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Proteolysis of food proteins changes their conformation and often generates bioactive peptides, leading to
improved nutritional value and techno-functional properties. Protein isolates that originated from plants are
generally a mixture of several proteins. Enzymatic hydrolysis of such mixtures has a drawback, as it is often
unclear which proteins in the mixture are hydrolysed, leading to poorly reproducible outcomes. In the present
study, we applied a controlled methodology, called selective proteolysis, and investigated its effects on the airwater interface and foam stabilising properties of soy protein isolate (SPI). We selectively hydrolysed 7S
β-conglycinin of SPI, while 11S glycinin remained relatively intact. Hydrolysates were obtained at two different
degrees of hydrolysis (DH). Selective hydrolysis resulted in increased surface activity, and a higher foamability,
which nearly doubled. The size of the peptides seemed to significantly affect the mechanical properties of the
layer at the air-water interface, which was studied by removing peptides smaller than 14 kDa via dialysis.
Peptides smaller than 14 kDa were found to hinder the interfacial network formation, while peptides larger than
14 kDa increased the interfacial stiffness. This was also reflected in the foam stability, as the hydrolysate with a
low DH resulted in significantly higher foam stability than the hydrolysates with higher DH. We demonstrated
that the selective proteolysis of β-conglycinin can increase the soy protein interface and foam stabilising prop
erties, which could lead to new healthy and more sustainable food products.

1. Introduction
Soybean protein has been widely utilised in the food industry due to
its high nutritional value, low production cost, and good technofunctional properties (Day, 2013). Compared to animal-derived pro
teins, e.g. from egg white or dairy, the foaming and emulsifying prop
erties of soy protein have a lower performance, which is often related to
its compact tertiary and quaternary protein structure, and poor solubi
lity (Martínez, Carrera Sánchez, Rodríguez Patino, & Pilosof, 2009; Sagis
& Yang, 2022; Wouters, Rombouts, Fierens, Brijs, & Delcour, 2016).
Applying structural modifications on soy protein to increase its confor
mational flexibility has been viewed as a feasible way to improve the
foaming and emulsifying ability of soy protein. While various other
modification methods exist, the proteolysis of protein by enzymes has
been considered as a safe and effective one (Jung, Murphy, & Johnson,
2005; Martínez et al., 2009; Wouters, Rombouts, Fierens, et al., 2016;
Zeng et al., 2013).

For globular proteins such as soy protein, their rigid native protein
structure is expected to be cleaved and unfolded during enzymatic
proteolysis. As a result, the initially buried hydrophobic protein domains
are exposed. This process generates polypeptides with lower modular
weight (MW) and higher molecular flexibility. Lower MW could pro
mote a faster diffusion of molecules towards the air-water interface
compared to the intact parental protein. Increased exposure and flexi
bility of the peptides can induce a higher affinity for adsorption at the
interface. These enhanced protein properties may lead to an improve
ment of the foamability (Bao, Zhao, Wang, & Chi, 2017; Davis, Doucet,
& Foegeding, 2005; Ipsen et al., 2001; Larré et al., 2006; Rodríguez
Patino et al., 2007; Zeng et al., 2013). Although foamability may
improve, the foam stability of the protein could deteriorate upon hy
drolysis. Extensive protein hydrolysis largely decreases the MW of the
peptides, which can ultimately lead to peptides which are too small and
with limited amphiphilicity. This might result in a decrease in the ability
to interact at the interface, and hinder the formation of stiff viscoelastic
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interfacial layers which promotes the creation of stable foams (Martínez
et al., 2009; Van der Ven, Gruppen, De Bont, & Voragen, 2002; Wouters,
Rombouts, Legein, et al., 2016). The extent of protein hydrolysis, i.e. the
degree of hydrolysis (DH), is a decisive factor in obtaining a protein
hydrolysate with optimal and balanced performance in both foam for
mation and foam stabilisation.
The DH only indicates the proportion of cleaved peptide bonds after
proteolysis. When the substrate is a protein mixture such as soy protein
isolate (SPI), monitoring the DH value does not yield information on
which proteins are hydrolysed. The protein components of SPI are
classified into four categories, i.e. 2S, 7S, 11S and 15S, according to their
sedimentation coefficients. Among them, β-conglycinin (7S) and glyci
nin (11S) are the main components (≥80%) that dominate the func
tionality of SPI (Rickert, Johnson, & Murphy, 2004a). These two
proteins have different physicochemical properties as well as distinctive
structural characteristics. β-Conglycinin (MW: 150–200 kDa) is a
trimeric glycoprotein with three types of subunits: α′ (~71 kDa), α (~67
kDa), and β (~50 kDa). Glycinin (MW: 300–380 kDa) is a hexamer
protein, and each subunit consists of acidic (A, ~35 kDa) and basic (B,
~20 kDa) polypeptides linked by disulphide bonds (Fukushima, 2011;
Nishinari, Fang, Guo, & Phillips, 2014). Since the foaming properties of
hydrolysates are not only related to their molecular size but also their
conformational/structural properties, it is necessary to control the
enzymatic hydrolysis of the various proteins in a protein mixture. One
can specifically hydrolyse β-conglycinin or glycinin during the proteol
ysis and also control the DH, leading to a better controllable and more
effective hydrolysis process.
Controlled hydrolysis of one protein in a protein mixture was
recently achieved by a method called selective proteolysis. The principle
of this method is to utilise the different denaturation conditions of 7S
and 11S proteins. At selected conditions, one protein is denatured while
the other remains (relatively) in its native state. Since the denatured and
unfolded protein is easier accessible by the proteolytic enzyme than the
native one, selective proteolysis can be achieved. This selectivity can be
enhanced by using an enzyme with its maximum activity at the used
conditions (e.g. pH, temperature,and ionic strength). Tsumura et al.
(2005) found that soy protein hydrolysates after selective proteolysis of
7S or11S showed poorer emulsifying ability, while exhibiting better
foamability than the parental soy proteins. Li et al. (2016) found that the
hydrolysate after selective proteolysis of 11S proteins exhibited a faster
adsorption rate and higher adsorbed amount on the oil-water interface
than pure 7S or the parental soy protein, suggesting an improved
emulsifying ability after selective hydrolysis. These divergent results
could be related to the different DH of the hydrolysates in these studies,
which will be considered in this study.
It has been reported that glycinin is superior compared to β-con
glycinin in terms of stabilising the air-water interface and foams (Bian
et al., 2003; Rickert, Johnson, & Murphy, 2004b). The molecules of
glycinin are larger and contain disulphide bonds, and it has been argued
that this permits glycinin to better stabilise the air-water interface
(Rickert et al., 2004a). As β-conglycinin is highly negatively charged and
more hydrophilic than glycinin at pH 7.0, a higher electrostatic potential
energy barrier could lead to less adsorption of β-conglycinin, and the
strong electrostatic repulsion between the adsorbed proteins would also
hinder the formation of a cohesive protein network at the interface. This
could result in larger air bubbles with weaker interfacial films, leading
to accelerated rupture of the interfacial film (Yu & Damodaran, 1991).
Therefore, it would be of interest to selectively hydrolyse β-conglycinin
to improve the foaming properties of a soy protein mixture. The resul
tant peptides could positively affect the interface and foam stabilising
properties and, additionally, induce health-promoting effects. Margatan,
Ruud, Wang, Markowski, and Ismail (2013) demonstrated that β-con
glycinin is a better precursor for antihypertensive peptides than glyci
nin. Their work demonstrated that selectively hydrolysing β-conglycinin
produced soy protein hydrolysates with more than double the
angiotensin-converting enzyme (ACE) inhibitory activity as compared to

selectively hydrolysing glycinin. The combination of improved func
tional properties and health benefits could be promising outcomes of
selective hydrolysis of β-conglycinin.
In this work, the effects of selective proteolysis of β-conglycinin (7S)
on the interfacial behaviour at air-water interfaces and the foaming
properties of native soy protein isolate (SPI) were studied. The hydro
lysates were studied at two different DH levels, and the effect of small
MW peptides was evaluated by comparing the hydrolysates with dia
lysed counterparts, where the small MW peptides were removed. We
determined the changes in the protein composition and conformation by
using differential scanning calorimetry (DSC), dynamic light scattering
(DLS), and size exclusion chromatography (SEC). We performed an
extensive characterisation of the interfacial properties by using surface
dilatational rheology and microstructure imaging. These properties
were correlated to the foam properties of the SPI and hydrolysates. The
outcome of this study can benefit the application of soy protein in
gredients in sustainable and healthy foam-based food products.
2. Experimental section
2.1. Materials
Defatted and lightly toasted soy flour (SOPRO-UTB 100, dry-based
protein content 50%) was provided by Barentz International B.V.
(Hoofddorp, the Netherlands). Papain (article No. P4762, 13 units/mg),
pepsin (article No. P6887, 3412 units/mg), and antipain (article
No.10791, >50,000 U/mg) were purchased from Sigma-Aldrich, Inc. (St
Louis, MO, USA). Other chemicals (Sigma-Aldrich, USA) were all used as
received. The samples were prepared in ultrapure water (MilliQ Purelab
Ultra, Darmstadt, Germany).
2.2. Sample preparation
2.2.1. Preparation of native soy protein isolate (SPI)
Native SPI was extracted from defatted soy flour, as reported in our
previous study (Xia, Siu, & Sagis, 2021). In brief, soy flour was dispersed
in MilliQ water in a mass ratio of 1:10 and stirred overnight to ensure
full hydration. After that, the soy flour dispersion was adjusted to pH 7.5
and stirred for 2 h before centrifuging at 5000×g for 30 min (Avanti J-26
XP centrifuge, Beckman Coulter, Inc., Brea, CA, USA). Subsequently, the
supernatant was adjusted to pH 4.5 and then centrifuged at 5000×g for
10 min to obtain a precipitate. The precipitate was redissolved in MilliQ
water (1:4 w/w) and adjusted to pH 7.0. Finally, the solution was
lyophilised by a freeze dryer (Martin Christ Gefriertrocknungsanlagen
GmbH, Osterode am Harz, Germany). The protein content (PC) of the
resulting SPI powder was 96.0 ± 1.1% (dry weight, N × 6.25), deter
mined by the Dumas combustion method with a FlashEA 1112 N/Pro
tein Analyzer (Thermo Fisher Scientific, Waltham, MA, USA).
2.2.2. Preparation of soy protein hydrolysate by selective proteolysis
Selective proteolysis was applied on the β-conglycinin (7S) of SPI,
according to our previous study (Xia et al., 2021). SDS-PAGE and optical
density scan was preformed and shown in our previous study to
demonstrate the selective degradation of 7S (Xia et al., 2021). Papain
was used to specifically hydrolyse the 7S protein, and SPI dispersions
(25g SPI in 500 mL MilliQ water) were prepared. The reaction condi
tions for proteolysis were pH 7.0 and 75 ◦ C. Enzyme to SPI ratios (E/S;
w/w) were set at E/S 0.02% and E/S 0.05%, and the incubation time at
these two E/S ratios was 30 and 90 min, respectively. When the incu
bation time was finished, the enzymatic reaction was terminated by
adding a 10-fold molar amount of antipain. As previously determined by
pH-stat (Xia et al., 2021), the resultant degraded β-conglycinin hydro
lysates (DβH) had at a lower degree of hydrolysis (DH) (1.55 ± 0.01%)
and a higher DH (2.46 ± 0.15%), respectively, and are denoted by
DβH-L and DβH-H. Each hydrolysate was divided into two samples, and
one sample was further dialysed using regenerated cellulose membrane
2
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Fig. 1. Overview of hydrolysate preparation process and sample nomenclature.

droplet of sample solution with a surface area of 20 mm2. The droplet’s
shape was analysed by a camera and fitted with the Young-Laplace
equation to calculate the surface tension. All measurements started
with an equilibration step of 10,800 s before the interface was subjected
to dilatational deformations. Two types of measurements were per
formed: 1) Frequency sweeps were performed with frequencies varying
from 0.002 to 0.1 Hz at a constant amplitude deformation of the area by
3%; 2) Amplitudes sweeps were performed with area deformation
amplitude varying from 3 to 30% at a constant frequency of 0.02 Hz; In
both frequency and amplitude sweeps, the droplet was subjected to five
oscillatory cycles at each frequency or amplitude.

tubing (MWCO: 12–14 kDa; Spectra/Por® 4, Repligen, Waltham, MA,
USA), in order to study the role of small peptides. The protein content
(PC) of the four DβH samples investigated in this work was determined
by the Dumas combustion method. The two non-dialysed samples,
DβH-L/ND and DβH-H/ND, had a PC of 91.4 ± 0.9% and 87.6 ± 0.89%,
respectively, and the two dialysed samples, DβH-L/D and DβH-H/D of
93.8 ± 0.7% and 92.4 ± 0.1%, respectively. A graphical illustration of
the preparation and abbreviations of these hydrolysate samples is shown
in Fig. 1.
2.2.3. Dissolving samples
The SPI and hydrolysates were dissolved in a 20 mM phosphate
buffer, pH 7.0. Samples were stirred for at least 4 h at room temperature.
The protein concentration was equal to 0.1% (w/w), unless otherwise
stated.

2.5. Rheology data analysis
The raw data of the amplitude sweeps were analysed using Lissajous
plots of the surface pressure (Π = γ-γ0) versus deformation ((A-A0)/A0).
Here, γ and A are the surface tension and area of the deformed interface,
γ 0 and A0 are the surface tension and area of the non-deformed interface.
The middle three oscillations were used to generate the plots.

2.2.4. Peptide fractionation based on size
The peptides and proteins in DβH-L/ND and DβH-H/ND were frac
tionated to study the contribution of peptides with specific sizes. Solu
tions containing 0.1% (w/w) protein were prepared as mentioned in
section 2.2.3. First, the samples were filtered over an Amicon Ultra-15
Centrifugal Filter Unit with a 100 kDa cut-off (Merck, Germany) by
centrifugation at 5,000×g for 10 min. The retentate was redispersed by
phosphate buffer, and the volume was similar to the volume in the su
pernatant. The retentate is a fraction containing >100 kDa proteins. The
supernatant was filtered a second time using a filtration unit (same
supplier) with a 10 kDa cut-off by centrifugation at 5,000×g for 20 min.
The retentate was redispersed in a similar manner and contained pep
tides with sizes of 10–100 kDa, while the supernatant contained <10
kDa peptides. The protein content of all fractions was determined using
Dumas, as mentioned in section 2.2.1.

2.6. Preparation of Langmuir-Blodgett films
Langmuir-Blodgett films of the interfaces were formed using a 243
mm2 Langmuir trough (Langmuir-Blodgett Trough KN 2002, KSV
NIMA/Biolin Scientific Oy, Finland). The trough was filled with 20 mM
PO4 buffer, pH 7.0, and the surface was cleaned by a vacuum pump
before spreading. The surface pressure during the measurement was
monitored using a Wilhelmy plate (platinum, perimeter 20 mm, height
10 mm). After cleaning, 200 μl of 0.1% protein (w/w) solution was
infused at the bottom of the subphase using a gas-tight syringe. The
interface was equilibrated for 3 h, followed by a compression step using
a barrier at a moving speed of 5 mm/min. The layer was compressed to a
target surface pressure of 15 or 25 mN/m. The protein layer was
transferred on a freshly cleaved mica substrate (Highest Grade V1 Mica,
Ted Pella, USA) using Langmuir-Blodgett deposition at a withdrawal
speed of 1 mm/min. The Langmuir-Blodgett films were dried for at least
one day before further analysis. The films were produced in duplicate at
20 ◦ C.

2.3. Size exclusion chromatography (SEC)
Before SEC analysis, sample dispersions were centrifuged at
15,000×g for 10 min. Subsequently, the supernatants (50 μL) were
injected on an ÄKTA pure 25 system (Cytiva, Marlborough, MA, USA)
equipped with Superdex® 200 10/300 GL column, and eluted with so
dium phosphate buffer (20 mM, pH 7.0) containing 50 mM NaCl, at a
flow rate of 0.5 mL/min. The elution was monitored using UV absor
bance at 214 nm. The column was calibrated with globular proteins with
molecular weights ranging from 13.7 to 474 kDa (MWGF-1000, SigmaAldrich, USA). The calibration curve of standard proteins is provided in
the supplementary material (Fig. S1).

2.7. Determination of the interfacial structure by AFM
The topography of the interfacial microstructure of the LangmuirBlodgett films was studied using atomic force microscopy (AFM) on a
Multimode 8-HR (Bruker, USA). The AFM was equipped with a
Scanasyst-air model non-conductive pyramidal silicon nitride probe
(Bruker, USA) with a normal spring constant of 0.40 mN/m. Tapping
mode was used to record the images at a lateral frequency of 0.977 Hz.
Areas of 2 by 2 μm2 were analysed with a lateral resolution of 512 by 512
pixels2. Each film was analysed on at least two locations to ensure good
representativeness. The images were further analysed using Nanoscope

2.4. Determination of surface tension and surface dilatational properties
Surface dilatational rheology was performed with the hanging drop
method in a drop tensiometer PAT-1M (Sinterface Technologies, Ger
many). The solution was injected through a needle to form a hanging
3
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3. Results and discussion
3.1. Physicochemical properties of hydrolysates
The physicochemical properties of self-extracted soy protein isolate
(SPI) and the degraded β-conglycinin hydrolysates (DβH) samples were
determined first. Four different hydrolysate samples were studied: DβH
which had a low (L) and high (H) degree of hydrolysis (DH); and these
samples were dialysed (D) and non-dialysed (ND) (Fig. 1).
Differential scanning calorimetry (DSC) was used to evaluate the
denaturation state of protein samples. The results (Table S1) and an
elaborate discussion can be found in the supplementary information
(SI). From the DSC experiment, the self-extracted SPI showed a typical
curve with two clear endothermic peaks corresponding to the denatur
ation of β-conglycinin (7S) and glycinin (11S), indicating that both the
protein components in our self-extracted SPI were in an undenatured
state. After selective proteolysis, we observed that the endothermic peak
of β-conglycinin disappeared in the DSC curves of all hydrolysate sam
ples, while the endothermic peak of glycinin was still retained. These
results verified a successful degradation of β-conglycinin while keeping
glycinin largely in their native protein structure.
Subsequently, the composition and size distribution of protein hy
drolysates were further studied using size exclusion chromatography
(SEC). As shown in Fig. 2, the SEC profile of native SPI had three peaks
which appeared at an elution volume of 7.93 mL (Peak 1), 10.06 mL
(Peak 2), and 16.16 mL (Peak 3), respectively. Based on the standard
calibration curve, the MW of the three peaks are about 986 kDa, 364 kDa
and 21 kDa, respectively. Peak 1 of SPI could be attributed to protein
aggregates and the 15S form of glycinin, while peak 2 could be attrib
uted to native β-conglycinin (150–200 kDa) and glycinin (300–380 kDa)
(Fukushima, 2011; Wu, Wu, & Hua, 2010). Peak 3 could be attributed to
a minor component of soy protein, i.e. 2S, or dissociated subunits of
β-conglycinin and glycinin (Wu, Zhang, Kong, & Hua, 2009). As ex
pected, the area of peak 2 and peak 3 in hydrolysates both decreased due
to the selective degradation of β-conglycinin. Concomitantly, a new
peak (peak 4) was observed at an elution volume of about 17.61 mL
(MW about 10 kDa) in non-dialysed hydrolysates, and it disappeared in
dialysed samples. This wider peak represents a variety of peptides and
protein fragments generated by proteolysis. This is in agreement with
our previous SDS-PAGE results that selective proteolysis of β-con
glycinin generated a large number of peptides with MW around 10 kDa
(Xia et al., 2021).
Although no peak was observed after the 21 mL elution volume
(equal to MW of 2 kDa), the existence of peptides smaller than 2 kDa
could not be excluded, given the fact that these peptides might be too
small to be retained in the column. The intensity of peak 1 in the dia
lysed samples (i.e. in DβH-L/D and DβH-H/D) is significantly higher
than the non-dialysed ones. Since all samples were centrifuged before
SEC measurement, this phenomenon indicated that more ‘soluble’ pro
tein aggregates with relatively small MW existed in the dialyzed hy
drolysates. This could be explained by the fact that small protein
peptides and fractions generally boost protein aggregation due to higher
exposed surface hydrophobicity. As a result of dialysis, the level of
protein aggregation in hydrolysates would be lower, leading to more
‘soluble’ aggregates with relatively small MW.
Finally, two protein surface properties were analysed: protein sur
face hydrophobicity and protein surface charge. The results (Fig. S2) and
detailed explanation can be found in the SI. Here, we observed an in
crease by two- to threefold of surface hydrophobicity of all hydrolysates
compared to the parental SPI. The structure of β-conglycinin unfolded,
and the molecular flexibility increased during the hydrolysis process,
exposing more hydrophobic areas that were initially buried in the native
protein structure to the probe (ANSA) (Were, Hettiarachchy, & Kala
pathy, 1997). While the hydrophobicity was largely altered, the zeta
potential of the SPI and hydrolysates were similar, with values around
− 25 mV. Data on the hydrophobicity and surface charge are key in

Fig. 2. SEC profiles of SPI (black), DβH-L/ND (red), DβH-L/D (blue), DβH-H/ND
(green) and DβH-L/D (Magenta), and six standard proteins (circles): Ferritin (MW
474 kDa), Aldolase (MW 158 kDa), Conalbumin (MW 75 kDa), Ovalbumin (MW
44 kDa), Carbonic anhydrase (MW 29 kDa), Ribonuclease (13.7 kDa). (For
interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)

Analysis software v1.5 (Bruker, USA).
2.8. Determination of foam properties
2.8.1. Foamability
The foamability was studied by whipping 15 mL of 0.1% protein (w/
w) solution with an overhead stirrer equipped with an aerolatte head for
2 min at 2,000 rpm. The foam was poured into a 50 ml glass cylinder to
record the foam volume directly after foam formation. From this, the
overrun was calculated by dividing the foam volume (mL) by the initial
solution volume (15 mL), and multiplying by 100. These experiments
were performed in triplicate at room temperature.
2.8.2. Foam stability
The foam stability was studied using sparging with nitrogen gas in a
Foamscan foaming apparatus (Teclis IT-concept, France). Sparging the
foams allows us to form foams with similar volumes of 400 cm3. The gas
was sparged through a metal frit (27 μm pore size, 100 μm distance
between centres of pores, square lattice). A glass cylinder (60 mm
diameter) was filled with 60 mL of sample from a bottom injection valve
and sparged at a 400 mL/min gas flow rate. A camera monitored the
foam volume until the foam half-life time was reached, which is defined
as the time required for the initial foam volume to decline by half. The
liquid fraction in the foam was analysed by conductivity measurements.
A more detailed image of the air bubbles was captured with a second
camera. The first image after foam sparging was analysed using a custom
Matlab script with the DIPlip and DIPimage image analysis software
package to calculate an average bubble size. All experiments were at
least performed in triplicate at 20 ◦ C.
2.9. Statistical analysis
All measurements in the present study were performed in triplicate.
The results were presented as means ± standard deviation, and the
statistical analysis on them was conducted using SPSS 25.0 (IBM SPSS
Inc. Chicago, IL, USA). One-way ANOVA (one-way analysis of variance)
with Duncan Post-Hoc method (p < 0.05) was applied to evaluate the
statistical significance of differences among means.

4

W. Xia et al.

Food Hydrocolloids 130 (2022) 107726

Fig. 3. (A) Surface pressure as a function of time of
interfacial films stabilised by SPI (black square), DβHL/ND (red circle), DβH-L/D (blue upward facing tri
angle), DβH-H/ND (green downward facing triangle)
and DβH-L/D (Magenta diamond) at 0.1% (w/w)
protein concentration in buffer (20 mM PO4, pH 7.0).
The surface pressure isotherms represent an average
of at least three replicates, and the standard deviation
was below 5%. (B) The surface dilatational moduli as
a function of deformation amplitude of interfacial
films stabilised by the aforementioned protein sys
tems at an oscillatory frequency of 0.02 Hz. The
closed symbols indicate the storage moduli (Ed’), and
open symbols indicate the loss moduli (Ed′′ ). The av
erages and standard deviations are the results of at
least three replicates. (For interpretation of the ref
erences to colour in this figure legend, the reader is
referred to the Web version of this article.)

explaining the interfacial properties of these samples, which we will
elaborately discuss in the following sections.

3.2.2. Surface rheological properties
The rheological properties of the interfaces were evaluated by per
forming frequency and amplitude sweeps. We evaluated the frequency
dependence of the dilatational moduli of protein/hydrolysate-stabilised
interfaces, and for all samples Ed’ showed a power-law relationship
′
(Ed ∼ ωn )(data not shown), where ω is the frequency (Hz), and the
exponent n describes the frequency dependence. The n-value was pre
viously correlated to the stabilisation mechanism of the interfacial film.
Lucassen & Van den Tempel (Lucassen & Van Den Tempel, 1972)
correlated an n-value of 0.5 to mass exchange of interfacial stabilisers
between bulk and interface upon oscillatory deformation, and such
behaviour was predominantly determining the surface elasticity. This
behaviour is expected for molecules with little in-plane interactions,
such as phospholipids (Yang, Waardenburg, et al., 2021). All interfaces
in our work showed n-values between 0.06 and 0.13, which is much
lower than 0.5, and were also observed for other protein-stabilised in
terfaces (Wan, Yang, & Sagis, 2016; Yang et al., 2020). This low n-value
suggests that the interfacial elasticity is more likely determined by
in-plane interactions between adsorbed proteins (Sagis et al., 2019).
The mechanical properties of the air-water interfaces were further
evaluated by applying amplitude sweeps by increasing the deformation
amplitude from 3 to 30% (Fig. 3B), at a fixed frequency (0.02Hz). All soy
protein (hydrolysate)-stabilised interfaces had significantly higher
dilatational storage moduli (Ed’) compared to loss moduli (Ed′′ ), which
indicated an elastic-dominated and solid-like viscoelastic behaviour.
The Ed’ of all interfacial films decreased upon increasing deformation.
Such decay of Ed’ can be attributed to the disruption of the formed
interfacial microstructure, which is a feature of the nonlinear visco
elastic (NLVE) regime.
The SPI-stabilised interface had the lowest Ed’ in the whole range of
deformation amplitudes, decreasing from 56.9 to 35.1 mN/m. Selective
proteolysis resulted in stiffer interfacial layers, as all DβH hydrolysates
had increased moduli compared to the parental SPI. DβH-L-stabilised
interfaces had higher moduli compared to DβH-H-stabilised ones. Pep
tides could contribute to the formation of a stiffer network, due to a
more efficient interfacial coverage. Also, an increased surface hydro
phobicity (Fig. S2 in the SI) might lead to stronger hydrophobic in
teractions among adsorbed peptides. The smaller peptides (<14 kDa),
which are removed by dialysis, seem to reduce the dilatational surface
moduli, as a minor increase of the moduli is present after dialysis for the
DβH-L-stabilised interfaces. A more substantial difference is present at a
higher DH, as the DβH-H/D had higher moduli than the DβH-H/ND
(Fig. 3B). These smaller peptides (<14 kDa) could reduce the Ed’ in the
hydrolysates, but we should still keep in mind that the samples are
standardised on protein content, which led to a higher amount of
(relatively) native and intact glycinin in the dialysed samples.

3.2. Air-water interfacial properties
3.2.1. Adsorption behaviour
The surface activity was studied by measuring the surface pressure
isotherms of the soy protein and hydrolysate samples (Fig. 3A). The
evolution of the surface pressure with time of SPI had a lag time of 2 s,
followed by a steady surface pressure increase to 19.4 mN/m after
10,800 s of adsorption. All hydrolysate systems studied in this work had
a faster surface pressure increase than the parental SPI, especially in the
first 80 s. DβH-L/ND showed the most rapid increase in the initial 1,000
s. Hydrolysis of proteins was previously found to increase the surface
activity of the hydrolysed mixture, as the molecular size of proteins
decreases, which increases the rate of diffusion of the hydrolysed pro
teins towards to interface (Davis et al., 2005; Martínez et al., 2009; J.M.
Rodríguez Patino et al., 2007; Wani, Sogi, Shivhare, & Gill, 2015).
Additionally, hydrophobic areas could be exposed, as demonstrated by
the higher surface hydrophobicity after hydrolysis (Fig. S2 in SI),
creating peptides with a more favourable amphiphilicity for adsorption
towards the air-water interface (Martinez, Baeza, Millán, & Pilosof,
2005). This is reflected in the slightly slower initial adsorption phase
after dialysing DβH-L/ND to DβH-L/D, as surface-active peptides were
removed. On the other hand, the surface activity of DβH-L/D remained
higher than SPI, suggesting a contribution from peptides larger than the
dialysis cut-off of 14 kDa.
A higher DH resulted in lower surface activity when comparing DβHH/ND and DβH-H/D with DβH-L/ND and DβH-L/D in the first 1,000 s.
Extensive hydrolysis of proteins may lead to small peptides with limited
amphiphilicity, thus low surface activity. Also, in Fig. S2, the more
extensively hydrolysed DβH-H had a lower surface hydrophobicity than
DβH-L, which may result in slightly lower surface pressure values, as
shown in the first 1,000 s of the adsorption isotherm. A higher DH may
also cause more extensive aggregation, as discussed above, and the
larger size of these aggregates reduced their surface activity as well, as
the adsorption of the proteins is diffusion-limited in the drop tensiom
eter (Yang, Thielen, Berton-Carabin, van der Linden, & Sagis, 2020). The
surface activity of DβH-H/D was higher than that of DβH-H/ND in the
first 700 s. The slight increase of DβH-H/D compared to the non-dialysed
hydrolysate could be due to a higher amount of larger proteins/peptides
(>14 kDa), as all samples are standardised on the similar protein content
of 0.1% (w/w), and the relative amount of larger proteins/peptides is
higher in dialysed hydrolysates than non-dialysed ones. Hydrolysis of
proteins can also largely affect the mechanical properties of an air-water
interfacial layer, which will be investigated in the following sections.
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β-conglycinin had been degraded in DβH-H/ND, given the glycinin-toβ-conglycinin ratio in parental SPI is roughly 2:1 (molecular ratio) (Xia
et al., 2021). As shown earlier using SEC (Fig. 2), a higher degree of
hydrolysis resulted in more hydrolysed <10 kDa and 10–100 kDa pep
tides. For the 10–100 kDa fraction, protein fragments from β-conglycinin
might also be present.

Table 1
The protein weight % of <10, 10–100, and >100 kDa fractions in DβH-L/ND and
DβH-H/ND.
Size

Weight % in DβH-L/ND

Weight % in DβH-H/ND

<10 kDa
10-100 kDa
>100 kDa

9.8
17.6
72.1

18.1
31.0
49.9

3.2.3.2. Interfacial properties of peptide fractions. The obtained fractions
were studied for their interfacial properties by determining their surface
activity (Fig. 4A–B) and mechanical properties of the formed interfacial
films (Fig. 4C–D). In Fig. 4A, we observe the highest surface activity for
the entire mixture, DβH-L/ND. The fractions with <10 kDa showed the
lowest surface activity with a lag time of about 80 s. This could be
related to the low concentration, as the <10 kDa fraction only accounted
for 9.8% of the whole DβH-L/ND mixture. The 10–100 and > 100 kDa
fractions were substantially more surface-active. It seems that the >100
kDa fraction is mainly responsible for the rapid surface tension increase
of the whole mixture, but the 10–100 kDa fraction could also have a
small contribution. The substantial contribution of the >100 kDa frac
tion is evident when evaluating the surface dilatational moduli (Fig. 4C),
as the moduli of the DβH-L/ND (92–45 mN/m) is nearly similar to the

3.2.3. The contribution of peptides to interfacial properties
3.2.3.1. Peptide composition in hydrolysates. The peptides in all hydro
lysates could significantly contribute to the interfacial properties. Also,
in the dialysed hydrolysates (DβH-L/D and –H/D), it is unclear whether
intact glycinin or larger protein fragments dictate the interfacial film
formation. Therefore, we fractionated the peptides of DβH-L/ND and
–H/ND into <10 kDa, 10–100 kDa and >100 kDa fractions, and deter
mined their protein weight percentage in the whole mixture (Table 1). In
DβH-L/ND, about 27.4% of the protein is degraded into peptides smaller
than 100 kDa (<10 kDa and 10–100 kDa fraction), while a substantially
higher protein weight percentage (49.1%) of these peptides were
observed in DβH-H/ND. This value suggests that most of the

Fig. 4. Surface pressure as a function of time of interfacial films stabilised by the whole mixture, <10 kDa, 10–100 kDa and >100 kDa peptides of (A) DBH-L/ND and
(B) DBH-H/ND. The surface pressure isotherms represent an average of at least three replicates, and the standard deviation was below 5%. In panel C and D, the
surface dilatational moduli as a function of deformation amplitude of interfacial films stabilised by the aforementioned protein systems at an oscillatory frequency of
0.02 Hz is shown. The closed symbols indicate the storage moduli (Ed’), and open symbols indicate the loss moduli (Ed′′ ). The averages and standard deviations are
the results of at least three replicates.
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Fig. 5. Lissajous plots of surface pressure (π) as a function of the applied deformation (ΔA/A), obtained from amplitude sweeps of air-water interfacial films sta
bilised DβH-L/ND and –H/ND, and their <10 kDa, 10–100 kDa and >100 kDa fractions at 30% deformation.

the horizontal axis, revealing information on the stiffness of the inter
facial layer. A plot tilted towards the horizontal axis would suggest a
weaker interface, while stiffer interfaces are more tilted towards the
vertical axis.
The Lissajous plots of DβH-L/ND and –H/ND, and their fractions are
shown in Fig. 5A,E. Only the plots at 30% deformation are shown, while
plots at a lower deformation of 5% can be found in Fig. S3 in the SI. At
5% deformation, the plots have a narrow ellipsoidal shape, indicating a
linear viscoelastic response. The plots become asymmetric at higher
deformations due to the emergence of non-linearities, which were most
pronounced at 30% deformation. We will explain the asymmetries using
the Lissajous plot at 30% deformation of the whole mixture of DβH-L/
ND (Fig. 5A). In this asymmetric plot, we start at the beginning of the
extension cycle (bottom-left corner) as illustrated by the arrows. Here,
we observe a relatively steep increase of surface pressure, but the slope
of the surface pressure gradually decreases up to deformation of 0.30.
This reveals a gradual disruption of the interfacial microstructure,
resulting in intra-cycle strain softening.
In the compression phase of the cycle, the surface pressure decreased
steeply to a minimum surface pressure of − 24 mN/m, which has a
higher absolute value than the pressure in extension (+10 mN/m). This
behaviour is called intra-cycle strain hardening, which probably
occurred due to an increased surface concentration of proteins upon
(high) compression, finally leading to jamming of the protein structures
at the interface. The combination of intra-cycle strain softening in
extension and strain hardening in compression can be attributed to
network disruption and changes in the density of adsorbed stabilisers.
This is linked to strong in-plane interactions between adsorbed proteins
and would indicate the rheological behaviour of a viscoelastic solid,
which we also observed for whey proteins previously (Yang, Lamochi
Roozalipour et al., 2021).

>100 kDa fraction (79–43 mN/m). The moduli of the whole mixture are
however still higher compared to the >100 kDa, which might suggest
the small contribution of the 10–100 kDa fraction, as the smaller pep
tides could adsorb in the gaps between the larger (>100 kDa) proteins.
The contribution of the DβH-H/ND fractions is markedly different
(Fig. 4B), as the surface activity of the >100 kDa fraction was reduced
compared to the same fraction in Fig. 4A (DβH-L/ND), which is expected
as the protein weight percentage of the >100 kDa fraction is lower in
DβH-H/ND (49.9%) than the DβH-L/ND (72.1%). On the other hand, the
increased amount of <10 and 10–100 kDa peptides led to increased
surface pressure values. The 10–100 kDa fraction showed the highest
surface activity in the initial phase, which seems to cause the fast surface
pressure increase of the whole mixture (DβH-H/ND) in the first 130 s.
Afterwards, the surface pressure curve of the >100 kDa fraction co
incides with that of the whole mixture. This suggests the presence of
both 10–100 and > 100 kDa fraction at the interface, which is confirmed
when studying the mechanical properties of the interfacial film
(Fig. 4D). Here, the moduli of the whole mixture (DβH-H/ND) overlaps
with the values of the 10–100 and > 100 kDa fractions. The contribution
of either 10–100 or >100 kDa fractions can be further evaluated by
studying the unprocessed signal in so-called Lissajous plots.
3.2.4. Lissajous plots
3.2.4.1. General explanation on lissajous plots. Lissajous plots were
proven as a valuable supplementary tool in studying the mechanical
properties of interfacial films (García-Moreno et al., 2021; Sagis,
Humblet-Hua, & van Kempen, 2014; Yang et al., 2020), as
non-linearities of the surface stress response are generally neglected in
the calculation of surface dilatational moduli. These non-linearities can
be analysed when plotting the surface stress response (surface tension)
against deformation in Lissajous plots. Additional explanations on the
contribution of non-linearities can be found in the SI.
The data points in the graph follow a clockwise movement, and the
upper part of the cycle is the extension of the interfacial area, as the
deformation increases, whereas the bottom part is the compression part
of the cycle. The width of the plots indicates which type of behaviour
dominates the rheological response, as a closed plot (straight line) in
dicates a fully elastic response, while a spherical plot suggests a fully
viscous response. A viscoelastic response is featured as a combination of
a fully elastic and viscous response, namely an ellipsoidal shape.
Another important characteristic of the Lissajous plots is the angle with

3.2.4.2. Lissajous plots of peptide fractions. As discussed in the previous
section, the whole mixture of DβH-L/ND can form stiff and solid-like
interfacial films. The Lissajous plot of an interface stabilised by < 10
kDa peptides are narrow plots, which are tilted towards the horizontal
axis, revealing the behaviour of a weaker and more stretchable film
(Fig. 5B), compared to the whole mixture. This indicates weaker in
teractions among the adsorbed <10 kDa peptides, which is expected, as
particularly the smaller peptides could have fewer interaction sites,
leading to weaker in-plane interactions at the interface (Foegeding,
Luck, & Davis, 2006; Tamm & Drusch, 2017). According to the Lissajous
7
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Fig. 6. Lissajous plots of surface pressure (π) as a function of the applied deformation (ΔA/A), obtained from amplitude sweeps of air-water interfacial films sta
bilised by DβH-L/ND (A) DβH-L/D (B), DβH-H/ND (C), DβH-H/D (D). The maximum deformation amplitude is 30%.

plots (Fig. 5C and D), the 10–100 kDa and >100 kDa fractions can form
stiffer films. The plot for the >100 kDa fraction is rather close to the
response of interfacial layer formed by the whole mixture DβH-L/ND, so
this fraction appears to dominate the response.
Different behaviour is observed for the DβH-H/ND hydrolysate
fractions (Fig. 5E–H). The Lissajous plot of the 10–100 kDa fraction
(Fig. 5G) resembles that of the whole mixture, indicating that the
behavior of the interface stabilised by DβH-H/ND is dictated by the
10–100 kDa fraction. The high protein content of 10–100 kDa (31.0%)
in DβH-H/ND led it to dominate the initial protein adsorption (Fig. 4B)
phase, which resulted in an interfacial film that is primarily stabilised by
the 10–100 kDa fraction. The >100 kDa fraction is expected to be pre
sent on the interface of the whole mixture, as the surface pressures of the
whole mixtures follow the curves of the >100 kDa fraction after 130 s in
Fig. 4B. Also here, the <10 kDa fraction of the DβH-H/ND formed a weak
interfacial film (Fig. 5F), but the exact contribution of the <10 kDa
fraction to the response of the whole mixture cannot be clearly deduced
from these results. We can ascertain this more clearly by comparing
these response with those of the dialysed samples.

hydrolysis. The Lissajous plot of DβH-H/D is wider and shows substan
tially more stain hardening in compression than the DβH-H/ND,
revealing the formation of a stiffer and more elastic-dominated inter
facial film. In this case, the <14 kDa peptides reduce the in-plane in
teractions of the larger peptides and proteins. Another possiblity is the
expulsion of <14 kDa peptides upon compression, which would lead to
less strain hardening in the non-dialysed systems. A significant amount
of <14 kDa peptides could be present at the interfacial layer, as this
fraction was abundantly present in the whole mixture (18.1%).
In summary, the >100 kDa proteins in DβH-L/ND largely dominate
the interfacial properties. These proteins are most likely intact β-con
glycinin and glycinin. The 10–100 kDa peptides seem to slightly
contribute to the formation of a stiffer interfacial layer, suggesting a
slight synergistic effect between the intact proteins and the 10–100 kDa
peptides. For the DβH-H/ND, the fraction of 10–100 kDa peptides
increased, and played a more prominent role in interface stabilisation. In
this sample, the <14 kDa peptides hindered the in-plane interactions
among adsorbed larger proteins, leading to weaker interfacial films. In
general, the reduction of intact β-conglycinin and the formation of
peptides in the 10–100 kDa range is most likely leading to stiffer
interfacial films.

3.2.4.3. Lissajous plots of dialysed and non-dialysed hydrolysates. Lissa
jous plots of all hydrolysates (dialysed and non-dialysed) are shown in
Fig. 6. Here, only the plots at 30% deformation are shown; plots of lower
deformations are shown in Fig. S3 in the SI. We are aware that the cut-off
in dialysis (14 kDa) is slightly larger than the filtration units (10 kDa),
but insights from the fractionation experiment in section 3.2.3 can still
roughly indicate the composition of the interfacial films. Dialysis of the
DβH-L/ND into the DβH-L/D resulted in two nearly identical Lissajous
plots at 30% deformation (Fig. 6A and B). Additionally, we can see a
minor increase of Ed’ of DβH-L/D compared to DβH-L/ND. This in
dicates that the co-adsorption of <14 kDa peptides might cause a minor
reduction of interfacial stiffness.
A more substantial difference is shown at a higher degree of

3.2.5. Interfacial microstructure
The interfacial films stabilised by the soy protein (hydrolysates) were
further investigated by visualising their interfacial microstructure.
Langmuir films were created by injecting the protein sample in the
subphase, followed by a 3-h waiting step to allow diffusion towards and
adsorption onto the air-water interface. First, surface pressure isotherms
of these Langmuir films were created and shown in the supplementary
material (Fig. S4). From these isotherms, we chose a surface pressure of
15 and 25 mN/m for sampling Langmuir-Blodgett (LB) films, of which
the topography was analysed using atomic force microscopy (AFM) and
shown in Fig. 7.
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Fig. 7. AFM images of Langmuir-Blodgett films made from soy protein isolate (SPI), and degraded β-conglycinin hydrolysates (DβH) at low (L) and high (H) degree of
hydrolysis and non-dialysed (ND) or dialysed (D). The films were sampled at target surface pressures of 15 and 25 mN/m.

Fig. 8. The overrun (A), average air bubble size (B, d3,2), maximum liquid volume in foam (C), and volume half-life time (D) of foams stabilised by soy protein isolate
(SPI), and degraded β-conglycinin hydrolysates (DβH) at low (L) and high (H) degree of hydrolysis and non-dialysed (ND) or dialysed (D). The protein concentration
was 0.1% (w/w), and samples were dissolved in a buffer (20 mM PO4, pH 7.0). Averages and standard deviations are the results of at least three replicates.

The white structures were previously identified as protein clusters,
formed after segregation on the air-water interface (Yang et al., 2020).
The LB-film of SPI at 15 mN/m showed few protein clusters, while a
denser and more heterogeneous film is formed when further compress
ing the layers to a surface pressure of 25 mN/m. Such heterogeneous
structures were also revealed for various other protein-stabilised in
terfaces, such as whey (Berton-Carabin, Genot, Gaillard, Guibert, &

Ropers, 2013; Yang, Lamochi Roozalipour et al., 2021) and rapeseed
proteins (Yang, Berton-Carabin, Nikiforidis, van der Linden, & Sagis,
2021). The transformation to a denser interface upon compression
would suggest a highly connective microstructure, as proteins do not
appear to be expelled from the interface into the bulk. This would imply
the presence of lateral in-plane interactions among the proteins.
A substantially different image can be observed for the 15 mN/m
9
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Fig. 9. Schematic overview of interface composition of SPI, DβH-L/ND and DβH-H/ND. The illustrations are not on scale.

had a foam half-life time similar to SPI. A large amount of <14 kDa
peptides did not contribute to higher foam stability. We could argue that
a higher amount of <14 kDa peptides reduces the interfacial stiffness, as
shown in the rheology experiments (Fig. 6). Additionally, extensive
hydrolysis might result in peptides which are too small and might lose
their amphiphilicity, thus surface activity. Similarly, it has been re
ported that foam stability of sunflower protein isolates increased after
limited hydrolysis, but the foam became less stable when DH exceeded a
certain value (Martinez et al., 2005; Rodríguez Patino et al., 2007). Also,
larger peptides were found to yield more stable foams (Wouters,
Rombouts, Legein, et al., 2016).
Overall, the presence of peptides largely increased the surface ac
tivity compared to native SPI, which led to a significantly higher foam
overrun. The DH of the sample, thus the peptide size, played a signifi
cant role in the stiffness of the interfacial layer and foam stability.
Extensive hydrolysis yielded more and smaller peptides (<14 kDa),
which were less able to form more stable foams. The DβH-H stabilised
foams had similar foam stability as the parental SPI, suggesting that
glycinin was dominating the foaming-stabilising properties in the orig
inal parental protein mixture with intact β-conglycinin. Additionally,
the presence of peptides largely increased the foamability of the DβH-H
samples. The optimal enhancement of foaming properties can already be
achieved at a low DH. DβH-L/ND had the highest foam stability, sug
gesting improved foam stability by small peptides (<14 kDa).

films of the hydrolysates, as much more structures are present in com
parison to the parental SPI. We observe more protein clusters and
several larger structures up to 200 nm, which could be protein aggre
gates. The higher amount of protein clusters could result from the
increased protein surface hydrophobicity after hydrolysis (as shown by
Fig. S2 in the SI), leading to increased hydrophobic interactions, thus
more protein segregation on the air-water interface. This behaviour
would explain the observed formation of stiffer interfaces by the hy
drolysates compared to SPI.
3.3. Foaming properties
The foaming ability and stability of SPI and the hydrolysates were
evaluated, and four parameters were obtained from the foaming ex
periments (Fig. 8). First, the foam overrun was determined by whipping
the foam, and expressed as the foam volume over the initial liquid
volume. A second characteristic is the average air bubble size, which is
directly determined after foam formation. At the same time point, the
liquid volume at the bottom of the foam cell was determined, which
allowed the calculation of the liquid volume in the foam. Finally, the
foam volume half-life time was determined as the time at which half of
the initial foam volume had decayed.
The SPI-stabilised foams had an overrun of 104%, an average air
bubble size of 0.20 mm, and a foam liquid volume of 18.5 mL, at a
protein concentration of 0.1% w/w. After selective proteolysis, the foam
overruns increased to 134–176%, and the diameter of the air bubbles
decreased significantly to 0.07–0.08 mm. Concomitantly, the liquid
volume of hydrolysate-stabilised foams also increased to 35–40 ml, since
smaller air bubbles also led to a much higher liquid volume in the
hydrolysate-stabilised foams, as smaller air bubbles have a higher sur
face/volume ratio, thus incorporating more liquid around the air bub
bles. (Martínez et al., 2009; Molina Ortiz & Wagner, 2002). The <14 kDa
peptides in DβH-L/ND seemed to play an essential role in foam overrun,
as removal of these peptides by dialysis resulted in a lower foam overrun
in DβH-L/D. These <14 kDa peptides in the more extensively hydrolysed
DβH-H did not affect the adsorption behaviour of the total mixture,
which is expected, as the 10–100 kDa peptides were found to dominate
the adsorption behaviour (Fig. 4B). The overrun even increased from
164 to 176% after removing the <14 kDa peptides for DβH-H-stabilised
foams, which is probably the effect of standardisation based on protein
content, as the dialysed DβH-H/D has relatively more proteins and
larger peptides (>14 kDa) compared to the non-dialysed DβH-H/ND.
We can also observe increased foam stability (Fig. 8D), but only for
the DβH-L-stabilised foams. The foam stability of DβH-L/ND was the
highest of all studied foams with a half-life time of 162 min, which is a
57% increase compared to the 103 min for the parental proteins in the
SPI. The dialysed sample DβH-L/D showed slightly lower foam stability
of 126 min. It seems that the <14 kDa peptides contribute to the
increased foam stability of the DβH-L/ND.
On the other hand, the more extensively hydrolysed DβH-H samples

4. Conclusions
In this work, β-conglycinin (7S) in soy protein isolate (SPI) was
selectively hydrolysed, while the glycinin (11S) remained (largely)
intact. Two extents of hydrolysis were studied, leading to a degraded
β-conglycinin hydrolysate with a low (L) and a high (H) degree of hy
drolysis (DH). A dialysed (D, cut-off 14 kDa) and non-dialysed (ND)
version of both hydrolysates were also incorporated. Size exclusion
chromatography (SEC) clearly showed the protein peaks were
decreased, while the number of smaller peptides increased. Hydrolysis
led to a significant alteration of the surface hydrophobicity, as the values
increased by two- to threefold compared to the parental SPI.
The presence of the peptides resulted in faster adsorption at the airwater interface. The hydrolysates were found to form stiffer interfacial
films than SPI. After hydrolysis, the films exhibited more protein clusters
(as shown by AFM), indicating stronger interactions among adsorbed
material. The size of the peptides play a major role in the interface
stabilisation, and a proposed schematic overview of the interfacial
composition is shown in Fig. 9. At a low degree of hydrolysis, the intact
proteins dictate the interfacial properties. At a high degree of hydrolysis,
the <14 kDa peptides can largely reduce the interfacial stiffness, prob
ably hindering interactions of larger peptides and intact proteins. Such
behaviour was also reflected in the foaming properties. The presence of
peptides doubled the foamability of nearly all hydrolysates, as the
peptides vastly increased the surface activity of the samples. The foam
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stability was only improved for the moderately hydrolysed DβH-L foams,
while the extensively hydrolysed DβH-H foams had similar stability as
the parental proteins.
In summary, we demonstrated that selective hydrolysis of β-con
glycinin is an effective tool to improve the foaming properties of soy
proteins. Also, extensive hydrolysis is unnecessary, as such a process
would result in more peptides with a small molecular weight (<14 kDa),
which contributed marginally to the interface and foam stabilising
properties. Larger peptides (>14 kDa) and intact glycinin contributed to
stiffer interfacial films and higher foam overruns. Selective proteolysis
of proteins can be considered in the targeted preparation of soy protein
hydrolysates with promising functional properties, such as foam (this
work), but also emulsions (Li et al., 2016) and gels (Xia et al., 2021). Our
findings can contribute to the formulation of healthy and sustainable
plant-based food products.
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