◦ angle were processed using built-in software to calculate Zaverage and particle size distribution. The refractive indices for proteins
and the water phase were set at 1.45 and 1.33, respectively. All mea
surements were performed at least in triplicate at 20 ◦ C.
2.5. Determination of protein surface hydrophobicity
The protein surface hydrophobicity was analysed using the fluores
cent probe 8-anilino-1-naphthalene sulfonic acid ammonium salt
(ANSA). Protein solutions were prepared in a protein concentration
range of 0.005–0.04% (w/w). Cuvettes (4 mL volume) were filled with 3
mL protein solution and 25 μL of an 8 mM ANSA solution. The cuvettes
were carefully mixed by rotation, and incubated at room temperature in
the dark for 1 h. After incubation, the cuvettes were analysed in an LS
50B luminescence spectrometer (Perkin Elmer, USA). The excitation and
emission wavelength were set at 390 and 470 nm, respectively, and the
slit gaps were set at 5 mm. MilliQ (with ANSA) was included as a blank.
The protein surface hydrophobicity was determined by calculating the
slope of the curve of emission intensity versus the protein concentration.
Two independent samples were prepared, and each replicate was
measured twice.

2.2.2. Compositional analysis
Protein content was calculated by determining the nitrogen content
using a FLASH EA 1112 series Dumas (Interscience, the Netherlands).
The nitrogen conversion factor was 5.7 (C. Kornet et al., 2020).
The protein recovery was calculated using equation (1). The protein
content in the pea seeds is 18.8% (w/w).
Recovery =

Protein extracted from 750 g seeds (g)
x 100
Protein in 750 g seeds (g)

(1)

2.6. Determination of protein denaturation properties

Starch content was determined using ‘The Rapid Total Starch
Method’ from an enzyme starch kit (Megazyme, Ireland). The materials
were suspended in sodium acetate buffer plus calcium chloride in
quadruplicate. The first two replicates (sample tubes) were enzymati
cally digested using subsequently α-amylase and amyloglucosidase. The
other two replicates (sample blanks) were treated similarly, but then
with the sodium acetate buffer instead of the enzymes. The samples were
centrifuged, after which the supernatants were diluted 5 times using the
sodium acetate buffer. The diluted supernatants were mixed with
glucose oxidase, peroxidase and p-hydroxybenzoic (GOPOD) reagent,
and the mixtures were analysed for their absorbance at a wavelength of
510 nm. D-glucose and corn starch were included as standards (provided
by the kit). All sample tubes were measured in duplicate, and all sample
blanks just once.

Samples were prepared by dissolving 10% (w/w) protein in deion
ised water for 2 h and adjusted to pH 7.0. The protein solutions were
transferred to high volume stainless steel pans in weights of 30 ± 5 mg.
The pans were closed with a lid and measured with a TA Q200 Differ
ential Scanning Calorimeter (TA Instruments, New Castle, USA). The
heat flow was recorded over a temperature range of 20–120 ◦ C, with a
heating rate of 5 ◦ C/min. All samples were measured in triplicate. The
data was analysed using the analysis tool available in the Universal
Analysis software (TA Instruments, New Castle, USA).
2.7. Determination of protein solubility
The protein solubility was determined by preparing 1.0% (w/w)
protein solutions. The pH was adjusted to 3.8 or 7.0 using HCl, and
stirred for 1 h, while frequently adjusting the pH, if necessary. After
wards, the solutions were centrifuged for 10 min at 15,000×g. The su
pernatant was collected, and its protein content was analysed using
Dumas. The protein solubility was determined as the mass of the dis
solved protein in the supernatant divided by the mass of all protein
present in the pellet and supernatant.

2.2.3. Preparation of protein solutions
Protein extracts were dissolved based on protein concentration (%
w/w) in MilliQ water, and carefully stirred for 2 h at room temperature.
The pH was adjusted to 3.8 or 7.0 using 0.1 or 1M HCl and NaOH. All
protein solutions were freshly prepared before analysis and discarded
after 24 h.
2.3. Protein composition by size exclusion chromatography (SEC)

2.8. Determination of air-water interfacial properties

The protein composition was determined using size exclusion chro
matography (SEC) with an AKTA FPLC System (Amersham Biosciences,
UK). A Superdex 200 10/300 GL column was used. The eluted sample
was analysed with a UV detector, set at a wavelength of 280 and 320 nm.
Samples were prepared by dissolving the protein extracts at 1% (w/w)
protein content in MilliQ water. The pH was adjusted to 3.8 or 7.0 and
centrifuged at 15,000×g for 10 min. The supernatant was diluted in a 1:1
ratio with 20 mM Tris/HCl buffer +0.2M NaCl at pH 8.0. Finally, the
sample was filtered over a 0.45 μm filter before injection. The filtration
step is required to remove dust, but could lead to removal of large
(>0.45 μm) protein aggregates. But since we are primarily interested in
the composition of the soluble fraction, this will not affect our results.
These aggregates are anyway too large to be retained by the column.

Air-water interfacial properties were analysed using a drop tensi
ometer PAT-1M (Sinterface Technologies, Germany). A 0.1% (w/w)
protein solution was studied by creating a hanging (or pendant) droplet
with a surface area of 20 mm2 at the tip of a straight needle. The droplet
shape was fitted using the Young-Laplace equation to obtain the surface
tension, which was analysed for 3 h by maintaining a droplet area of 20
mm2. After 3 h of waiting time, the droplet was subjected to dilatational
oscillatory deformations. Amplitude sweeps were performed, where the
dilatational strain amplitude increased in the following order: 3, 4, 5,
7.5, 10, 12.5, 15, 20, and 30% at a fixed frequency of 0.02 Hz. Each
deformation was performed for 250 s (five cycles), followed by a pause
step of 50 s. All measurements were performed in triplicate at a
3
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Table 1
Overview of protein and starch content (w/w, based on dry matter), protein recovery (%), protein solubility and relative surface hydrophobicity of freeze-dried (FP),
spray-dried (SP), heated freeze-dried (HeatFP) and heated spray-dried (HeatSP) pea protein extracts. The values are averages of triplicate measurements, and the
standard deviation is also shown. The averages within a row with the same superscript letter are not significantly different (p > 0.05).
Sample

Protein content
(%)

Starch content
(%)

FP
SP
HeatFP
HeatSP

55.7 ± 0.3a
54.8 ± 0.2b
54.1 ± 0.1c
52.0 ± 0.1d

1.4
1.1
1.2
1.7

± 0.04b
± 0.04a
± 0.05a
± 0.14c

Protein recovery
(%)

Protein solubility at pH 7.0
(%)

84.4%
65.3%
83.1%
66.4%

81.1 ±
84.9 ±
91.7 ±
89.8 ±

0.6a
0.7b
0.2d
0.7c

21.6 ±
23.6 ±
20.7 ±
19.6 ±

temperature of 20 ◦ C. Lissajous plots of the deformations were created
by plotting the surface pressure Π = γ-γ0 versus the deformation (A-A0)/
A0, where γ and A are the surface tension and area of the droplet’s
deformed interface, and γ 0 and A0 are the surface tension and area of the
non-deformed interface, respectively. The middle three oscillations of
each amplitude were used to create the plots.

Foamoverrun(%) =

The thickness of the interfacial film formed by the proteins was
studied using an imaging nulling ellipsometer EP4 (Accurion, Germany).
Air-water interfacial films were created by injecting 10 mL 0.1% (w/w)
protein solution in a Petri dish (60 mm diameter). The dish was covered
to minimize water evaporation, and the interfaces were equilibrated for
3 h. Afterwards, the cover was removed, and the interfacial films were
studied by measuring the intensity and polarization change of an inci
dent polarized laser light beam having wavelengths ranging from 499.8
to 793.8 nm. The measurement was performed over two zones at an AOI
(angle of incidence) of 50◦ to obtain the ellipsometric parameters phase
shift (δ) and amplitude ratio (ψ). The analysis was performed at least in
duplicate and at room temperature. The output was fitted using
EP4Model v.3.6.1. software. A model was used with three layers: the
substrate buffer, the ambient medium air, and the intermediate protein
film layer. The parameters of the protein layer in the model were fitted
using a Cauchy model (equation (2)).
B C
+
λ2 λ4

(nprotein − nwater )δprotein
dn/dc

0.35 ±
0.41 ±
0.95 ±
1.00 ±

0.01a
0.01b
0.03c
0.01c

Foamvolume(mL)
x100
Initialliquidvolume(15mL)

(4)

2.11. Statistical analysis

(2)

The statistical significance between the samples was evaluated using
a one-way analysis of variance (ANOVA) and Duncan’s test at p ≤ 0.05,
using SPSS 25.0 software (SPSS Inc., USA).

Where n is the refractive index; λ is the wavelength of the polarized light;
A, B, and C are fitting parameters. Three films were created in separate
Petri dishes, which were each measured once.
The protein surface load (Γ, mg/m2) was calculated using equation
(3):
Γ=

0.3c
0.3d
0.1b
0.3a

Rel. surface hydrophobicity at pH 7.0
(− )

2.10.2. Foam stability
The foam stability of the 0.1% (w/w) protein solutions was analysed
using the foam analyser Foamscan (Teclis IT-Concept, France). A glass
cylinder (6.0 cm diameter) was injected with 40 mL of protein sample. A
foam was created by sparging nitrogen gas through a metal frit ((27 μm
pore size, 100 μm distance between centres of pores, square lattice) at a
400 mL/min gas flow rate, until a foam volume of 400 mL was reached.
A built-in camera monitored the foam volume, and the time when half of
the initial foam volume had collapsed (the foam volume half-life time)
was determined, which is a measure for foam stability. Images of air
bubbles were recorded, and analysed using DIPlip and DIPimage image
analysis software (TU Delft, the Netherlands) to obtain an average
bubble size. All foaming experiments were performed at least in tripli
cate at 20 ◦ C.
Different modes to create foam (whipping versus sparging) were
used for determining foamability and foam stability. A whipping method
was used to study foamability, as the differences between samples are
more distinct compared to sparging. A disadvantage of the whipping
method is the difference in foam volume directly after whipping. This
reduces the comparability between the samples, regarding foam stabil
ity. The sparging method is more suitable to study foam stability, as a
similar foam volume can be reached for all samples.

2.9. Determination of interfacial film thickness by ellipsometry

n(λ) = A +

Protein solubility at pH 3.8
(%)

3. Results and discussion
3.1. Protein extraction and composition

(3)

Pea proteins were extracted using a mild purification method, and a
non-heated and heated extract was either freeze- or spray-died, leading
to freeze-dried (FP), spray-dried (SP), heated freeze-dried (HeatFP) and
heated spray-dried (HeatSP) pea protein extract. Table 1 shows the
composition of the different protein extracts. All pea protein extracts
have a comparable protein composition varying from 52.0 to 55.7%. The
mild purification method effectively removes the starch, as the pea
protein extracts contain 1.1–1.7% starch (Table 1). The relatively low
protein content of the extracts is due to the presence of soluble carbo
hydrates and minerals, which can comprise up to 23.6% and 11.8% (w/
w), respectively, according to a previous study (R. Kornet et al., 2021).
The remaining 7–8% could comprise our of larger polysaccharides,
which were not identified as starch and too large for the soluble car
bohydrate analysis. In addition, very minor traces of oil could be pre
sent, as shown by Pelgrom et al. where 0.9% of oil is present in a pea
protein extraction (Pelgrom et al., 2014). We also determined the pro
tein recovery (equation (1)) of the pea protein extracts. The freeze-dried
samples FD and NHFD had high recovery values of 83.1 and 84.4%,

Where nprotein is the refractive index of the protein layer (1.450), nwater is
the refractive index of water (1.330), δprotein is the thickness of the
interfacial layer (between the water and air phase) and dn/dc is the
refractive index increment of system (0.185).
2.10. Determination of foam properties
2.10.1. Foamability
Foamability was determined by whipping 15 mL of 0.1% (w/w)
protein solution for 2 min at 2000 rpm with an aerolatte froth (Aerolatte,
UK) connected to an overhead stirrer. The foams were created in a
plastic tube (3.4 cm diameter). The top and bottom of the foams were
directly marked on the tubes, and the foam height was measured with a
ruler. The foam height and tube diameter were converted into foam
volume. The foam overrun (%) was determined by equation (4). The
experiments were performed in triplicate.
4
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protein composition of only the soluble fraction is studied in SEC, as
larger particles (>0.45 μm) had to be removed to avoid column
blockage. The first peak is not fully shown, as this peak represents ma
terial, which was too large to be retained in the column. According to the
manufacturer, the column can retain proteins up to 600 kDa. Therefore,
the first peak represents mainly protein aggregates. The full peak is
shown in Figure S1 in the SI. It is worth mentioning that the height of the
first peak increases nearly four times after spray-drying, while the
heating step increases it by tenfold. Heating seems to induce the for
mation of ‘soluble’ aggregates, which are not removed by the centrifu
gation step. The formation of such aggregates is expected due to heating,
as hydrogen bonds are broken upon heating. As a result, the proteins
could (partially) unfold, leading to exposure of the hydrophobic protein
core that can interact and cause the formation of aggregates.
Between an elution time of 10 and 19 min, we can see the protein
composition of the individual proteins. The chromatogram of FP
(Fig. 2A) shows a peak for legumin (LEG), two peaks for vicilin (VIC),
and two peaks for albumins (ALB), similar as previously determined (C.
Kornet et al., 2020). Legumins and vicilin are classified as globulins,
which have a globular structure and high solubility in salt solutions. The
quaternary structure of globulin proteins may depend on ionic strength
and pH, varying from monomers to large aggregates (Gonzalez-Perez &
Vereijken, 2007). Legumin is the largest pea protein, which exists as a
hexamer with molecular weights varying from 320 to 380 kDa at neutral
pH. Vicilin generally has a trimeric form at neutral pH with sizes varying
from 150 to 210 kDa (M. Barac et al., 2010; Dagorn-Scaviner, Gueguen,
& Lefebvre, 1986; Dziuba, Szerszunowicz, Nałecz, & Dziuba, 2014). The
two vicilin peaks result from a vicilin sub-group, known as convicilin
(García Arteaga, Apéstegui Guardia, Muranyi, Eisner, &
Schweiggert-Weisz, 2020; C. Kornet et al., 2020). Another type of pro
tein is the albumins, which are classified as water-soluble proteins, and
much smaller than the globulins, with molecular weights varying from
15 to 58 kDa. The prominent peak around 19.5 min corresponds to
phenols, as these peaks are abundantly present at an absorbance of 320
nm, while the protein peaks are absent at this wavelength.
When comparing the chromatogram of FP and SP, no major differ
ences were found between the soluble protein composition (Fig. 2A). A
noticeable difference is present when comparing FP with the heated
protein extracts (Fig. 2B). Mainly the globulin peaks are significantly
decreased, while the albumin peaks seem to be largely intact. These
chromatograms demonstrate the formation of aggregated proteins upon
heating, while the peaks of the globulins are reduced. The aggregates are
thus primarily composed of pea globulins.

Table 2
Overview of protein denaturation onset and peak temperature, and denaturation
enthalpy of freeze-dried (FP), spray-dried (SP), heated freeze-dried (HeatFP) and
heated spray-dried (HeatSP) pea protein extracts at pH 7.0. The values are av
erages of triplicate measurements, and the standard deviation is also shown. The
averages within a row with the same superscript letter are not significantly
different (p > 0.05).
Sample
FP
SP
HeatFP
HeatSP

Tonset (◦ C)

Tpeak (◦ C)
b

72.0 ± 0.7
69.9 ± 0.4a
No peak
No peak

Enthalpy (J/g protein)
a

80.5 ± 0.5
79.4 ± 0.5a
No peak
No peak

10.8 ± 1.3b
3.8 ± 0.1a
No peak
No peak

while the spray-dried samples SP and NHSP had lower values of 65.3 and
66.4%, respectively. A major portion of the proteins were lost upon
spray-drying, leading to lower recovery values. The heated extracts had
a comparable protein recovery as non-heated ones.
The type of drying process affects the protein solubility at pH 7.0,
which was equal to 81.1% for FP and 84.9% for SP (Table 1). Heated
extracts even had a slightly higher solubility of 89.8 and 91.7% for
HeatSP and HeatFP, respectively. The elevated temperatures in the
heating step seem to increase solubility, which could be related to slight
structural changes of the proteins, leading to alteration of the surface
hydrophobicity, which was shown to increase due to the heating step
(Table 1). Another possibility is the formation of ‘soluble’ aggregates,
which are too small in size for removal upon centrifugation at our
conditions (10 min at 15,000×g). Such soluble aggregates (diameter
between 0.05 and 0.7 μm) were also previously formed for pea proteins
at an acidic pH, and required ultracentrifugation (45 min at 320,000×g)
to induce sedimentation into the pellet (Sridharan, Meinders, Bitter, &
Nikiforidis, 2020).
The alteration of protein structure was also studied using differential
scanning calorimetry (DSC) (Table 2). Denaturation temperatures were
80.5 and 79.4 ◦ C for FP and SP. A significant difference is present in the
denaturation enthalpy, which was 10.8 and 3.8 J/g protein for FP and
SP, respectively. This would suggest some degree of protein denatur
ation occurred during spray drying. The HeatFP and HeatSP had no peak
in the thermograms, which was expected, as the heating step was above
the denaturation temperature of the pea proteins.
3.2. Protein composition
The protein composition of the pea protein extracts was studied
using size exclusion chromatography (SEC) (Fig. 2). Please note that the

Fig. 2. Size exclusion chromatograms of freeze-dried (FP), spray-dried (SP), heated freeze-dried (HeatFP) and heated spray-dried (HeatSP) pea protein extracts at pH
7.0, where the absorbance at 280 nm over elution volume is shown. LEG: legumin, VIC: vicilin, ALB: albumin. For clarity reasons, one representative chromatogram is
shown, but comparable chromatograms were obtained in duplicate measurements.
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Fig. 3. (A) The volume-based size distribution and (B) the zeta-potential over pH of freeze-dried (FP), spray-dried (SP), heated freeze-dried (HeatFP) and heated
spray-dried (HeatSP) pea protein extracts at pH 7.0. For panel A, one representative size distribution is shown, but comparable graphs were obtained in triplicate
measurements. For panel B, the average and error bars of the zeta-potential is obtained from triplicate measurements.
Fig. 4. (A) The surface pressure over time of 0.1%
(protein w/w) freeze-dried (FP), spray-dried (SP),
heated freeze-dried (HeatFP) and heated spray-dried
(HeatSP) pea protein extracts at an air-water inter
face at pH 7.0. (B) The surface dilatational moduli
over deformation amplitude of air-water interfacial
films stabilised by the aforementioned pea protein
extracts after 3 h of ageing. The surface elastic (Ed’)
and viscous (Ed”) moduli are shown in panel B. For
panel A, one representative surface pressure curve is
shown, but comparable graphs were obtained in
triplicate measurements. For panel B, the average and
error bars of moduli are obtained from at least trip
licate measurements.

3.3. Protein size and surface properties

3.4. Interfacial properties

The protein aggregation was further studied by dynamic light scat
tering (DLS) techniques (Fig. 3A). FP and SP showed a main peak around
30–40 nm with a minor shoulder peak up to 600 nm. Based on their
molecular weight, the globulins would have a diameter of 7–9 nm and
albumins a diameter of 3–5 nm (Erickson, 2009). Therefore, the main
peak at 30–40 nm shows aggregated proteins. These aggregates might be
responsible for the large initial peak in SEC analysis. Individual proteins
are not visible in the curves, as the larger aggregates are dominating the
DLS signal. The aim of the DLS measurements was to monitor the for
mation of aggregates upon processing, whereas the composition of the
monomeric protein fraction was determined by SEC (Fig. 2).
The heated samples HeatFP and HeatSP showed markedly larger
particle sizes, varying from 60 to 2000 nm. Here, we again demonstrate
the formation of protein aggregates upon heating. Additionally, the zetapotential was measured over a pH range from 3 to 8 (Fig. 3B). All pea
protein extracts show a comparable zeta-potential over the studied pH
range, with isoelectric points (pI) varying from pH 4.3–4.4, which cor
responds to the pI of the globulin proteins (Barać et al., 2015; Dziuba
et al., 2014).
Heating pea proteins by either spray-drying or a heating step resulted
in altered protein structure, as indicated by the DSC measurements, and
the formation of protein aggregates. The aggregates are formed mainly
by globulins, while albumins seem to remain soluble. Also, the overall
protein surface charges of the protein extracts are unaltered upon pro
cessing. Spray-drying a ‘native’ (non-heated) mildly purified protein
extract affects the molecular properties resulting in higher surface hy
drophobicity (Table 1) and more aggregates. No clear difference in these
properties between freeze- and spray dried pea proteins are observed
after both have been subjected to an extensive heating step.

3.4.1. Adsorption behaviour
The dynamic surface pressure as a function of time and interfacial
dilatational modulus of the pea protein extracts, measured using drop
tensiometry, are shown in Fig. 4A. For all protein extracts, we observed a
rapid surface pressure increase in the sub-second range, as the surface
pressures at 1 s are ranging from 2.4 to 8.8 mN/m. The FP had the lowest
surface pressures, increasing from 2.4 mN/m at 1 s to 19.8 mN/m after 3
h of adsorption. SP showed a faster surface pressure increase than FP,
starting at 3.4 mN/m and ending at 23.5 mN/m. HeatFP and HeatSP
exhibited even higher surface pressures than SP, especially in the first
100 s. Spray-drying leads to higher surface activity compared to the
freeze-dried samples, probably due to higher exposed surface hydro
phobicity (Table 1). The heating step further increased the protein hy
drophobicity, which could cause higher surface activity, especially in
the initial adsorption phase. Here, heat-induced protein aggregates are
not expected to adsorb at the air-water interface. Smaller proteins are
most likely to play a key role here, which we will address in the next
sections. Another possible mechanism is the formation of amphiphilic
peptides that are formed during the (extreme) heat exposure in spray
drying (Bikaki, Shah, Müller, & Kuhnert, 2021). In previous studies,
smaller peptides (formed by heating) were found to dominate the
air-water interfacial properties, which might explain the slightly higher
surface activity for the spray-dried samples (Li et al., 2022; Wan, Yang,
& Sagis, 2016).
3.4.2. Surface dilatational deformations
The air/water interface was further studied by performing dilata
tional deformations after t = 10800 s, from which surface dilatational
moduli as a function of the relative deformation amplitude were
determined (Fig. 4B). All pea-protein stabilised interfaces showed a
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Fig. 5. Lissajous plots of surface pressure over deformation of 0.1% (protein w/w) freeze-dried (FP), spray-dried (SP), heated freeze-dried (HeatFP) and heated spraydried (HeatSP) pea protein extract-stabilised air-water interfacial films at pH 7.0 after 3 h of ageing. One representative plot is shown, but comparable plots were
obtained in triplicate measurements.

higher elastic modulus Ed’ than the loss modulus Ed”, implying the in
terfaces have viscoelastic solid-like behaviour. The FP-stabilised inter
face showed the lowest elastic moduli with an Ed’ of 51.6 mN/m at 3%
deformation, which decreases to 29.7 mN/m at a deformation amplitude
of 30%. This amplitude-dependency implies the microstructural break
down of the interfacial layers, which increases at higher deformations.
The ability to form such viscoelastic solid-like layers could suggest
protein-protein interactions at the interface (Böttcher, Keppler, &
Drusch, 2017; Tamm & Drusch, 2017; Yang, Waardenburg, et al., 2021).
The SP-stabilised interface showed higher moduli over the whole
deformation range compared to FP, suggesting the formation of even
stiffer interfacial layers by SP. Even more extensive heating (HeatFP and
HeatSP), led to higher moduli with values starting at ±75 mN/m (3%
deformation) that decrease to ±33 mN/m at 30% deformation. So, the
stiffness (resistance to dilatational deformation) of interfacial layers
increased upon spray-drying and heating. Before discussing this
behaviour, we introduce another method to analyse the dilatational
rheology data by plotting Lissajous plots. These plots allow for a more
accurate analysis of the nonlinearities in the surface stress response,
which are typically neglected in the first harmonic based calculation of
the dilatational moduli.

Humblet-Hua, & van Kempen, 2014). In short, the plots follow a
clockwise movement, where the upper part of the plot represents the
extension of the interfacial area, and the bottom part demonstrates the
compression cycle. The shape of the plots provide insights on the
rheological behaviour, as a linear (fully) elastic rheological response
exhibits a closed plot (straight line). On the other hand, the plots are
circular when the viscous component is entirely dominating the
response. When interfaces show a linear viscoelastic response, this re
sults in ellipsoidal Lissajous plots.
At 5% deformation, such (near) ellipsoidal shapes are shown for all
pea protein extract-stabilised interfacial films in Fig. 5. The plot of SP is
slightly more tilted towards the vertical axis compared to FP. Plots of
HeatFP and -SP even have smaller angles towards the vertical axis. This
again shows a stiffer interfacial layer formed by SP compared to FP, and
the stiffest layers seemed to be formed by the heated protein extracts,
which agrees with the surface dilatational moduli in Fig. 4B.
As mentioned in the previous paragraph, nonlinearities are gener
ated at large deformations, which typically result in non-ellipsoidal and
asymmetric Lissajous plots, as shown for the Lissajous plots at 30%
deformation. The strongest asymmetries are present in the 30% plot of
the HeatSP-stabilised interface. For the explanation, we start from the
bottom-left corner (def. − 0.33), which is the start of the extension cycle.
Here, we observe a steep increase of surface pressure, indicating a high
stiffness of the structure near maximum compression. This is followed by
a gradual decrease in the slope, which ends in a near horizontal curve
towards maximum extension. Such behaviour was previously described
as (intra-cycle) strain softening of the interfacial microstructure upon
extension (R. Kornet et al., 2022; Yang, Berton-Carabin, Nikiforidis, van
der Linden, & Sagis, 2021). This particular evolution of the surface stress
is the result of a combination of a gradual disruption of the solid-like
structure of the interface, and a decrease of protein density.
An opposite behaviour is observed upon compression, which is
known as intra-cycle strain hardening in compression. This is reflected
by the steep surface pressure change from +7 mN/m to − 20 mN/m.
Strain hardening has been related to concentrating proteins at the
interface, leading to dense protein clusters, which could start jamming.
The combination of such phenomena implies strong in-plane in
teractions between proteins at the air-water interface, and is consistent
with the formation of a viscoelastic solid-like layer, as observed for
several proteins, from sources such as pea, rapeseed and whey (Böttcher
et al., 2017; Hinderink, Sagis, Schroën, & Berton-Carabin, 2020; Yang
et al., 2020; Yang, Waardenburg, et al., 2021).

3.4.3. Lissajous plots
Lissajous plots can yield additional insights into the mechanical
properties of protein-stabilised interfaces. The pea protein-stabilised
interfaces show an amplitude-dependency for the surface dilatational
moduli (Fig. 4B), implying that the deformations are in the nonlinear
viscoelastic (NLVE) regime. In the NLVE regime, nonlinearities are
generated in the stress response due to changes in the microstructure, e.
g. microstructural breakdown upon deformation. These nonlinearities in
the stress response are not included in the calculation of the surface
dilatational moduli. These are calculated from a Fourier transform of the
surface stress, and only the intensity and phase of the first harmonic of
the Fourier spectrum are used in moduli calculation. The nonlinearities
present in the NLVE regime lead to higher-order harmonics in the
Fourier spectrum, which are neglected in the moduli calculation. A
qualitative method to analyse such nonlinearities is by plotting the raw
surface stress response against deformation in so-called Lissajous (or
Lissajous-Bowditch) plots.
Lissajous plots of pea protein extract-stabilised interfaces are shown
in Fig. 5. An extensive overview of the theory of Lissajous plots in surface
rheology is provided in previous works (Sagis & Fischer, 2014; Sagis,
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ellipsometry (Table 3). At pH 7.0, the FP and SP-stabilised interfaces had
the highest thickness of 4.4 and 4.6 nm, respectively. A HeatSP and
HeatFP-stabilised interface was significantly thinner with values of 3.8
and 3.4 nm, respectively. We should keep in mind that we obtain an
average thickness value over an area of several hundreds of square mi
crons with ellipsometry. From previous work, the mechanical properties
of an FP-stabilised interface are expected to be dominated by globulins
(R. Kornet et al., 2022). Also, similar interfacial thicknesses were ob
tained for several plant proteins (Hinderink et al., 2020; Yang et al.,
2020). However, the thickness of 4.4 nm for the FP-stabilised interface is
smaller than individual globulins (7–9 nm), indicating the additional
presence of the smaller albumins (3–5 nm).
A thinner interfacial film was found after heating with values of 3.4
and 3.8 nm for HeatSP and HeatFP, respectively. In Fig. 3A, we show the
formation of large aggregates up to 2000 nm after heating, and aggre
gates larger than 200 nm are unlikely to be surface active (Rullier,
Novales, & Axelos, 2008). Therefore, we may assume these large ag
gregates are unable to adsorb at the interface. The thinner interfacial
film would indicate the presence of smaller proteins, which would imply
a relative increase in the presence of the albumins, which are predom
inantly present in the soluble fraction of HeatFP and -SP, as shown by
SEC (Fig. 2B). Also, the thickness of the protein layer is within range of
the expected size of albumin proteins (3–5 nm).
Albumins of several legume proteins, including pea, were previously
found to form stiff and dense interfacial films due to their smaller size
and lower surface charge compared to globulin proteins (Yang, Kornet,
et al., 2022). Globulins were shown to be highly aggregated structures
that could only form weak and stretchable protein films (R. Kornet et al.,
2022; Yang, de Wit et al., 2022). This could explain the weaker
globulin-dominated interfacial films formed by FP, whereas the heated
protein extracts formed stiff albumin-dominated interfacial films, as the
globulins form aggregates that are unable to adsorb at the air-water
interface. To further test the dominance of albumins after globulin ag
gregation, we studied all pea protein extracts at pH 3.8.

Table 3
Thickness of interfacial film of air-water interfacial films stabilised by 0.1%
(protein w/w) freeze-dried (FP), spray-dried (SP), heated freeze-dried (HeatFP)
and heated spray-dried (HeatSP) pea protein extracts at pH 7.0 after 3 h of aging.
The values are averages of triplicate measurements, and the standard deviation
is also shown. The averages with the same superscript letter are not significantly
different (p > 0.05).
Thickness interfacial film (nm)
pH 7.0
FP
SP
HeatFP
HeatSP

4.4
4.6
3.8
3.4

± 0.2d
± 0.1d
± 0.1c
± 0.2b

pH 3.8
2.5
2.3
3.3
2.9

±
±
±
±

0.3a
0.1a
0.1b
0.1a

A HeatFP-stabilised interface showed similar behaviour as HeatSP,
while less extensive strain softening in extension and compression is
shown for an SP-stabilised interface, and even less for FP. Spray-drying
seems to enhance the in-plane protein-protein interactions compared to
freeze-dried samples (for non-heated systems). We could attribute such
behaviour to the slightly higher surface hydrophobicity after spraydrying, as shown in Table 1. The stiffer interfacial layers of the heated
samples could be the result of significantly higher surface hydropho
bicity, as more attractive hydrophobic interactions could occur among
absorbed proteins. In addition, heating could lead to a different protein
conformation, leading to the formation of more S-bridges, which are
abundantly present in albumins. However, several additional bulk
properties are altered upon heating, as the globulins started to aggre
gate, leading to an altered soluble protein composition, with a relatively
higher soluble albumins content. The exact nature of the interfacial
composition was further analysed by studying the interfacial thickness
using ellipsometry.
3.4.4. Thickness of interfacial films
The thickness of the air-water interfacial films was studied using

Fig. 6. (A, B) Size exclusion chromatograms of freezedried (FP), spray-dried (SP), heated freeze-dried
(HeatFP) and heated spray-dried (HeatSP) pea pro
tein extracts at pH 3.8, where the absorbance at 280
nm over elution volume is shown. LEG: legumin, VIC:
vicilin, ALB: albumin. (C) The surface pressure over
time of the aforementioned pea protein extracts (conc.
0.1% protein w/w) at an air-water interface at pH 3.8.
(D) The surface dilatational moduli over deformation
amplitude of air-water interfacial films stabilised by
the aforementioned pea protein extracts at pH 3.8.
The surface elastic (Ed’) and viscous (Ed”) moduli are
shown in panel D. For panels A, B and C, one repre
sentative replicate is shown, but comparable out
comes were obtained in triplicate measurements. For
panel D, the average and error bars of moduli are
obtained from at least triplicate measurements.
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Fig. 7. (A) Foam overrun and (B) foam volume halflife time of 0.1% protein (w/w) freeze-dried (FP),
spray-dried (SP), heated freeze-dried (HeatFP) and
heated spray-dried (HeatSP) pea protein extracts.
Foams were created at pH 7.0 and 3.8. A third con
dition is the removal of insoluble part at pH 3.8 by
centrifugation, which yields the pH 3.8 sup. The
values are averages of triplicate measurements, and
the standard deviation is also shown. The averages
within a panel with the same superscript letter are not
significantly different (p > 0.05).

3.5. Molecular and interfacial properties at acidic conditions

heated extracts at pH 7.0 and 3.8 due to the loss of soluble globulins.
Another explanation for an increased dilatational elastic modulus at
pH 3.8 with respect to that at pH 7 is that at pH 3.8 the absolute value of
the surface charge (+3 to +7 mV) is significantly smaller than that at pH
7 (− 26 to − 30 mV). A lower surface charge could result in lower elec
trostatic repulsive forces between proteins at the interface. As a result,
more proteins fit at the interface, leading to higher surface coverages
and stronger interactions, thus stiffer interfacial films. To evaluate this
effect, we studied HeatFP in the presence of 100 mM salt (NaCl) at pH
7.0 to screen the protein charges (data shown in Figure S3 in the SI).
Here, we found slightly higher surface activity but similar surface dila
tational moduli after salt addition. Screening of the protein charges does
not seem to affect the interfacial properties at pH 7.0. Therefore, the
soluble protein composition is the dominating factor for the dynamic
interfacial tension and elastic modulus, and this composition is pri
marily affected by globulin aggregation, which is induced upon heating
or by lowering protein charges (close to the pI).

All pea protein extracts were studied for their molecular and inter
facial properties at pH 3.8, which is close to the isoelectric point of the
globulins (pI 4.3–4.4), as can be seen in Fig. 3B. At pH 3.8, the zetapotential of all protein extracts is between +3 and + 7 mV. Albumins
are generally soluble at such a pH range, as shown for sunflower and
flaxseed albumins (Gonzalez-Perez et al., 2005; Nwachukwu & Aluko,
2018). The impact of albumins on the air-water interface can be studied
by precipitating the soluble globulins into aggregates. At pH 3.8, the
protein solubility reduced significantly to 19.6–23.6%. The SEC chro
matograms in Fig. 6A&B showed the loss of peaks before an elution time
of 11 min, implying the loss of the ‘soluble’ aggregates that were present
at pH 7.0 after centrifugation. The lower surface charges could have
resulted in even larger aggregates, which are removed upon centrifu
gation. Aggregates at pH 3.8 are probably larger due to lower electro
static repulsion between globulins close to the pI. At pH 7.0, the
aggregates in HeatFP and -SP are formed by hydrophobic interactions
upon the unfolding of the proteins. The aggregate size is largely influ
enced by the heating temperature and time (Brodkorb, Croguennec,
Bouhallab, & Kehoe, 2016). Also, a small vicilin peak is left, indicating
the loss of legumin and nearly all vicilin into the insoluble fraction
(Fig. 6). Albumins were still present in the chromatograms. Also, no
differences in protein composition were observed for the non-heated and
heated protein extracts.
We also evaluated the interfacial properties of the pea protein ex
tracts at pH 3.8. The same trends are present at pH 3.8, where the order
of surface pressure (Π) for t smaller then about 2 h is ΠFP < ΠSP < ΠHeatFP
≈ ΠHeatSP (Fig. 6C). Here, slight heating in the spray-drying or extensive
heating seems to increase the surface activity of the proteins. A signifi
cant development is seen in the mechanical properties of the interface
(Fig. 6D) compared to the same samples at pH 7. The surface dilatational
moduli of HeatFP- and HeatSP-stabilised interfacial films remained
similar, but the moduli of the non-heated FP and SP increased to com
parable values to those at pH 7. All moduli were between 72 and 88 mN/
m at 3% deformation and 32–38 mN/m at 30% deformation. Similar
Lissajous plots for all protein extracts at pH 3.8 are obtained (Figure S2
in the SI).
We also performed ellipsometry on these interfaces (Table 3), where
we found a decrease for FP and SP from 4.4 to 4.6 nm at pH 7.0 to
2.3–2.5 nm at pH 3.8. The interfacial thickness of HeatFP and -SP also
slightly reduced from 3.4 to 3.8 nm at pH 7.0 to 2.9–3.3 nm at pH 3.8.
This suggests the loss of soluble globulins (vicilin and legumin) in the
bulk of FP and SP at pH 3.8 due to low surface charges, leading to a
thinner interface, which may be predominantly stabilised by albumin.
This effect is minor for the heated protein extracts, suggesting fewer
globulins on the interface at pH 7.0 for heated compared to non-heated
extracts. Overall, an albumin-dominated interface is expected for the

3.6. Foaming properties
Fig. 7 summarizes the foaming properties of 0.1 protein wt.% solu
tions of the pea protein extracts. At pH 7.0, the foam overrun is 58% for
FP and SP. HeatFP and -SP have slightly higher foam overruns of 77%
and 79%, respectively. The foam half-life time of all protein extracts was
between 250 and 362 s. Overall, the pea proteins had poor foaming
properties at pH 7.0 (low overrun and stability), in comparison to dairy
or egg proteins (Yang, Kornet, et al., 2022). The pea protein-stabilised
foams at pH 7.0 are mainly stabilised by globulin proteins, as shown
in our previous work (R. Kornet et al., 2022).
At pH 3.8, the foam overrun improved about two times for FP and SP,
and four times for the heated protein extracts (HeatFP and -SP). Also, the
foam stability increased up to four times when decreasing the pH from
7.0 to 3.8. The protein solubility at pH 3.8 is roughly 20%, indicating a
large insoluble fraction, which could be detrimental to foam stability
(Denkov & Marinova, 2006; Rullier, Axelos, Langevin, & Novales,
2010). To test this, the protein solutions at pH 3.8 were centrifuged to
remove the aggregates, and the supernatant was studied for their
foaming properties. A considerable improvement of foam overrun is
observed, with values varying from 334% to 385% for all samples. A
similar improvement is observed for the stability with half-life times
from 1963 to 3730 s.
Interestingly, the protein content of the pH 3.8 supernatant (Table 1)
is roughly four times lower compared to the same samples at pH 7.0, but
the foaming properties improved significantly at pH 3.8. We calculated
the surface load of the interfaces based on ellipsometry results (Table S1
in the SI), and found a maximum decrease of 50% surface load when
decreasing the pH from 7.0 to 3.8. Apparently, sufficient protein is
present to efficiently stabilise the air-water interface, thus foams. The
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Fig. 8. Schematic overview of proposed interfacial composition. The shown illustrations are not on-scale.

improved foaming properties at pH 3.8 seem to be related to the for
mation of albumin-dominated interfacial films. Also, the insoluble ma
terial seems to largely reduce foamability and stability. The better foam
stabilising properties of albumins over globulins was also shown for
proteins from pea and other legume sources (Ghumman, Kaur, & Singh,
2016; R.; Kornet et al., 2022; Lu, Quillien, & Popineau, 2000; Yang,
Kornet, et al., 2022). At all conditions, the heated samples had higher
foamability, and only at pH 3.8 (supernatant), the foam stability was
higher for the heated samples. The heating step affected the proteins,
increasing the surface hydrophobicity, which may lead to higher foam
volumes and higher foam stability. Additionally, no major differences in
foaming properties were observed between freeze- or spray-dried
samples.

improved foaming properties are most likely due to the albumindominated interfaces and the removal of aggregates with anti-foaming
properties.
No major differences were observed for freeze- and spray-dried
samples. A key finding is the impact of heating on the bulk properties.
Generally, the alteration of interface and foam stabilising properties of
heated protein is attributed to the aggregates (absorption at interface or
stabilisation in the film between air bubbles) and higher protein surface
hydrophobicity. Here, we have demonstrated that the aggregation of
globulins upon heating, while albumin proteins remain soluble, leading
to a relative enrichment of soluble albumins. As a result, the globulins
are unable to adsorb, thus cannot compete with the albumins for the
interface. (Fig. 8). The latter dominated the interface and foam stabil
ising properties. These insights on the impact of processing on plant
protein functionality are vital in developing protein extraction pro
cesses, leading to the formulation of sustainable and healthier in
gredients and food products.

4. Conclusions
We evaluated the impact of processing on mildly-purified pea protein
extracts. The protein extracts were either non-heated or heated, and
freeze- or spray-dried. Two major findings were found in the bulk
properties: 1) heating by either spray-drying or extensive heating
resulted in higher surface hydrophobicity of the proteins and/or ag
gregates, and 2) extensive heating resulted in the aggregation of glob
ulins (vicilin and legumin), leading to mainly albumin-containing
soluble fraction. A schematic overview of the proposed protein
composition at the air-water interface of the pea protein extracts at
various conditions is shown in Fig. 8. The surface hydrophobicity seems
to play a role when comparing the interfacial properties of the nonheated freeze- and spray-dried protein extracts, as spray-drying led to
slightly stiffer interfacial layers. The stiffest layers were formed by the
heated samples (independent of drying method), where we demonstrate
an albumin-dominated interfacial layer, as shown by interfacial
rheology and ellipsometry. The globulins are aggregated in the heated
samples, leading to decreased surface activity. On the other hand,
globulins can adsorb at the air/water interface in the non-heated sam
ples, leading to weaker interfacial layers. This is in line with the ob
servations at pH 3.8, where the globulins are also aggregated in the nonheated samples, due to their low surface charge, which leads to a soluble
fraction consisting of mainly albumins. At pH 7.0, all protein extracts
exhibited poor foaming properties, either due to the presence of glob
ulins or aggregates. At pH 3.8, the aggregates also hampered the
foaming properties, as foams created with the soluble fraction showed
high overruns up to 385% and foam half-life times up to 3700 s. The
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