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ABSTRACT

Lupin protein isolate (LPI) has high nutritional value and good foaming properties around neutral pH; however,
its functionality becomes poor at acidic pH, due to reduced protein solubility. The addition of pectin to LPI can
increase its solubility at acidic pH and hence improve protein functionality. Here, we investigated the air-water
interfacial and foaming properties of LPI-pectin (1:1) mixtures at pH 3.5-7.0. We used interfacial shear and
dilatational rheology, characterized the air-water interfacial microstructure with AFM of Langmuir-Blodgett
films, and linked the results to the foaming properties of the LPI-pectin mixtures. Based on the phase dia-
gram, LPI and pectin formed co-soluble mixtures at pH 6.0 and 7.0, while LPI-pectin electrostatic complexes were
formed at pH 3.5 and 4.0. In the co-soluble mixtures, proteins diffused faster towards the air-water interface than
the electrostatic complexes, due to smaller particle sizes of the proteins. Their air-water interfaces showed
distinct differences with respect to microstructure and mechanical properties. The interfaces stabilized by co-
soluble mixtures were dominated by protein aggregates, leading to weaker interfaces in response to shear and
dilatational deformation, while the complexes formed thicker and denser polymeric air-water interfaces that
were stiffer and more solid-like. As a result, the complex-stabilized foams were more stable than those stabilized
with co-soluble mixtures. Findings from this study indicate that soluble LPI-pectin complexes formed at pH 3.5
and 4.0 were more efficient in improving interfacial and foaming properties of LPI than the co-soluble mixtures

at pH 6.0 and 7.0, which can be used to tailor the properties of acid aerated products stabilized by LPIL.

1. Introduction

Currently, the protein transition from animal proteins to plant pro-
teins enjoys increasing attention in the food industry, due to the health
and environmental benefits of plant proteins (Blonk, Kool, Luske, De
Waart, & ten Pierick, E., 2008; Floret, Monnet, Micard, Walrand, &
Michon, 2023; Khandpur, Martinez-Steele, & Sun, 2021). Pulse proteins,
such as peas, lentils, cowpeas, chickpeas, and lupins, are the most widely
used protein sources in food formulations (Boye, Zare, & Pletch, 2010;
Shevkani, Singh, Chen, Kaur, & Yu, 2019). Among these pulse proteins,
lupin proteins are a promising protein source, due to their high nutri-
tional value and good functionality (Lo, Kasapis, & Farahnaky, 2020;
Pozani, Doxastakis, & Kiosseoglou, 2002). Comprehensive studies have
shown four major types of protein in lupin protein extracts, namely o-,
B-, v-, and 8-conglutin (Klupait & Juodeikien, 2015; Rodriguez-Ambriz,
Martinez-Ayala, Millan, & Davila-Ortiz, 2005; Salmanowicz & Weder,
1997; Shrestha, van’t Hag, Haritos, & Dhital, 2021). The a-conglutin
(119) exists as a hexamer with a molecular weight ranging from 57.8 to
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67.4 kDa and the monomers consist of a disulfide-bonded acidic and
basic chain (Cabello-Hurtado et al., 2016; Foley et al., 2011). The
B-conglutin (7S) is a trimer that lacks disulfide bonds to link its monomer
units and has a molecular weight ranging from 68 to 75 kDa (Duranti,
Consonni, Magni, Sessa, & Scarafoni, 2008; Foley et al., 2011). The
§-conglutin (2S) is a monomeric protein composed of two
disulfide-bonded subunits with a molecular weight of 10.7-17.8 kDa
(Duranti et al., 2008; Foley et al., 2011). Unlike the above proteins, the
protein configurations of y-conglutin (7S) vary with different pH. At pH
4.5, y-conglutin exists as monomers due to the dissociation of their
tetrameric structures. At a pH value larger than 5.5, y-conglutin exhibits
oligomeric structures consisting of dimer, tetramer, and cyclic hexamer
(Mane, Johnson, Duranti, Pareek, & Utikar, 2018).

Lupin proteins have shown promising functionality at neutral pH
with respect to foaming properties (Raymundo, Empis, & Sousa, 1998;
Sathe, Deshpande, & Salunkhe, 1982), emulsifying properties
(Burgos-Diaz et al., 2016; Chapleau & de Lamballerie-Anton, 2003), and
gelling properties (Al-Ali et al., 2021; Berghout, Boom, & Van der Goot,
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2015). In the food industry, many protein beverages are produced in
acidic conditions (Cosson, Souchon, Richard, Descamps, & Saint-Eve,
2020; Goudarzi, Madadlou, Mousavi, & Emam-Djomeh, 2015), howev-
er, the functionality of lupin is dramatically reduced at these pH ranges
due to the decreased solubility at acidic pH values.

To improve the solubility of lupin protein at acidic pH, the mixing of
proteins with polysaccharides is a frequently adapted method. Upon
mixing proteins with polysaccharides, repulsive segregation or attrac-
tive association may occur depending on the charge of the proteins and
polysaccharides, which may lead to the formation of co-soluble mix-
tures, phase separation, formation of soluble complexes, or insoluble
complex coacervates (McClements, 2006). The phase diagram of
protein-polysaccharide mixtures is often elucidated by measuring
turbidity. Co-solubilization of protein and polysaccharides often occurs
at high pH, when both protein and polysaccharide are negatively
charged, leading to clear solutions. When the pH is stepwise decreased,
soluble complexes start to form at a critical pH (denoted as pH) and the
turbidity of the solutions starts to increase. With the further reduction of
pH to pHy;, the turbidity of the solutions often shows a rapid increase,
indicating the formation of insoluble coacervates. As the pH values are
reduced further to pH,p, complex coacervates reach their maximum
yield, where the charges of coacervates are assumed to be neutral.
Dissolutions of the complex coacervates occur at an even lower pH
(denoted as pHyz), due to the protonation of polysaccharides at
extremely low pH values (Klassen & Nickerson, 2012; Stone, Cheung,
Chang, & Nickerson, 2013; J. Zhang et al., 2023).

In the past few years, the phase behavior of protein-polysaccharide
mixtures as a function of pH, ionic strength, and total concentrations
were extensively reported in many studies (Aryee & Nickerson, 2012,
2014; Bekale, Agudelo, & Tajmir-Riahi, 2015; Kaushik, Dowling,
Barrow, & Adhikari, 2015; Liu, Low, & Nickerson, 2009; Sarraf, Naji--
Tabasi, & Beig-babaei, 2021; Q. Zhang, Dong, Gao, Chen, & Vasanthan,
2020). There are several studies reporting the air-water interfacial
properties of whey protein-polysaccharide mixed systems at pH 7.0
(Perez, Carrara, Sanchez, Santiago, & Patino, 2009; Perez, Carrara,
Sanchez, Santiago, & Rodriguez Patino, 2010), soy
protein-polysaccharide mixtures at pH 7.0 (Martinez, Sanchez,
Ruiz-Henestrosa, Patino, & Pilosof, 2007), and
lysozyme/ovalbumin-pectin complexes at pH 3.5 (Humblet-Hua, van
der Linden, & Sagis, 2013). The functionality of protein-polysaccharide
mixtures was also previously studied with respect to emulsifying prop-
erties (Girard, Turgeon, & Paquin, 2002; Kato, Sato, & Kobayashi, 1989;
Tian et al., 2020) and foaming properties (Jarpa-Parra, Tian, Temelli,
Zeng, & Chen, 2016; Makri, Papalamprou, & Doxastakis, 2005; Xu et al.,
2020). But there is still a lack of understanding of the interfacial prop-
erties of protein-polysaccharides mixtures in different phase states
(co-soluble mixtures vs. soluble complexes) and how differences in
interfacial properties between these two states affect foaming
properties.

In a previous study (Ma, Habibi, & Sagis, 2024), we showed that the
soluble fraction of LPI at pH 3.5 and 4.0 had better foaming properties
than those at pH 7.0 and 6.0. But protein solubility was severely reduced
at pH 3.5 and 4.0, which makes application of LPI at such a pH nonviable
from an economic and sustainability perspective. To improve protein
solubility and further improve foaming functionality at acidic pH, we
therefore mixed LPI with pectin at pH 3.5-7.0 to study their interfacial
and foaming properties. In this study, we first investigated the phase
behavior of lupin protein-pectin mixtures (1:1 ratio) in a pH range from
1 to 7. Subsequently, we compared the air-water interfacial properties
(interfacial adsorption behavior, interfacial shear and dilatational
rheology, and interfacial microstructure) of co-soluble mixtures (pH
6-7) to those of soluble complexes (pH 3.5-4.0). Finally, the interfacial
properties were linked to the foaming properties of the systems. Findings
from this study provide a comprehensive understanding of air-water
interfacial properties and foam stabilization of lupin protein-pectin
mixtures in different phase states, which could promote their
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application in acid-aerated protein-based products.

2. Materials and methods
2.1. Materials

Lupin seeds were purchased from Kamelur (Germany), and all other
chemicals were obtained from Sigma-Aldrich (USA). All solutions in this
study were prepared in MiliQ water unless stated otherwise.

2.2. Extraction of lupin protein

The extraction of lupin protein isolates (LPI) was according to our
previous method (Ma, Shen, Habibi, & Sagis, 2024). Briefly, the
dehulling process of lupin seeds was performed by a laboratory-scale
dehuller (Satake Corporation, Japan). Afterward, the dehulled seeds
were milled to full-fat lupin flour by a multimill (Hosokawa-Alpine,
Augsburg, Germany), followed by defatting the full-fat flour with hex-
ane ata 1:10 flour to hexane ratio (w/v) and repeating this process three
times. Subsequently, the defatted flour was dispersed in MiliQ water
before adjusting pH to 9.0, and then centrifuging the dispersion at 36,
000 g for 10 min to collect the supernatant that contained proteins. The
pH of the supernatant was adjusted to 4.6, and then allowing 90 min to
precipitate proteins. The mixtures were centrifuged at 36,000 g for 5
min to collect precipitates. The precipitates were then redispersed in
MiliQ water, followed by adjusting pH to 7.2 using 1M HCI. Lastly, the
redispersed solutions were dialyzed over 12 kDa cut-off membranes
against MiliQ water at 4 °C for 72 h before freeze drying. The resultant
protein content of the LPI was 81.7 + 3.8%, based on a conversion factor
of 5.7.

2.3. Purification of pectin

Low methoxyl pectin power (GENU®, 45CS) (CP Kelco (Atlanta,
GA)) (degree of esterification of 38%) was initially dispersed in MiliQ
water to a concentration of 1 wt% and then dialyzed over 12 kDa cut-off
membranes against distilled water at 4 °C for 72 h before freeze drying.

2.4. Preparation of sample solutions

Lupin protein solutions and pectin solutions were dispersed in MiliQ
water to a concentration of 0.2 wt%, followed by stirring for 4 h and left
overnight to allow for protein/pectin hydration. The mixed solutions
were prepared by initially mixing lupin protein solutions and pectin
solutions at a 1:1 ratio, and subsequently diluting the mixtures with 40
mM pH 7.0 phosphate buffer, 40 mM pH 6.0 phosphate buffer, 40 mM
pH 4.0 acetate buffer, and 40 mM pH 3.5 citrate buffer to obtain a total
biopolymer concentration of 0.1 wt% in corresponding 20 mM bulffer.
Similarly, 0.2 wt% of the mixed LPI-pectin solutions were prepared by
mixing 0.4 wt% LPI solutions and 0.4 wt% pectin solutions, followed by
diluting the mixed solutions with 40 mM corresponding buffer at a 1:1
ratio (v/v).

2.5. Turbidimetric analysis of LPI-pectin mixtures

The turbidity of LPI-pectin mixtures was measured at pH values
ranging from 1 to 7 using a visible light spectrophotometer (Lambda
265, PerkinElmer, USA) at 600 nm. The pH of LPI-pectin mixtures was
adjusted by 1 M NaOH or 0.1, 0.5, and 1 M HCI aqueous solutions. The
transmittance (%) of the mixtures was immediately measured after pH
adjustment. The turbidity (%) of the mixtures was calculated as 100% —
transmittance (%). The protein and pectin solutions were used as
controls.
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2.6. Determination of particle size and zeta potential

The particle size and zeta potential of 0.1 wt% LPI-pectin mixtures at
pH 7, pH 6, pH 4, and pH 3.5 were measured by dynamic light scattering
in a Zetasizer Nano ZS (Malvern Instruments, UK). All samples were
prepared in a 20 mM buffer (phosphate, acetate, or citrate). The
refractive index of the dispersed and continuous phase was set at 1.45
and 1.33, respectively. The zeta potential was calculated using the
Smoluchowski model (F(ka) value of 1.5). All measurements were per-
formed in triplicates at 25 °C.

2.7. Morphology of lupin protein-pectin mixtures

Samples were prepared by depositing 5 pl 0.01% of LPI-pectin mix-
tures on a freshly cleaved mica sheet and subsequently dried in a
desiccator for two days. Afterward, an atomic force microscope (AFM,
NanoWizard® 4XP NanoScience, Bruker Nano GmbH, Germany) fitted
with a PEAKFORCE-HIRS-F-A cantilever (spring constant of 0.42 N/m
and a normal tip radius of 1 nm) was used to image the morphology of
LPI-pectin mixtures. The systems were operated in a peak force tapping
mode and the scan area was set at 10 x 10 pm? and 2 x 2 pm? with a line
rate of 1.7 Hz and setpoint of 0.5 nN. The data were analyzed using the
Nanoscope Analysis v1.5 software (Bruker, USA).

2.8. Interfacial adsorption behavior

The interfacial adsorption behavior of LPI-pectin mixtures at the air-
water interface at different pH was monitored by a bubble pressure
tensiometer (BPT) and an automatic drop tensiometer (ADT) within sub-
second and long-time regimes, respectively. Regarding the BPT mea-
surement, 15 ml of samples were injected into a glass container, fol-
lowed by a continuous monitoring of surface tension from 10 ms to
30,000 ms. For the ADT measurement, a rising air droplet of 15 mm? was
generated at the tip of a G16 needle and subsequently equilibrated for 3
h. The surface tension was continuously calculated by the built-in soft-
ware, based on fitting the shape of the droplet with the Young-Laplace
equation. The surface pressure (II) was calculated as II(t) = yo-y(t),
where yy is the surface tension of the clean air-water interface and y(t) is
the surface tension in real-time.

2.9. Interfacial shear rheology

The interfacial properties in shear deformation were measured by an
AR G2 rheometer (TA Instruments, USA) coupled with a double wall ring
(DWR) geometry. Briefly, the DWR geometry was positioned at the air-
water interface and subsequently pre-sheared for 5 min, after which the
interface was allowed to equilibrate for 3 h, before further performing
frequency and amplitude sweeps. The frequency sweeps were performed
by increasing frequency from 0.01 to 10 Hz at a fixed strain of 1%, while
the strain sweeps were conducted at strains ranging from 0.01 to 100%
at a fixed frequency of 0.1 Hz. All experiments were performed in trip-
licate at 20 °C.

2.10. Interfacial dilatational rheology

The interfacial dilatational rheology of LPI-pectin mixed solutions at
different pH was measured with an ADT. A rising bubble was initially
generated at the tip of a G16 needle and subsequently equilibrated for 3
h before further being subjected to frequency or amplitude sweeps. The
frequency sweep was conducted at frequencies from 0.005 to 0.1 Hz and
a fixed strain of 3%, while the amplitude sweep was performed at strains
from 3% to 50% and a fixed frequency of 0.02 Hz. Five cycles were
conducted for both frequency and amplitude sweeps with 50s rest time
between each set of five cycles. All experiments were performed at least
in triplicate at 20 °C.
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2.11. Interfacial thickness

The interfacial thickness of the air-water interface stabilized by LPI-
pectin mixtures was measured by an imaging nulling ellipsometer EP4
(Accurion, Germany). Briefly, 15 ml of the sample was transferred into a
Petri dish (60 mm in diameter), and subsequently equilibrated for 3 h.
The thickness of the air-water interfaces was then measured by an
incident-polarized laser light beam in the wavelength range from 499.8
nm to 793.8 nm. Since the involvement of phase shift (§) causes large
errors in the model fitting, only the amplitude ratio (¥) from the data
was analyzed with the EP4Model v.3.6.1. software, with the Cauchy
model, assuming refractive indexes of 1.45, 1.45, 1.36, and 1.40, for the
LPI-pectin mixtures at pH 7.0, pH 6.0, pH 4.0, and pH 3.5, respectively,
to fit the thickness of the interface.

2.12. Preparation of Langmuir-Blodgett films and AFM imaging

Langmuir-Blodgett (LB) films of LPI-pectin mixtures at the air-water
interfaces were prepared by a Langmuir trough (KSV NIMA/Biolin Sci-
entific Oy, Finland). Briefly, the trough was filled with buffer (pH 3.5-7)
and then a freshly cleaved mica sheet (Highest Grade V1 Mica, Ted Pella,
USA) was immersed in the buffer. Subsequently, 1 ml of sample was
injected at the bottom of the trough and then the interface was left to
equilibrate for 3 h. Afterward, the Teflon barriers moved at a speed of 5
mm/min to compress the air-water interface until reaching a surface
pressure of 10 mN/m or 20 mN/m. Next, the mica sheet was withdrawn
at a speed of 1 mm/min, while keeping the surface pressure constant by
moving the Teflon barriers. Duplicate films were prepared for each
sample.

Imaging of these LB films was performed by AFM and followed the
same procedures as in Section 2.7. These AFM images were further
quantitatively analyzed using the Angiotool 64 software (National
cancer Institute, National Institute of Health, Maryland, USA). Briefly,
vessel area, vessel percentage area, junction density, average vessel
length, end-point rate, branching rate, and mean lacunarity were
calculated to characterize the structures observed in the images
(Bernklau, Lucas, Jekle, & Becker, 2016; Munialo, van der Linden, Ako,
& de Jongh, 2015).

2.13. Foaming properties of LPI-pectin mixtures

Foamability and foam stability of LPI-pectin mixtures at different pH
were determined by whipping and gas sparging methods, respectively.
For the foamability measurement, 15 ml of 0.1 wt% and 0.2 wt% sam-
ples were transferred into a plastic cylinder and subsequently whipped
at 2000 rpm for 2 min using an overhead frother (Aerolatte Ltd., United
Kingdom). The foamability was expressed as overrun, and calculated as
overrun (%) = foam volume (ml)/initial liquid volume (ml) x 100%. For
the foam stability measurement, 40 ml of 0.1 wt% and 0.2 wt% samples
were transferred into a glass cylinder (¢ = 25 mm), followed by sparging
Ny gas from the bottom of the cylinder at a gas flow rate of 180 mL/min
to a foam volume of 60 cm®. The time required for half of the volume of
foam to decay, the so-called half-life time, was used to evaluate the foam
stability. The bubble size of the foam was measured by squeezing 4 ml of
freshly formed foam between two transparent Plexiglas plates (10 x 10
cm) with a fixed gap of 0.26 mm. The 2D morphology (Figs. S3 and S5)
of air bubbles was captured by a high-resolution camera and was sub-
sequently analyzed by ImageJ to calculate the bubble size distribution
(Figs. S4 and S6).

2.14. Statistical analysis

One-way analysis of variance (ANOVA) of the data was conducted by
OriginPro 2021. The means comparison among samples was conducted
by Tukey’s test using a significant level of 0.05.
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3. Results and discussion
3.1. Physiochemical properties of lupin protein-pectin mixtures

The turbidity of LPI, LPI-pectin mixtures (1:1 ratio), and pectin in the
pH range from 1.0 to 7.0 is shown in Fig. 1A. The turbidity of pectin
solutions was almost constant at all pH values, suggesting it is soluble in
this pH range. In contrast, LPI solutions showed extremely high turbidity
(almost 100%) at pH values close to its pl, indicating protein aggrega-
tion. When further lowering the pH, the LPI solutions became less turbid
again due to the increased net positive charges of LPI, which allowed the
protein to partially resolubilize. The turbidity curve of LPI-pectin mix-
tures was similar to that of LPI, but their critical pH transition values
(pHc, pHy1, PHopt, and pHy2) were shifted to lower pH values. When
decreasing the pH to 6.0 (pH,), the turbidity remained almost constant,
implying the co-solubility of LPI and pectin in solutions. As the pH was
reduced to 3.5 (pHy;1), the turbidity of LPI-pectin mixtures was slightly
increased, suggesting the formation of soluble complexes due to the
enhanced electrostatic interactions between LPI and pectin in a more
acidic environment. Below pHy;, the turbidity of LPI-pectin mixed so-
lutions dramatically increased, and reached its maximum at 2.5 (pHop),
indicating the formation of complex coacervates. When further reducing
the pH to 1.5 (pHy2), the acidification of solutions caused the disasso-
ciation of insoluble LPI-pectin coacervates due to the protonation of
carboxyl groups of pectin (J. Zhang et al., 2023), resulting in a reduction
of overall turbidity.

As illustrated in Fig. 1B, for LPI-pectin mixtures, the zeta potential
gradually increased when reducing the pH from 7.0 to 3.5, from about
—40 mV to roughly —20 mV. The particle size distributions of LPI-pectin
mixtures at different pH are shown in Fig. 1C. The mixed solutions at all
pH displayed a bimodal distribution, where the first peak was smaller
than 100 nm, while the second peak was around 197.6-311 nm. For pH
6.0 and 7.0, the first peak may correspond to individual proteins or small
protein aggregates (e.g., dimers, trimers, etc.), and the second peak we
assume are larger protein clusters dispersed in the bulk solution. At pH
4.0, both the primary and secondary peaks shifted to the right, and at pH
3.5, the first peak is no longer visible, and the distribution is mono-
modal, with a maximum at 311 nm. Apparently, at pH 4.0 the solution
contains both protein clusters (~59.1 nm) and soluble complexes
(~267.2 nm), whereas at 3.5 the sample contains mostly complexes
(some unbound protein monomers should be present, but the scattering
is dominated by the larger complexes, and monomers are therefore not
visible in the distribution.

To confirm the DLS data, AFM imaging was used to visualize the
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complex morphology at different pH values, as illustrated in Fig. 2. At
pH 7.0 and 6.0, some fibrous and globular aggregates were visible, up to
several hundred nm in size, which co-existed and were well separated
from each other. These most likely correspond to chains of pectin and
lupin protein aggregates, respectively. At pH 4.0 and 3.5, large and
dense clusters (around 100-300 nm) were formed with protruding chain
structures. These observations suggest LPI and pectin were co-
solubilized in solution at pH 7.0 and 6.0 due to the strong electrostatic
repulsions between biopolymers, while LPI-pectin complexes were
formed at pH 4.0 and 3.5 due to the dominance of attractive interactions
over repulsive forces. It is important to mention that the overall
composition of the LPI-pectin mixtures at different pH values was not
significantly different. We prepared LPI-pectin mixtures by first pre-
paring LPI and pectin solutions in MiliQ water. Subsequently, we mixed
LPI and pectin solutions at a 1:1 ratio and then diluted the blends in the
appropriate buffer to make LPI-pectin mixtures at different pH values. In
this way, we could avoid precipitation of protein due to its low solubility
at acidic pH, which would certainly have affected the interfacial and
foaming properties of the mixtures. Our protocol retains both LPI and
pectin in solution (or dispersed, when complexes are formed) over the
entire tested pH range. As a result, any differences we observe in their
interfacial and foaming properties, should be mostly induced by their
mutual interactions, and hence by the differences in the structures they
form (i.e. co-soluble mixtures versus complexes).

3.2. Adsorption behaviors of lupin protein-pectin mixtures towards air-
water interface

The interfacial adsorption behavior of lupin protein-pectin mixtures
at pH 7.0 (LPI-pectin-7), 6.0 (LPI-pectin-6), 4.0 (LPI-pectin-4), and 3.5
(LPI-pectin-3.5) were studied by BPT (Fig. 3A) and ADT (Fig. 3B), within
the sub-second (0.7-30 s) and long-time (1-10800 s) regimes,
respectively.

To investigate the early-stage adsorption mechanism of LPI-pectin
mixtures to the air-water interface (diffusion-controlled versus energy
barrier-controlled), we rescaled the adsorption curves shown in Fig. 3A
to obtain a single master curve, by dividing by a shifting factor to obtain
a normalized time scale (Fig. S1A). We further plotted the shifting factor
(the adsorption lag time) against particle size (from Fig. 1A) in Fig. S1B.
The power law relationship between particle size and adsorption lag
time (d ~ t") showed an n value of 2.3, which was much higher than the
ideal diffusion-controlled process with an n value of 0.5, implying the
adsorption is not purely diffusion-controlled. The adsorption of LPI-
pectin mixtures may still be affected by energy barriers (e.g.,
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Fig. 1. (A) Turbidity curve of lupin protein (—¥—), LPI-pectin mixtures (—#—), and pectin (—e—) as a function of pH (1.0-7.0). (B) Zeta potential of lupin protein-
pectin mixtures at pH 7.0, 6.0, 4.0, and 3.5. (C) The volume-based particle size distribution of 0.1 wt% lupin protein-pectin mixtures at pH 7.0 (—@—), pH 6.0
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Fig. 3. Surface pressure of 0.1 wt% LPI-pectin mixtures as a function of time at pH 7.0 (e), pH 6.0 (m), pH 4.0 (¥), and pH 3.5 (#), measured by (A) bubble pressure
tensiometer (BPT) in the short-time regime (0.7 s-30s) and (B) automatic drop tensiometer, in the long-time regime up to 10,800 s. For a comparison of these results
to the data for pure LPI at pH 3.5-7.0, the reader is referred to (Ma, Habibi, & Sagis, 2024).

electrostatic repulsion) that slow down their rate of adsorption to the
interface. At pH 7.0 and 6.0, LPI and pectin were co-soluble in the bulk
phase, and the adsorption of LPI-pectin mixtures to the interface was
mainly dominated by LPI, and pectin will most likely remain in the bulk
phase. Compared with pure LPI at pH 7.0 and 6.0, the addition of pectin
dramatically reduced the rate of adsorption of proteins to the air-water
interface and resulted in a longer adsorption lag time (as shown in
Fig. S1D). This may be caused by the higher viscosity of the LPI-pectin
mixtures. For LPI-pectin complexes at pH 4.0 and 3.5, LPI-pectin-3.5
had a slightly larger particle size than LPI-pectin-4 (as shown in
Fig. 1C), however, these two complexes ended up with a comparable
adsorption lag time of 3.3 £+ 0.3 s. This could be explained by their
difference in zeta potential as shown in Fig. 2B. LPI-pectin-3.5 was less
negatively charged (—22.0 + 0.2 mV) than LPI-pectin-4 (—29.9 + 0.4
mV), resulting in a reduced electrostatic repulsion between LPI-pectin-
3.5 and the negatively charged air-water interface (Beattie, Djerdjev,
& Warr, 2009; Li & Somasundaran, 1991; Manciu & Ruckenstein, 2012;
Takahashi, 2005), that may offset the adsorption delay induced by its
larger particle size.

For the long-term adsorption behaviors (from 1 to 10,800 s) as shown
in Fig. 3B, the co-soluble mixtures at pH 7.0 and pH 6.0 reached a sur-
face pressure of 27.6 mN/m and 28.2 mN/m, respectively, after 3-h
adsorption, while the complexes at pH 4.0 and pH 3.5 reached a rela-
tively lower surface pressure of 24.7 mN/m and 25.8 mN/m,

respectively. This difference in surface pressure between co-soluble
mixtures and electrostatic complexes might be caused by differences
in the interfacial microstructure. In the next section, we will further
investigate the mechanical properties by measuring the interfacial shear
and dilatational rheology and imaging the air-water interfacial structure
with AFM.

3.3. Interfacial shear rheology of lupin protein-pectin mixture stabilized
interfaces

3.3.1. Frequency sweeps

After 3 h adsorption, the LPI-pectin mixture stabilized interfaces
were subjected to oscillatory shear deformations in frequency sweeps.
As shown in Fig. 4A, all interfaces showed a larger value for G’ than for
G’ in the applied frequency range, indicating a predominantly solid-like
viscoelastic behavior for the air-water interfaces. The change of G’ as a
function of frequency was fitted with a power law model (G’ ~ ™), and
the n values (Fig. 4B) of all interfaces were between 0.12 and 0.16,
suggesting the formation of disordered solid interfacial structures,
similar to what was observed for whey proteins (Yang, Thielen,
Berton-Carabin, van der Linden, & Sagis, 2020). The deviation from the
power law dependence observed above 3 Hz is most likely the effect of
inertial forces. The power law fit was hence applied only to frequencies
<3 Hz.
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Fig. 4. (A) Interfacial shear modulus (G’ and G") of LPI-pectin mixtures at pH 7.0 (e and o), pH 6.0 (m and o), pH 4.0 (¥ and v), and pH 3.5 (¢ and ¢), as a
function of frequency (0.01-10 Hz) and at a fixed strain of 1%. (B) The power law fitting exponent n calculated from the interfacial shear frequency sweep at 1%

strain for LPI-pectin mixtures at pH from 3.5 to 7.0.

3.3.2. Strain sweeps

Fig. 5A illustrates the strain sweeps of LPI-pectin mixtures at
different pH, which showed constant G’ and G” values until a critical
strain (9% for LPI-pectin-7, 5% for LPI-pectin-6, 2% for LPI-pectin-4 and
LPI-pectin-3.5), which represents the extent of the linear viscoelastic
(LVE) regime. In the LVE regimes, all interfaces again showed G’ > G/,
indicating solid-like interfaces, where the complex (LPI-pectin-4 and
LPI-pectin-3.5) stabilized interfaces had higher G’ values than the co-
soluble mixture (LPI-pectin-7 and LPI-pectin-6) stabilized interfaces,
suggesting that the electrostatic complexes formed stiffer air-water

0.5%

interfaces. Additionally, the co-soluble mixtures showed longer LVE
regimes than the complexes, suggesting the co-soluble mixtures formed
weaker but more stretchable interfaces. In the non-linear viscoelastic
(NLVE) regimes, the G’ and G” values started to decrease until a critical
cross-over point, where the value of G' drops below the value of G,
which indicates the air-water interfaces transitioned from solid-like to
liquid-like behavior. The co-soluble mixtures had a cross-over point
beyond 100%, while the complexes (LPI-pectin-4 and LPI-pectin-3.5)
had a cross-over point of 25%. These results suggest that the complex
stabilized interfaces were severely disrupted in the applied strain range,
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Fig. 5. (A) Interfacial shear modulus (G’ and G") of LPI-pectin mixture at pH 7.0 (@ and o), pH 6.0 (® and ), pH 4.0 (¥ and v), and pH 3.5 (4 and ¢) as a function
of strain (0.1-100%) and at a fixed frequency of 0.1 Hz. (B) Normalized Lissajous plots of torque vs. strain of lupin protein-pectin mixtures at pH 7.0, pH 6.0, pH 4.0,
and pH 3.5. The loop represents the total torque, while the red line inside the loop represents the elastic contributions to the total torque. (C) The dissipation ratio as a
function of the strain of lupin protein-pectin mixture stabilized interfaces at pH 7.0 (—@—), pH 6.0 (—&—), pH 4.0 (=%=), and pH 3.5 (—&—).
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while the interfacial structures of co-soluble mixtures remained rela-
tively more intact in the NLVE regime.

To get more insight into the linear and non-linear behaviors of LPI-
pectin mixed interfaces at different pH, normalized Lissajous plots
were constructed (Fig. 5B). In the LVE regimes (0.5%), all plots had a
narrow ellipse shape with straight decomposed elastic curves, suggest-
ing the predominance of elastic behavior. In the NLVE regimes, all Lis-
sajous plots became rhomboidal and wider with inverted sigmoidal
decomposed elastic curves, indicating partial disruption of the interfa-
cial microstructure and an increased viscous contribution to the total
stress. For the LPI-pectin-7 and LPI-pectin-6 stabilized interfaces, their
Lissajous plots are barely distorted at 30% strain and show a significant
elastic behavior even at 100% strain. These results suggest an almost
intact interfacial structure for LPI-pectin-7 and LPI-pectin-6, even under
larger shear deformations. In contrast, LPI-pectin-4 and LPI-pectin-3.5
showed a clear transition to plastic behavior at 100% strain, with
nearly zero slope of the decomposed elastic curves, which suggests the
interfacial structures of these interfaces were mostly disrupted under
large deformation. The energy dissipation ratio (® = 7G"yo/40max
where G is the loss modulus, yq is the strain amplitude, and o,y is the
maximum stress) was also calculated to quantitatively characterize the
viscoelastic behaviors of these Lissajous plots in the LVE and NLVE re-
gimes (Fig. 5C). Within the LVE regime, all interfaces showed ® values
below 0.2, indicating the dominance of elasticity in the LVE regime.
When the strains increased towards the NLVE regime, the ® values of
LPI-pectin-7 and LPI-pectin-6 slowly increased to 0.3 and 0.4 at 100%,
respectively, indicating still predominantly elastic behavior at large
deformations. In contrast, the ® values of LPI-pectin-4 and LPI-pectin-
3.5 increased relatively fast and reached values higher than 0.7 at
100% strain, close to /4 (the value for a Newtonian fluid). This suggests
that these interfaces behaved like Newtonian films at large shear de-
formations and thus exhibited mostly viscous behavior due to the
disruption of interfacial microstructures.

Overall, LPI-pectin co-soluble mixtures at pH 7 and 6 form a less stiff
air-water interface in response to small shear deformations than the
electrostatic complexes at pH 4 and 3.5. However, the co-soluble
mixture interfaces are more stretchable and resistive in response to
large shear deformation than those stabilized by the complexes.

3.4. Interfacial dilatational rheology of lupin protein-pectin stabilized
interfaces

3.4.1. Frequency and amplitude sweeps

The air-water interfaces stabilized with LPI-pectin mixtures at
different pH were studied by conducting dilatational frequency and
amplitude sweeps in a drop tensiometer. In the frequency sweeps
(Fig. 6A), all interfaces showed power-law behavior (Eq" ~ »") with n
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values significantly smaller than 0.5. This indicates the low exchange-
ability of these interfacial stabilizers between bulk and interfaces
(Lucassen & Van Den Tempel, 1972), and together with Eq’ > Egq”
implied the formation of disordered soft solid-like interfaces.

In the amplitude sweeps (Fig. 6B), the elastic modulus (Eq’) of LPI-
pectin-4 and LPI-pectin-3.5 dramatically decreased by a factor of 2-4,
upon increasing amplitude from 3% to 50%, indicating the disruption of
interfacial structures by the increased deformation. In contrast, LPI-
pectin-7 and LPI-pectin-6 showed slightly lower reductions in E4’ by
only a factor of 0.5-1 with amplitudes increased to 50%. The E4’ of LPI-
pectin-7 and LPI-pectin-6 were significantly lower at 5% than that of
LPI-pectin-4, and LPI-pectin-3.5. These observations suggest the LPI-
pectin co-soluble mixtures at pH 7 and 6 form less stiff air-water in-
terfaces in response to small dilatational deformations, but they were
more stretchable and less disrupted at large deformations, compared
with the complexes at pH 4 and 3.5. This is in accordance with the ob-
servations in the interfacial shear experiments. To analyze the dilata-
tional data more accurately, Lissajous curves were constructed. These
are discussed in the next section.

3.4.2. Lissajous plots of interfacial dilatational rheology

To further analyze the viscoelastic behaviors of LPI-pectin mixture
stabilized air-water interfaces in the small and large deformations
regime, Lissajous plots (surface pressure vs. deformation) were con-
structed, as shown in Fig. 7. The Lissajous plots are characterized by a
closed loop in a clockwise direction with applied deformation, where the
extension and compression of the interface are represented by the upper
and lower parts of the plot, respectively.

At 5% amplitude, all plots, especially LPI-7 and LPI-6, were ellip-
soidal and narrow, indicating predominantly elastic behaviors. The LPI-
pectin-4 and LPI-pectin-3.5 stabilized interfaces had a steeper slope of
these plots than LPI-7 and LPI-6, indicating higher interfacial stiffness at
small deformations. With amplitudes increased to 30% and 50%, the
Lissajous plots became wider and asymmetric. The strain-softening upon
extension is a result of the disruption of interfacial structure and
reduction of the interfacial density, and the strain-hardening upon
compression is most likely resulting from the jamming of the interfacial
structure. At both 30% and 50% amplitudes, LPI-pectin-4 and LPI-
pectin-3.5 clearly showed a wider loop than LPI-pectin-6 and LPI-
pectin-7, indicating that the total mechanical response of LPI-pectin-4
and LPI-pectin-3.5 stabilized air-water interfaces at large deformations
had more contributions from network disruption and density change. In
the next section, we will further use the general stress decomposition (de
Groot, Yang, & Sagis, 2023) to separate these two responses.

3.4.3. General stress decomposition
The quantitative analysis of the nonlinearities at large deformation
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Fig. 6. (A) The n values calculated from fitting power-law models to the data of the interfacial dilatational frequency sweeps at a fixed strain of 3% for the LPI-pectin
mixtures at pH 7.0, pH 6.0, pH 4.0, and pH 3.5. (B) Interfacial dilatational elastic modulus (E4’) and viscous modulus (E4’‘) as a function of amplitude and at a fixed
frequency of 0.02 Hz for LPI-pectin mixtures at pH 7.0 (=—@==), pH 6.0 (—m—), pH 4.0 (—%=), and pH 3.5 ( ).
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Fig. 7. Lissajous plots of surface pressure as a function of deformation for LPI-pectin mixtures at pH 7.0 (e), pH 6.0 (m), pH 4.0 (¥), and pH 3.5 (#) and at 5-50%
amplitude. For clarity, only one plot is shown for each amplitude, but all triplicate results are comparable.

was conducted using the general stress decomposition, where the total
stress responses were decomposed based on the odd and even harmonics
of the total stress signals. Here, the odd harmonics represent the network
disruption of the interface, which can be split into elastic (t;) and
viscous (T2) contributions. The even harmonics describe the interfacial
density change during dilatational oscillation and constitute dissipative
(t3) and elastic (t4) contributions (detailed explanations of these pa-
rameters can be found in de Groot et al. (2023)).

The secant modulus (E;;z), the slope of the curve connecting the
origin with the value of 7; at maximum intra-cycle strain, indicates the
stiffness of the air-water interface. As shown in Fig. 9 A, all interfaces
clearly illustrated a decreasing trend for E;;;, with increasing amplitude,
suggesting the disruption of the interfacial structure at large deforma-
tion. LPI-pectin-4 and LPI-pectin-3.5 stabilized interfaces showed a
significantly higher E;;; modulus than LPI-pectin-7 and LPI-pectin-6 at
small deformation, indicating the complex stabilized interfaces were
stiffer than the co-soluble ones. The E,;;, for LPI-pectin-7 and LPI-pectin-
6 showed only small reductions with increased amplitude. This indicates
that LPI-pectin-7 and LPI-pectin-6 formed weaker but more stretchable
interfaces, which was in line with the shear rheology experiments,
where these samples had the lowest G’ in the LVE regime but retained
relatively more elastic behavior in the NLVE regime. The viscous con-
tributions of the odd harmonics (1) and even harmonics (t3) were
represented by a closed spherical loop (Fig. 8B) and a lemniscate shape
(Fig. 8C), respectively, and their total area was calculated as dissipative
energy (Ugr2) due to network disruption (Fig. 9D) and dissipative energy
(Ugqs) due to surface density changes, respectively. At 50% amplitude,
the LPI-pectin-4 stabilized interfaces showed a wider closed loop and
higher Ug.2 and Ug.3 values than other interfaces, indicating stronger in-
plane interactions. In line with the previous results, LPI-pectin-7 and
LPI-pectin-6 had the lowest values of Ug;2 and Ug.s, these samples
formed much weaker air-water interfaces.

The elastic part of the even harmonics, 14, was characterized by a
single curve (Fig. 8D) and represents the energy storage from the surface
pressure-area work exerted on the interfaces due to the changes in
surface density. The extent of the 14 curves was quantitatively charac-
terized by the E;4 modulus (as shown in Fig. 9B), again a secant modulus,

defined as the slope of the curve connecting the point in the 74 curve at
zero strain to the point in the curve at maximum intra-cycle strain.
Larger deformations (>10%) resulted in a more negative value of E 4 for
LPI-pectin-4 compared to other interfaces (Fig. 9B), suggesting a more
important role of surface density changes in the LPI-pectin-4 stabilized
interfaces in the total stress response. The stress T4 is not centered
around the horizontal axis and its vertical shift indicated by vs is given in
Fig. 9C. This shift is a measure for how far the applied deformations are
driving the system out of equilibrium. LPI-pectin-4 clearly had a more
negative shift of t4 curves (i.e., more negative values of ys shown in
Fig. 9C) at large deformations (50%) than LPI-pectin-7, LPI-pectin-6,
and LPI-pectin-3.5, suggesting that oscillations are performed around a
nonequilibrium state far from the equilibrium surface pressure-area
isotherm. Based on the highly negative values of E;4 modulus and
significantly negative shift of the t4 curve for LPI-pectin-4, we can
conclude that LPI-pectin-4 may form a dense air-water interface that
limits in-plane relaxation behavior, resulting in a slow restoring of the
LPI-pectin-4 interfaces to equilibrium at zero intra-cycle deformation.
The higher value of Ug.3 for LPI-pectin-4 compared to other samples
again indicates the formation of a denser interface for LPI-pectin-4 that
caused more energy dissipations from the surface density changes at
large deformations.

Overall, LPI-pectin-4 appears to form a more densely packed inter-
facial film with strong in-plane interactions that limit bulk-interface
exchange. LPI-pectin-3.5 forms a slightly less stiff interface, but is still
significantly stronger than LPI-pectin-6. LPI-pectin-7 displayed the
lowest interfacial stiffness and lowest contributions of surface density
changes to the total surface stress, indicating the formation of weak
interfaces with weak in-plane interactions. To check the conclusions
from the GSD, we prepared Langmuir-Blodgett films and then imaged
them by AFM, and these are discussed in the next section.

3.5. Interfacial structure of LPI-pectin mixtures at different pH

To reveal the air-water interfacial structure of LPI-pectin mixtures at
different pH, Langmuir-Blodgett (LB) films were prepared at 10 mN/m
and 20 mN/m and then observed by AFM. The air-water interfacial
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thickness of LPI-pectin mixtures at pH from 3.5 to 7 was also measured
with ellipsometry, which was then compared with the thickness of pure
LPI at the same pH range (Fig. S7).

The pH adjustment of the LPI and pectin mixed solutions showed a
significant change to the interfacial microstructure (Fig. 10). At the
lower surface pressure of 10 mN/m, we observed a clear transition of an
interfacial microstructure formed by aggregated protein at pH 6.0-7.0 to
more polymeric interfaces at pH 3.5-4.0. The co-soluble mixtures at pH
6.0-7.0 showed comparable interfacial structures and thickness (Fig. S7)
as pure LPI stabilized interfaces at pH 6.0-7.0 (Ma, Habibi, and Sagis
(2024)), where protein clusters dominate the air-water interface. Based
on this, it can be inferred that only protein molecules adsorbed at the
air-water interfaces, while pectin molecules remained in the bulk phase.
At pH 4.0 and 3.5, we observed a strikingly different air-water interface
of these mixtures from pure LPI, where the complex stabilized interfaces
consisted of long connected strands that surrounded large globular ag-
gregates (Fig. 10D and E), while the pure LPI stabilized interfaces were
composed of a more homogenously distributed fine-stranded protein
clusters (Ma, Habibi, and Sagis (2024)). The interfacial thickness of
LPI-pectin mixtures at pH 4.0 and 3.5 was significantly higher than that
of pure LPI at the same pH range, suggesting the presence of pectin
molecules at the air-water interface. Overall, the complex stabilized
air-water interfaces at pH 4.0 and 3.5 were dominated by polymeric
structures and were significantly thicker than the protein-dominated
interfaces at pH 7.0 and 6.0 (Fig. S7).

LB films were also prepared at a surface pressure of 20 mN/m, which
is comparable to the surface pressure of the air-water interfaces in the

interfacial shear and dilatational rheology. To quantitatively analyze the
network structure of these air-water interfaces, image analysis of these
AFM images was conducted using the AngioTool 64 software. At a sur-
face pressure of 20 mN/m, the mixtures at pH 4 and 3.5 showed more
pronouncedly enhanced network formation with higher connectivity,
longer network threads, a higher level of network branching, and a
lower level of open-ended network threads than those at pH 7 and 6, as
indicated by their higher network area, higher junction density, longer
average vessel length, higher branching rates, lower end point rates, and
lower lacunarity (Fig. 11A-F). LPI-pectin-7 formed an interface con-
sisting of clustered proteins, with lower connectivity between the pro-
teins, which explains the lower interfacial stiffness in response to shear
and dilatational deformations compared to LPI-pectin-4 and LPI-pectin-
3.5. The combination of a lower value of E;;; with a weak dependence
on strain amplitude for LPI-pectin-7, suggests LPI-pectin-7 formed a soft-
glass-like or weak gel-like interfacial structure. As indicated from GSD
results, the LPI-pectin-4 and LPI-pectin-3.5 stabilized interfaces had a
strong contribution from odd harmonics (E;;; and Ugq.p) in dilatation,
suggesting the formation of strong 2d gel-like interfaces. The denser
interfaces of LPI-pectin-4 (at a surface pressure of 20 mN/m) as indi-
cated from image analysis, were in line with the higher contributions
from even harmonics (E;4 and Ug.3) for LPI-pectin-4 stabilized in-
terfaces, compared to all other ones.

3.6. Foaming properties of LPI-pectin mixtures at different pH

The foamability and foam stability of 0.1 wt% and 0.2 wt% of LPI-



Food Hydrocolloids 158 (2025) 110567

X. Ma et al.
120 3

E 90 -
2 E
S | 4
= £
o 60 3
| w

30

Shift

10
Amplitude(%)

O

Amplitude(%)

Amplitude(%)

12 3
« 9 <
E E
= =
E 6 E o
e 4 2
=1 5 1
3-.
0- 0 Leoi—egos

10
Amplitude(%)

20

30 40 50

Amplitude(%)

Fig. 9. The secant modulus of t; (A), modulus of t4 (B), vertical shift (ys) of T4 (C), dissipated energy of 1 (D), dissipated energy of 73 (E) as a function of amplitude
(%) for LPI-pectin mixtures at pH 7.0 (—e—), pH 6.0 (—=—), pH 4.0 (—), and pH 3.5 (—e—).

4 nm

10 mN/m

0nm

3nm

20 mN/m

3nm 3 nm 5 nm

0nm 0nm 0nm

3 nm 5nm 3 nm

0nm 0nm

Fig. 10. AFM images of Langmuir-Blodgett films of LPI-pectin mixtures at pH 7.0 (A-E), pH 6.0 (B-F), pH 4.0 (C-G), and pH 3.5 (D-H). The surface pressure used for
film preparation is 10 mN/m and 20 mN/m, and the measured relative height (color scale) is indicated on the right side.

pectin mixtures at pH 3.5-7 were measured by whipping and Nj gas
sparging and then compared to 0.1 wt% of soluble LPI at the same pH
range. The foamability was characterized by overrun, while the foam
stability was assessed by the foam half-life time, according to a previous
study (Yang, Berton-Carabin, Nikiforidis, van der Linden, & Sagis,
2022).

At 0.1 wt% of total concentration, the foam overrun of mixtures did
not change much when reducing the pH from 7.0 to 3.5 (Fig. 12A), and
was significantly lower than pure soluble LPI. This may be the result of
the lower protein content in the 1:1 LPI-pectin mixtures, which is only
0.05 wt%, leading to larger bubble sizes (Fig. 12C), and more coales-
cence during foam formation. As the total concentration increased to

10

0.2 wt%, the overrun of the mixtures at pH 4.0 and 3.5 dramatically
increased from 86% to 98% respectively at 0.1 wt%, to 300% and 330%
respectively at 0.2 wt% (Fig. 12A), and were now higher than the
overrun of pure LPI at these pH values. The LPI-pectin complexes at pH
4.0 and 3.5, adsorbed slower to the air-water interface than pure LPI at
pH 4.0 and 3.5. But the complexes formed stiffer air-water interfaces
than the soluble LPI (Fig. S2). These two effects may offset to some
extent, causing a slightly higher overrun for LPI-pectin mixtures at pH
4.0 and 3.5.

The overrun of the mixtures at pH 6.0-7.0 was only slightly
increased at 0.2 wt%, and still significantly lower than the overrun of
pure LPI, even though the protein content of the samples was now equal.
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< 0.05).

500 60 10
1A __|B C
400- é | i T 8-
—_ I
2 1 < 40 il E
= 300- e g 67
g 1 s »
@ 200+ Q2 L 44
> o=
3 1 = 20+ _-§ | |
1
100-{§ & £ o 2
. i3 1 1
0- 0-
7.0 6.0 4.0 3.5 7.0 6.0 4.0 3.5 7.0 6.0 4.0 3.5
pH values pH values pH values

Fig. 12. Foaming properties (overrun (A), volume-based half-life time (B), and bubble size (C)) of 0.1 wt% (mm) and 0.2 wt% (

) LPI-pectin mixtures at pH 7.0, pH

6.0, pH 5.0, pH 4.0, and pH 3.5, and 0.1 wt% soluble LPI (mm) at pH 7.0, pH 6.0, pH 4.0, and pH 3.5.

As shown in Fig. S1, pure LPI at pH 7.0 and 6.0 clearly adsorbed faster at
the air-water interface (i.e., had a lower adsorption lag time) than the
LPI-pectin co-soluble mixtures at pH 7.0 and 6.0, which explains the
significantly higher foaming overrun of LPI at these pH values. The
higher overrun of the mixtures at pH 4.0 and 3.5 compared to those at
pH 7.0 and 6.0 is most likely the result of the higher interfacial stiffness
against shear and dilatational deformation, that reduced bubble coa-
lescence after formation and resulted in smaller air bubbles (Fig. 12C).

At both 0.1 wt% and 0.2 wt% total concentration, the foam stability
of the mixtures at pH 3.5-7.0 was ranked as follows according to their
half-life time (Fig. 12B): pH 4.0 > pH 3.5 > pH 6.0 = pH 7.0, which was
positively correlated to their interfacial dilutional modulus (at 5%) as
shown in Fig. 6B. Similar results were reported by Xu et al. (2020),
where soluble whey protein-sodium alginate complexes at pH 4.0
exhibited higher foam stability than the co-soluble mixtures at pH 7.0
(Xu et al., 2020). The higher interfacial stiffness of the LPI-pectin mix-
tures at pH 4.0 and 3.5 could explain their higher foam half-life time and
stability. In comparison with the 0.1 wt% LPI at pH 4.0 and 3.5, the 0.2
wt% complexes showed slightly higher foam half-life time, while the
half-life time of the 0.1 wt% LPI (at pH 7 and 6) and 0.2 wt% co-soluble
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mixtures was not clearly different (Fig. 12B). These observations can be
explained by the interfacial properties, where the complexes at pH 4.0
and 3.5 formed a stiffer air-water interface than LPI, while the interfacial
stiffness of LPI and co-soluble mixtures was not significantly different at
pH 7.0 and 6.0 (Fig. S2).

4. Conclusions

This study systematically explored the interfacial properties and
foaming properties of lupin protein-pectin mixtures in different phase
states (co-soluble mixtures versus soluble complexes), and their foaming
properties were subsequently compared to lupin protein in the same pH
range. At pH 7.0 and 6.0, LPI and pectin were co-soluble in the bulk
phase, and the air-water interfaces were dominated by protein mole-
cules, while pectin remained in the bulk solution. In comparison, at pH
4.0 and 3.5, complexes were formed due to attractive electrostatic in-
teractions. These complexes adsorbed slower to the air-water interface
due to the larger particle size of complexes and formed thicker and
denser 2D gel-like interfacial structures that consisted of long connected
strands that surrounded large aggregates, while the co-solubilized
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mixtures adsorbed faster to the interface due to the smaller particle size
of proteins but formed thinner and coarser interfacial layers with large
protein clusters. These differences in interfacial structures between LPI-
pectin co-soluble mixtures and electrostatic complexes resulted in
significantly different interfacial mechanical properties in response to
shear or dilatational rheology. The interfacial layers of LPI-pectin
complexes at pH 4.0 and 3.5 were stiffer with stronger in-plane in-
teractions than those of co-soluble mixtures at pH 7.0 and 6.0. The stiffer
interfaces of LPI-pectin-4 and LPI-pectin-3.5 also resulted in higher foam
stability than LPI-pectin-7 and LPI-pectin-6 at both 0.1 wt% and 0.2 wt%
total biopolymer concentration.

Compared with LPI at pH 4.0 and 3.5, LPI-pectin-4 and LPI-pectin-
3.5 form stiffer air-water interfaces with stronger in-plane interactions
and higher interfacial thickness, while LPI-pectin-7 and LPI-pectin-6
showed comparable interfacial stiffness and thickness with LPI at pH
7.0 and 6.0. Consequently, the foams stabilized with 0.2 wt% LPI-pectin-
4 and 0.2 wt% LPI-pectin-3.5 were more stable than 0.1 wt% LPI at pH
4.0 and 3.5, while the foam stability of 0.1 wt% LPI and 0.2 wt% LPI-
pectin mixtures was not significantly different at pH 7.0 and 6.0.

Overall, lupin protein-pectin complexes at pH 4.0 and 3.5 showed
better interfacial and foaming properties than the co-soluble mixtures at
pH 7.0 and 6.0. The addition of 0.1 wt% pectin to 0.1 wt% LPI at pH 4.0
and 3.5 (i.e., 0.2 wt% of complexes) considerably improved the foaming
properties of 0.1 wt% LPI, while the addition of 0.1 wt% pectin to 0.1 wt
% LPI (0.2% co-soluble mixtures) at pH 7.0 and 6.0 shows comparable
foaming properties with 0.1 wt% LPI. Considering the lower solubility of
LPI at pH 4.0 and 3.5, the addition of pectin to LPI at these pH ranges
could greatly increase protein solubility and also improve protein
foaming functionality, which could promote their applications in the
food industry. Although this study characterizes the air-water interfacial
structure of LPI-pectin mixtures using AFM on Langmuir-Blodgett films,
the molecular interactions between these biopolymers at the air-water
interface are yet to be quantified. Future studies may consider using
synchrotron scatting techniques and fluorescence micro-spectroscopy
techniques to fill this gap.
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