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Abstract

Understanding the air-water and oil-water interfacial behavior
of plant proteins is crucial for developing stable emulsions and
foams in food systems. Plant crops are often processed into
protein extracts with high purity, which primarily consist of
globulins. These globulins are often unable to form stiff interfacial layers owing to their compact and highly aggregated
state and have inferior functionality compared with animalderived proteins from milk or eggs. Much of the current focus is
on modifying these proteins, whereas better interface stabilizing functionality can also be obtained by choosing more
targeted protein extraction methods. This review will highlight
the benefits and drawbacks of current and novel protein
sources and protein extraction methods with respect to interfacial properties.
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Introduction
The transition from animal-to-plant-based proteins is a
major focus in the food industry, which will require
plant-based proteins with high functionality with
respect to the stabilization of multiphase systems, such
as foams (e.g. whipped cream, cappuccino, and ice
cream) and emulsions (e.g. mayonnaise, dressing, and
margarine). The foaming or emulsifying properties of
www.sciencedirect.com

plant proteins can be studied using a multilength scale
approach in which the molecular properties of the proteins (e.g. protein size, hydrophobicity, or charge) are
related to the macroscopic properties (e.g. foam stability
or oil droplet size distribution) of the system. The descriptions of the molecular and macroscopic length
scales can be bridged by studying the structure and
behavior on an intermediate length scale, that is, the airwater or oil-water interface [1]. Understanding the
interfacial behavior of plant proteins is crucial to develop
stable macroscopic systems, because their behavior is
often far more complex than that of their animal-based
counterparts. As a result, plant-based proteins have
been extensively studied for their interfacial properties.
Proteins are widely applied to stabilize foams and
emulsions. The ability of proteins to stabilize interfaces
results from their amphiphilic nature, and the ability to
form relatively strong cohesive layers after adsorption,
through proteineprotein interactions [2]. Adsorption
behavior of surface-active components is generally
determined using a Wilhelmy plate or drop tensiometer,
and the output is expressed as surface tension or pressure over time. Especially, the initial phase of adsorption
(<1s) is crucial, which determines the ability of proteins
to prevent recoalescence during foam or emulsion creation, allowing for more surface area to be formed [2].
Strong in-plane interaction among absorbed proteins
may lead to stiff and solid-like interfacial layers and
higher film stability against rupture of air bubbles or oil
droplets [3,4]. Emulsions and foams are often subjected
to high stresses and deformations during processing and
handling. In recent years, this has inspired several
studies into the large deformation behavior of protein
stabilized interfaces, with deformations well beyond the
linear viscoelastic regime [4e7]. Such studies perform
oscillatory deformations, either in the dilatational mode
(drop tensiometer) or the shear mode (e.g. Du Noüy
ring, bicone, or double-wall ring geometry coupled to a
rheometer or magnetic needle driven rheometer) [8]. In
standard oscillatory measurements, the stress response
is Fourier transformed to obtain surface moduli from the
intensity and phase of the first harmonic of the frequency spectrum. This method is suitable for analysis in
the linear viscoelastic regime, where the moduli are
independent of the deformation. In the nonlinear
viscoelastic regime, higher harmonics are present in the
surface stress signal, resulting from the breakdown of
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the interfacial microstructure. These are not accounted
for in the classical first harmonic analysis. An upcoming
method in interfacial rheology to characterize the mechanical properties in the nonlinear viscoelastic regime
is by plotting the raw surface stress signal versus the
deformation in so-called Lissajous (or LissajousBowditch) curves [5,7,9].
In this review, we will focus on recent progress in the
characterization of the interfacial rheological properties
of air-water and oil-water interfaces stabilized by plant
protein extracts, both in the linear and nonlinear regime.
We will focus on interesting novel sources, effects of
modification on rheological behavior, effects of the
extraction method on functionality, and provide an
outlook for future research on this topic.

Recent focus of plant protein functionality
studies
We analyzed research articles from 2020 of three food
journals (Food Hydrocolloids, Food Science and Technology, and Food Research International; Figure 1) and
found 291 articles focusing on plant-based proteins. The
top three protein sources from those articles were soybean, wheat, and pea, which were explored in more than
half of these studies. Nearly one-third of the studies
focused on other ingredients, such as specific local plant
sources and upcoming sources (e.g. sunflower, rapeseed,
and microalgae). The main focus in interfacial properties of plant proteins was on storage proteins. These can
be classified using the Osborne classification based on
their solubility as 1) globulins (dilute saline soluble), 2)
albumins (water-soluble), 3) prolamins (alcohol-soluble), and 4) glutelins (dilute acid/alkali-soluble) [10].
Globulins and albumins were found to be the most
suitable for interface stabilization, as both proteins are
(partly) water-soluble. Prolamins and glutelins often
required modification to increase water solubility, such
as enzymatic hydrolysis or complexation into nanoparticles [11,12]. We also analyzed the protein class in
these studies (prolamin and glutelins were excluded).
Globulins were the most abundantly studied proteins,
comprising about 50% of all studies. Studies where the
protein class is listed as ‘unknown’ often involved protein ingredients from commercial sources, which are
most likely abundant in globulins. Albumins were a
largely neglected fraction, and a mixture of albumins and
globulins was studied in about 14% of the studies.
The protein composition of protein ingredients is
controlled by the extraction method. The most conventional method is an extensive wet extraction method
(schematic overview in Figure 2) [13]. The proteins are
extracted from the protein source at alkaline pH, which
increases the solubility of globulins. The remaining
insoluble fraction is separated using centrifugation or
filtration. The supernatant contains globulins, albumins,
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and other solutes, such as phenols, sugars, and minerals.
Then, the pH of the supernatant is adjusted to the
isoelectric point of the globulins, often between pH 4e5
[14]. As a result, the globulins precipitate and can be
recovered by centrifugation. The result is a globulin-rich
pellet and a supernatant, containing all solutes,
including albumins. The pellet is further refined into a
protein isolate with high protein purity, whereas the
albumin-containing supernatant is often considered a
sidestream and not processed any further.
About 40% of the studies performed this extensive
wet extraction method (data not shown). In addition,
another 45% of the studies used commercial protein
extracts of which the extraction method is unknown.
We assume that most commercial extracts were obtained using the extensive wet extraction method.
Therefore, these functionality studies were largely
globulin-focused. In view of this, we will now first
evaluate the interfacial properties of plant globulins
and how these properties are affected by the current
extraction methodology. We will then discuss the
Figure 1
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b
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Overview of recent plant protein studies. (a) Overview of top five
studied plant protein sources and (b) overview of studied plant protein
classes in Food Hydrocolloids, Food Science and Technology, and Food
Research International research articles from 2020. The protein class
prolamins and glutelins were excluded from graph B. Total number of
articles: 291.
www.sciencedirect.com

Interfacial behavior of plant proteins Yang and Sagis

3

Figure 2
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Extraction methods for plant proteins.Schematic overview of extensive wet protein extraction and mild extraction methods (low [6,15,16] and high oil
[17] content crops). * = the subnatant is the middle layer after centrifugation, where creams, subnatants, and pellet layers are formed.

sidestream containing albumins and discuss potential
new methods to obtain plant-based proteins with
promising interfacial properties.

Plant globulins at the interface
Globulins are often the major storage protein fraction in
oilseeds and legumes, comprising approximately 90%
and 50e65% of the total protein of soybeans and peas,
respectively [18,19]. Plant globulins are often divided
into two subclasses, known as vicilin (sedimentation
coefficient: 7S) and legumin (11S) (Figure 3). For
several sources, vicilin was shown to exist as a trimer
with molecular weights between 150 and 190 kDa.
Legumin is present as a hexamer with molecular weights
varying from 300 to 380 kDa [19,20]. This suggests a
rather complex self-assembled state of the globulin
proteins, which depends on environmental conditions
(ionic strength or pH), and the degree of association can
increase even further to an aggregated state [21]
(Figure 3). A larger aggregated state can slow down the
diffusion rate toward the interface, increase the energy
www.sciencedirect.com

required for adsorption, and affect in-plane interactions
between proteins after adsorption [5]. Hinderink et al.
[4] studied the formation of whey and pea protein films
at the air-water and oil-water interface and observed
that smaller whey proteins (mainly b-lactoglobulin: 18e
36 kDa) formed a denser and more highly interconnected film. They produced significantly higher
surface dilatational moduli (especially at the air-water
interface) and a viscoelastic solid-like behavior, with
substantial nonlinearities at higher deformation amplitudes. The pea proteins formed weaker layers, with
nearly strain-independent moduli, which suggest
weaker in-plane proteineprotein interactions.
In a direct comparison between whey and pea proteins,
Kristensen et al. [22] showed significantly better
foaming and emulsifying properties for whey. They
demonstrated about 10 times higher foamability and
about 1.5 times higher emulsion activity for whey than
pea proteins at pH 7. Similar behavior was observed for
soy protein isolates, as these proteins could not stabilize
Current Opinion in Colloid & Interface Science 2021, 56:101499
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Figure 3
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Schematic representation of globulin proteins: vicilin and legumin. The configuration of the protein quaternary structure is shown. The behavior of
globulin aggregates at the interface is also depicted. I = ionic strength. Structures are not to scale.

emulsions [23]. In the same work, the emulsion stability
and stiffness of the oil-water interface could be significantly enhanced by the addition of whey proteins.
Globulin-dominated protein extracts seemed to possess
poor interface, emulsion, and foam stabilizing properties
compared with animal-derived proteins. Blending plantbased and animal-based proteins could be an alternative,
which often leads to (slightly) improved interface stabilizing properties, as shown for soy-whey and pea-whey
mixtures [2,22,23]. A more commonly applied approach
is improving plant protein functionality by modification,
which will be discussed in the following section.

Modifications to enhance plant protein
functionality
Several studies aimed to improve the interface stabilizing properties of globulins by modifications, such as

physical (e.g. heating, applying high pressures, or sonification), chemical (e.g. glycation), physicochemical
(complexation), and biological (enzymatic or fermentation) treatment [24]. An overview of modification
methods and their impact on protein properties is shown
in Figure 4. Heating plant proteins is a common method
to increase protein functionality, as heating induces
structural changes owing to protein denaturation. This
could lead to additionally exposed hydrophobicity or
induce protein aggregation. Heating seemed to increase
emulsion activity and stability and the foaming ability of
plant proteins, such as soy, potato, and rice proteins
[25e27]. It is in general difficult to attribute these
functionality enhancements to specific structural alterations of the proteins, because apart from unfolding and
aggregation, small peptides might also be formed on
heat treatment. These small peptides can outcompete

Figure 4
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Schematic overview of commonly applied plant protein modification methodologies and their impact on protein properties. Structures are not to
scale.
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the larger proteins and aggregates, thus dominating the
interfacial properties [28,29].
Chemical and physicochemical modifications are often
performed by chemically attaching groups to proteins,
such as sugars (glycation), phosphate groups (phosphorylation), or complexation with phenols/polysaccharides. Glycation may largely decrease surface
hydrophobicity and increase protein solubility [24]. For
glycated soy proteins, the surface activity was higher
than that of the untreated proteins [30]. Several studies
explored the complexation of proteins with phenols or
polysaccharides. The addition of demethylated pectin
increased the solubility of pea globulins from 3% to 20%
[31]. In addition, pectin formed soluble complexes with
soy globulin, leading to stiffer interfacial layers and more
stable oil-water emulsions than the protein itself [32].
Enzymatic hydrolysis of proteins can result in smaller
peptides, which are more surface-active. This can result
in a faster interfacial film formation, resulting in higher
foamability, as observed for globulins from pea and
lupine [33,34]. Although the foamability increased for
all samples, the enhancement of foam stability was less
evident. Too extensive hydrolysis might cause peptides
to lose their amphiphilicity or induce aggregation of
peptides, which may result in less surface-active peptides that can only form weak interfacial films, thus less
stable foams [35,36]. In emulsion applications, emulsion
stabilizing properties of pea, faba bean, and potato
proteins seemed to largely improve on protein hydrolysis, as oil droplets had better physical and oxidative
stability, which could be related to higher surface
charges and increased protein solubility [33,37,38].
In summary, there is a significant focus on plant globulins as a plant-based interface stabilizer, despite the
observation that globulins might not be the most suitable proteins for such purposes from a molecular point of
view, owing to their highly aggregated state, and the
comparatively weak in-plane interactions (compared
with animal-based proteins) after adsorption to the
interface. As a result, there is a substantial effort to
improve the functionality of these proteins by chemical
or physical modifications. In the next section, we will
discuss an upcoming trend that may provide an alternative route to improving plant protein functionality:
targeted and mild protein extraction methods.

Impact of protein extraction on protein
interfacial properties
There are several drawbacks of the conventional
extensive wet extraction method: 1) it is an extensive
process, which requires vast amounts of water and
energy [39]; 2) the protein yield of the extraction decreases when extracting protein extracts with high
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purity [40]; and 3) the process might alter the native
protein structure. The last drawback could considerably
reduce the interface stabilizing properties of plant proteins, especially globulins. The isoelectric point precipitation step in wet extraction was previously related
to alterations of protein structure [6,15]. Geerts et al.
and Kornet et al. extracted pea protein using a mild wet
extraction method (Figure 2). Proteins were extracted
from pea flour at alkaline pH, followed by centrifugation
to remove solids. The supernatant was dried and
considered a mildly derived protein extract. The mildly
derived protein extract was more surface-active than
that of an extensively purified extract. In addition, mild
extraction resulted in a stiffer interfacial layer at an oilwater interface [6].
Isoelectric point precipitation is often observed to
induce irreversible aggregation of the globulins, as the
aggregate size tends to be higher for an extensively
purified protein extract, as shown for pea proteins
[15,41]. It also appears to affect protein solubility. For
yellow pea protein, aggregation seemed to have led to a
10% lower protein solubility at pH 7 and a slight increase of sample viscosity [15]. Lower values for solubility as low as 25% have been observed, even after
>48 h of stirring at neutral pH [41]. The formation of
such aggregates might significantly impact the ability of
proteins to interact at the interface, as larger aggregates
are less effective in producing homogeneous and dense
surface layers [5,29]. Large aggregates might even lose
their surface activity, as shown for whey protein beads
[5]. Similar behavior was also shown for pea proteins at
pH 3, where a part of the proteins forms ‘soluble’ aggregates between 50 and 700 nm. Smaller nonaggregated pea proteins outcompeted these aggregates for
the oil-water interface [42].
Another process step that might induce protein aggregation is the initial alkaline protein extraction step. A
pH up to 13 is sometimes used to increase the solubility
of globulins [14]. A major drawback of extreme alkaline
conditions is the oxidation of phenols, leading to highly
reactive quinone molecules. These quinones can covalently interact with proteins, forming protein aggregates
[43]. Covalent protein-phenol interaction may also
induce alteration of the protein structure and often
decrease protein surface hydrophobicity [44,45]. The
extent of protein alteration seemed to depend on the
type of phenol [44]. The same is observed for the
interfacial properties of protein-phenol complexes, as
several studies showed lower interfacial stiffness of
whey proteins after the addition of phenols [7,46]. On
the other hand, phenols seemed to increase the interfacial stiffness of sunflower and flaxseed proteins
[47,48]. The exact mechanism for these effects remains
unknown. Nevertheless, it appears that both the type of
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phenol (size, flexibility, and side groups) and protein
(protein structure compactness and surface hydrophobicity) play a role in the effect on interfacial properties.

emulsifying properties, as stable emulsions for seven
days could be created [52].

Mild wet protein extraction methods could prevent
protein alteration, resulting in better interface, foam,
and emulsion stabilizing properties. Besides, there is a
gain in the protein yield and the sustainability of the
extraction process [39]. Apart from emulsifying or
foaming properties, mild purification was also found to
result in stiffer protein gels for pea protein extracts, as
the proteins were in a less aggregated state if isoelectric
point precipitation was avoided [16,49].

Plant albumins — a side stream

A possible drawback of less extensive purification could
be the presence of nonproteinaceous components. This
is, for instance, reflected in mild protein extraction of
pea and rapeseed [15,17], containing large amounts of
sugars, minerals, and phenols. These solutes are
normally removed during the centrifugation step after
isoelectric point precipitation. A suitable alternative
seems to be diafiltration/ultrafiltration or dialysis, which
successfully removes the small solutes [6,17]. The
combination of mild wet extraction and diafiltration
yielded a pea protein isolate with a protein content of
88.3%, containing both globulins and albumins [16].
Other nonproteinaceous components are lipids, especially in oilseeds. The mildly derived rapeseed protein
extract of Ntone et al. [17] contained about 15.1% (w/
w) oil (extraction method in Figure 2). The presence of
free oil and phospholipids can considerably hamper
proteineprotein interactions at the interface owing to
displacement of proteins or bridging-dewetting destabilization [50]. In a mildly derived rapeseed protein
extract, decreasing surface dilatational and shear moduli
was observed with increasing protein concentrations,
which were related to the absolute increase of lipids [3].
Interestingly, the lipids did not seem to affect the foam
stability, as proteins seemed to dominate at this
macroscopic length scale.
Another upcoming method is dry fractionation, where
plant crop flour is air classified to obtain a protein-rich
fraction. Möller et al. [51] dry fractionated milled pea
(pea flour) and obtained a protein fraction of 37.0%
protein and 11.4% starch, thereby removing a large
amount of starch granules. A great advantage of such a
method is exclusion of many processing steps (i.e.
centrifugation and drying in wet extraction), leading to
an immense gain from a sustainability point of view [39].
At the same time, the proteins will retain their native
structure, which can be beneficial for interface stabilization. An even milder form of purification would be no
purification, as shown for pea flour. The starch seemed
to slightly reduce the interaction of the adsorbed proteins, as slightly stiffer films were formed after starch
removal. The starch seemed to have no impact on the
Current Opinion in Colloid & Interface Science 2021, 56:101499

One of the consequences of mild purification is the
presence of albumins in the protein mixture. The albumins are normally present in the sidestream of the
classical wet extraction method, which is often discarded. As a result, very few studies are found on the
interfacial properties of albumins (Figure 1). The albumin fraction is typically substantially lower than the
globulin fraction, but the sidestream can still be
immense in large-scale production. An example is the
production of soy protein isolates, where 20 tons of
sidestream, also known as soy whey (0.3% w/v protein),
are generated with the production of one ton of protein
isolate [53]. Soybeans are low in albumin content
(10%), whereas peas, rapeseeds, and sunflower seeds
can contain between 20% and 50% albumin proteins
[19]. The sidestream is disposed of, as it contains
antinutritional components, such as tannins, lipoxygenases, and trypsin inhibitors [53]. These components could be removed by filtration or inactivation by
fermentation, heating, or germination [54].
As mentioned previously, owing to the main focus on
(globulin) protein extracts with high purity, plant protein functionality studies have neglected the albumins.
Only a few studies investigated the macroscopic
(foaming and emulsifying) properties of albumins. Pea
albumin possessed high foaming ability and stability and
formed stable oil droplets [55]. Ghumman et al.
performed a direct comparison between albumin and
globulin proteins, extracted from horse gram and lentil.
Here, the albumins showed better foaming properties
than globulins, whereas globulins had higher emulsion
activity. Very few studies exist in which the interfacial
properties of albumins are characterized.
In emulsions, the albumins can have a synergistic effect
with the globulins. This was shown for rapeseed proteins, where the albumins (napin) adsorbed preferentially at the oil-water interface, and the globulins
(cruciferin) formed a weakly bound secondary layer
around the primary layer of napin (shown in Figure 5).
Although napin alone formed layers strong enough to
stabilize the emulsion against coalescence, the albumin
could not prevent droplet flocculation. In the presence
of globulins, the secondary layer seemed to increase
stability against flocculation [56].
Albumins could possess similar or perhaps even superior
interface stabilizing properties compared with globulins
(because of their smaller size and less aggregated state),
which should definitely be explored in more detail by
purifying the sidestream or coextraction of albumin and
globulin proteins using a mild wet extraction method.
www.sciencedirect.com
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Figure 5

Schematic representation of an oil-water interface. A schematic representation of an oil-water interface stabilized by a mixture of rapeseed
albumin (napin) and globulin (cruciferin), as suggested by Ntone et al. [56].

Of course, a point of attention in using albumins is their
allergenicity, as albumin proteins from several sources
could trigger allergic responses [57].

Summary and outlook
The current plant protein transition mainly focuses on
globulins, as this protein class is primarily extracted from
plant crops. Globulins often form large and aggregated
protein structures, which are even enhanced by the
classical extensive wet protein extraction process
commonly used for their extraction, even leading to
insoluble proteins. Isoelectric point precipitation or
phenol oxidation appears to play a major role in forming
large globulin aggregates. The aggregated structure
hampers the surface activity of the proteins and the
ability to form stiff interfacial layers. To overcome these
problems, a large variety of modification methods have
been explored to enhance globulin functionality.
Protein alteration by the extraction process can be
avoided by a milder extraction method. The isoelectric
point precipitation step is substitutable by dialysis or
diafiltration, leading to a mildly extracted sample with
globulin and albumin proteins. Less extensive purification seemed to yield proteins with high functionality in
emulsion and foam stabilization (and gelling properties)
and simultaneously increasing the sustainability aspect
and protein yield of extraction processes. We should
keep in mind that milder extraction could increase the
presence of nonproteinaceous components in the
extract, such as phenols and lipids. The impact of these
components on protein interface stabilizing properties
should be carefully examined.
www.sciencedirect.com
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In addition, the sidestream from the globulin extraction
is rich in albumins. This fraction has largely been overlooked in functionality studies, and its potential for
stabilizing foams and emulsions should definitely be
examined. Preliminary studies in our laboratory for a
range of albumins have shown very promising results,
particularly in foam stabilization (unpublished results).
Dilatational moduli of the air-water interface for some of
these albumins appear to be in the same range as those
for whey-stabilized interfaces, which appear to be
very promising.
Plant protein functionality research has been focusing
for decades on optimizing protein extraction methods to
obtain protein extracts with high purity. Ironically, this
production method might alter the (globulin) proteins
and discard a protein fraction (albumins) with promising
functional properties. We should reconsider the mindset
that high protein purity will naturally lead to a protein
extract with good functional properties, in foam and
emulsion stabilization.
There is a strong focus in (food) research on obtaining
multifunctional plant protein ingredients with good
gelling, emulsifying, and foaming properties, containing
all essential amino acids. A promising and unexplored
alternative is targeted plant protein extraction. Here,
the desired plant protein functionality can be obtained
by tailoring the plant protein extraction method to
obtain a specific protein composition and molecular
state. Examples are an albumin-focused extract to stabilize foams, a globulin-focused extract to stabilize
emulsions, or a mild extraction method when high protein solubility is required. Targeted plant protein
extraction can be combined with sustainable methodologies, leading to healthy and sustainably produced
plant protein extracts with specific functionalities.
A final point of attention is the need to gain better
understanding of the behavior of plant proteins as such.
Currently, the findings on one type of plant protein are
difficult to transfer to another source. Discrepancies in
extraction methods, treatments, and methodologies
further reduce the possibility to compare various
studies. Therefore, we should aim to better understand
the stabilizing behavior of (plant) proteins on the
interface. This can only be achieved by studying multiple plant sources with a systematic methodology, that
combines structural analysis on the molecular and microscales, with studies of interfacial mechanical properties (both near and far from equilibrium). Such studies
would allow the discovery of generic intrinsic properties
of proteins that are a key in interface stabilization. Ultimately, these results could assist us in the prediction of
interface, foam, and emulsion stabilizing properties of
plant proteins, thereby largely accelerating the plant
protein transition.
Current Opinion in Colloid & Interface Science 2021, 56:101499
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