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Lupin protein isolate (LPI) has poor foaming properties in acidic conditions. The addition of polysaccharides to
form electrostatic complexes with LPI at acidic pH was used to improve the foaming properties of LPI. This study
mainly investigated the role of morphological properties and flexibility of LPI-polysaccharide complexes in
stabilizing air-water interfaces and foams. Three polysaccharides were chosen with different chain flexibility,
namely k-carrageenan (KC), pectin (PC), and sodium alginate (SA), to make electrostatic complexes with LPI at a
1:1 ratio and pH 4.0. Dynamic light scattering (DLS) and atomic force microscopy were used to study particle size
and morphology of the complexes. LPI-KC formed a large complex (~488.7 nm), consisting of several k-carra-
geenan chains and large globular protein clusters, and formed a highly cross-linked structure, most likely linked
by protein molecules and small protein clusters. LPI-PC formed a “core-shell-like” complex (~267.2 nm), where
the complexes appear to have a dense core with pectin chains protruding from that core. LPI-SA formed a smaller
more linear complex (~197.6 nm) that most likely consisted of bundles of polysaccharide chains held together by
several protein molecules through attractive electrostatic interactions. Automatic droplet tensiometer (ADT) and
AFM coupled with Langmuir-Blodgett deposition were used to study the interfacial properties of the complexes.
LPI-PC and LPI-SA adsorbed faster to the air-water interface but formed interfaces with lower stiffness in the
early adsorption phase than LPI-KC. After 3 h adsorption, LPI-KC formed a strong 2d gel-like air-water interface
with the highest interfacial stiffness, while LPI-SA formed a soft glassy-like interface with a weaker interfacial
stiffness than LPI-KC and LPI-PC. As a result, the LPI-KC stabilized foams showed the highest stability, followed
by the LPI-PC stabilized foams, while the LPI-SA stabilized foams showed the lowest stability. Findings from this
study revealed the relationship between the conformation of complexes and the air-water interfacial and foaming
properties, which could be used to tailor the molecular properties of protein-polysaccharide complexes to ach-
ieve their optimal functionality in aerated food products.

1. Introduction

Traditionally, lupins were predominantly used as animal feed (White
& Staines, 2007) and only to a limited extent for human consumption
due to the presence of alkaloids (Rodés-Bachs & Van der Fels-Klerx,
2023). Nowadays, lupins (e.g., Lupinus spp.) have gained increasing
interest as food ingredients due to their high nutritional benefits (Boukid
& Pasqualone, 2022). Lupins mainly consist of proteins (~40%), dietary
fiber (~28%), minerals, and a small amount of fat (~6%) (Guemes-Vera
et al., 2012). Currently, lupin proteins are isolated mainly using three
methods: (1) alkaline extraction followed by isoelectric precipitation or
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ultrafiltration; (2) micellization (salt extraction followed by dilutive
precipitation); and (3) acid extraction (Shrestha, van’t Hag, Haritos, &
Dhital, 2021). Lupin proteins can be potentially used in the food in-
dustry, due to their good functional properties such as foaming, emul-
sifying, and gelling properties (Alamanou & Doxastakis, 1997; Muranyi
et al., 2016). The major types of proteins in lupin seeds were classified
into four categories, namely o-, f-, y-, and 8-conglutin (Lo et al., 2020),
of which a- and B-conglutin account for around 35-37% and 44-45% of
the total protein, while y- and §-conglutin only account for around 4-5%
and 10-12% of the total protein (Melo et al., 1994). Lupin proteins also
showed promising techno-functional properties, which can be
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potentially used in the food industry (Ceresino et al., 2021; Lo et al.,
2020).

Polysaccharides are widely used in the food industry (Aspinall,
2014). K-carrageenan, a sulfated polysaccharide of galactose, is widely
used in the food industry as a gelling agent (Tanoeiro et al., 2023).
Pectin, a galacturonic acid-based polysaccharide, is essential in jam and
jelly production due to its strong gelling properties (Mohnen, 2008).
Sodium alginate, a linear polysaccharide composed of a backbone of
(1-4) linked p-d-mannuronic acid (M units) and a-l-guluronic acid (G
units), is widely used in food, pharmaceutical, and biotechnology ap-
plications as a thickening and gelling agent (Ahmad et al., 2023).

In a previous study (Ma et al., 2024a), lupin protein at pH 4.0 showed
better air-water interfacial and foaming properties than at other pH
values. However, the poor solubility of lupin protein at pH 4.0 (~56%)
limits its application in acidic food beverages. Using only the soluble
fractions is not sustainable, while the retention of insoluble particles can
be detrimental to the foaming properties. It is therefore important to
improve the protein solubility or dispersibility at acidic pH. An
often-adapted method to improve protein solubility is through electro-
static complexation with polysaccharides. Electrostatic
protein-polysaccharide complexes can be formed through electrostatic
interactions between oppositely charged biopolymers, depending on,
amongst others, pH, ionic strength, and concentration of the protein and
polysaccharide. Upon mixing protein and polysaccharides, three
possible scenarios may occur (McClements, 2006; Junmiao Zhang et al.,
2023). When the pH is close to neutral, both proteins and poly-
saccharides are mostly negatively charged, which results in strong
electrostatic repulsions between both biopolymers and thus
co-solubilization of proteins and polysaccharides in the continuous
phase. As the pH is reduced to a value lower than the isoelectric points of
proteins, the biopolymers are oppositely charged, which results in
strong attractive electrostatic interactions between proteins and poly-
saccharides and promotes the formation of soluble complexes. Insoluble
complexes or complex coacervates are formed when the pH is reduced to
a value that is far below the isoelectric points of the proteins, as the net
charge of the complexes becomes neutral due to the strong attractive
electrostatic interactions between biopolymers. When the pH is reduced
to an extremely low value, the insoluble complexes dissociate and pro-
teins and polysaccharides become co-soluble again (Aryee & Nickerson,
2012; Klassen & Nickerson, 2012). Soluble protein-polysaccharide
complexes, such as rice protein and carboxymethyl cellulose com-
plexes (Wan et al., 2023), soy protein and chitosan/guar gum/gellan
gum complexes (Han et al., 2024b), napin-pectin complexes (Schmidt
et al., 2010), and whey protein-sodium alginate complexes (Xu et al.,
2020), have shown excellent functionality with respect to foaming.

On the molecular level, the electrostatic complexation between
proteins and polysaccharides can induce molecular changes in protein
secondary structure after complex formation. The loss of protein a-helix
structure was observed upon the formation of ribulose diphosphate
carboxylase-pectin complexes (Braudo & Antonov, 1993) and p-lacto-
globulin-acacia gum complexes (Mekhloufi et al., 2005; Sanchez et al.,
2001). This observation was likely explained by the abundance of
positively charged amino acid groups in this region, which was reduced
due to the electrostatic interactions with negatively charged poly-
saccharides (Girard et al., 2003). Additionally, the exposed hydrophobic
groups in protein molecules might be reduced due to the hydrophobic
interactions with polysaccharides (Ghosh & Bandyopadhyay, 2012). As
to the polysaccharide, it was reported that the double helix structure of
B- and i-carrageenan was disrupted after electrostatically complexing
with B-casein. This loss was explained by the electrostatic interactions
between biopolymers preventing the formation of internal hydrogen
bonds to stabilize the double helix structures (Burova et al., 2007). On
the mesoscopic level, the protein-polysaccharide complexes could form
different morphologies depending on the type of polysaccharides (i.e.,
flexible, or rigid polysaccharide structures). Atomic force microscope
(AFM) is a common tool to observe the morphological characteristics of
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biopolymers in nano-scale (Wang & Nie, 2019). Acacia gum, a flexible
polysaccharide, formed linear-like complexes with p-lactoglobulin.
Xanthan gum (rigid polysaccharide) formed more compact aggregated
complexes with p-lactoglobulin (Turgeon et al., 2007).

In the past few years, there have been some studies discussing the
interfacial and emulsifying or foaming properties of electrostatic com-
plexes of protein with different types of polysaccharides (Han et al.,
2024b; Han et al., 2024a; Huang et al., 2024). To the best of our
knowledge, current research still lacks an understanding of the role of
the molecular features of complexes (especially morphological charac-
teristics) in stabilizing food colloidal systems.

In this study, we aim to investigate the role of different morpho-
logical characteristics of complexes in stabilizing air-water interfaces
and foams. For this purpose, we first chose three polysaccharides
(x-carrageenan, pectin, and sodium alginate) with different chain flex-
ibility to make electrostatic complexes with lupin proteins (1:1 ratio and
pH 4.0). The properties of the complexes were determined by dynamic
light scattering (DLS), surface hydrophobicity measurement, and atomic
force microscopy (AFM). We then systematically investigated the air-
water interfacial properties by measuring the adsorption kinetics,
interfacial rheology, and interfacial structure. Finally, the foaming
properties of the complexes were determined and linked to the air-water
interfacial properties.

2. Materials and methods
2.1. Materials

White lupin seeds were purchased from Kamelur (Germany).
k-carrageenan and sodium alginate were purchased from Sigma-Aldrich
(USA). Low methoxyl pectin (GENU®, 45CS) was donated by CP Kelco
(Atlanta, GA). All other chemicals used in this study were from Sigma-
Aldrich (USA). Ultrapure water (MilliQ Purelab Ultra, Germany) was
used for all experiments in this study unless stated otherwise.

2.2. Extraction of lupin proteins

Lupin protein isolates (LPI) were extracted by using alkaline dis-
solving followed by acid precipitation, based on a previous study (Ma,
Habibi, et al., 2024a). Briefly, full-fat lupin flour was obtained by
initially dehulling the seeds and subsequently milling the seed kernels
using a multimill (Hosokawa-Alpine, Augsburg, Germany). Afterward,
the full-fat flour was defatted three times using n-hexane (1:10 ratio) at
room temperature. The defatted flour was then dispersed in MiliQ water
at a 1:10 (w/v) ratio with continuous pH adjustment to 9.0, and the
dispersions were subsequently centrifuged at 36,000 g for 10 min to
collect the supernatant that contained proteins. The pH of the super-
natant was then adjusted to 4.6, and then 90 min was allowed for pro-
teins (i.e., the globulin fraction) to precipitate. Afterward, the protein
suspensions were centrifuged at 36,000 g for 5 min to collect the protein
pellet containing the globulin fraction, while the supernatant containing
mostly albumins was discarded. The globulin fraction was re-dispersed
in MiliQ water and the pH was re-adjusted to 7.0. The protein disper-
sions were dialyzed against MiliQ water for 3 days before freeze-drying.

2.3. Sample preparation

Lupin protein isolates (LPI) and polysaccharide (k-carrageenan (KC),
pectin (PC), and sodium alginate (SA)) stock solutions were prepared at
0.2% (w/w) in MiliQ water. Afterward, LPI-polysaccharide (PC, SA, and
KC) mixtures were prepared by mixing 0.2% (w/w) LPI solutions in
MiliQ water with 0.2% (w/w) polysaccharide solutions in MiliQ water at
a 1:1 (v/v) ratio. Subsequently, electrostatic complexes were obtained
by diluting the mixtures in 40 mM pH 4.0 acetate buffer at a 1:1 (v/v)
ratio, finally resulting in a 0.1% (w/w) total biopolymer concentration
of complex solutions in 20 mM acetate buffer at pH 4.0.
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2.4. Determination of particle size distribution and zeta potential

The particle size distribution and zeta potential of LPI-
polysaccharide complexes were measured by dynamic light scattering
(DLS) using a Zetasizer Nano ZS (Malvern Instruments, UK) according to
Ma et al. (2024b). The refractive index of the dispersed and continuous
phases was set at 1.450 and 1.330, respectively.

2.5. Determination of surface hydrophobicity

The surface hydrophobicity of LPI and LPI-polysaccharide (LPI-PS)
complexes was measured using 8-anilino-1-napthalenesulfonic acid
ammonium salt (ANSA) as a fluorescence probe according to Ma, Hab-
ibi, et al. (2024b) at room temperature. Stock solutions were initially
prepared at 0.1% (w/w) and subsequently diluted to 0.01%, 0.008%,
0.006%, 0.004%, and 0.002%. Afterward, an aliquot (25 pl) of 8 mM
ANSA solutions was added to 3 ml of the diluted solutions and 1 h was
allowed for reactions. A fluorescence spectrophotometer (Shimadzu RF
6000 Fluorometer) was used to measure the fluorescence intensity at an
excitation and emission wavelength of 390 nm and 470 nm, respec-
tively. Acetate buffer (20 mM and pH 4.0) with ANSA was used as blank.
The initial slope of fluorescence intensity against solution concentra-
tions was used as a measure for surface hydrophobicity.

2.6. Characterization of complex morphology

Samples were first prepared by droplet-wise depositing 5 pl of 0.01%
(w/w) LPI-polysaccharide complex solutions on freshly cleaved mica
sheets (Highest Grade V1 Mica, Ted Pella, USA) and subsequently dried
in a desiccator at least two days before imaging. The morphology of the
complexes was captured by atomic force microscopy (AFM, Nano-
Wizard® 4XP NanoScience, Bruker Nano GmbH, Germany) using the
peak force tapping mode with a PEAKFORCE-HIRS-F-A cantilever
(Bruker, USA) (spring constant of 0.42 N/m and tip radius of 1 nm)
according to Ma, Habibi, et al. (2024b). The scan area for each sample
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 raw data were analyzed with the Nanoscope
Analysis v1.5 software (Bruker, USA)

2.7. Air-water interfacial adsorption behavior

The air-water interfacial adsorption behavior of LPI and LPI-PS
complexes were monitored by a Tracker Automatic Droplet Tensiom-
eter (ADT) (Teclis, France) from 1 s to 10,800 s. Briefly, a rising bubble
of 15 mm? was formed at the tip of a G16 needle, and then the surface
tension of the bubble was continuously monitored by capturing the
droplet contour with a camera. The surface tension was then calculated
by fitting the shape captured by the camera with the Young-Laplace
equation. All measurements were performed at least in triplicate at
20 °C.

2.8. Interfacial shear rheology

After 3h of adsorption, the interfacial shear rheology of the air-water
interface was characterized using a stress-controlled MCR 302e
rheometer (Anton Paar, Graz, Austria) coupled with a double wall ring
(DWR) geometry at room temperature according to Ma, Habibi, et al.
(2024b). Briefly, a Teflon double wall trough was first filled with 15 ml
of solutions, and then the DWR geometry was positioned at the air-water
interface. The air-water interface was subjected to a time sweep (0.1% of
strain and 0.1 Hz of frequency) for 3 h, a frequency sweep (0.01 Hz-10
Hz, at a fixed strain of 1%), and a strain sweep (0.01%-100% of strain at
a fixed frequency of 0.1 Hz) in sequence. The results from the strain
sweeps were then extracted to construct Lissajous plots, while the fre-
quency sweep data were fitted with a power law equation (G’ ~ ",
where G’ is the storage modulus, o is frequency, and n is the power law
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exponent) to obtain the exponent, n.
2.9. Interfacial dilatational rheology

Interfacial dilatational rheology was performed using a Tracker
Automatic Droplet Tensiometer (ADT) (Teclis, France) at 20 °C. Firstly,
time sweeps were conducted at a frequency of 0.02 Hz and an amplitude
of 3%. After 3h of adsorption, a frequency sweep was performed at a
frequency from 0.005 Hz to 0.1 Hz and a fixed amplitude of 3%. The
results from the frequency sweep were then used to fit a power law
model (Eq" ~ o™, where Ey’ is the dilatational elastic modulus and  is
the frequency) to calculate the exponent, m. Amplitude sweeps were
then conducted at amplitudes from 3% to 50% and a fixed frequency of
0.02 Hz. Five cycles were performed in the amplitude sweeps and the
middle three cycles were used to construct Lissajous plots. These Lis-
sajous plots were further analyzed with the general stress decomposition
(GSD) according to de Groot et al. (2023).

2.10. Preparation of Langmuir-Blodgett films

Langmuir-Blodgett (LB) films were prepared using a Langmuir
trough (KSV NIMA/Biolin Scientific, Finland) based on a previous study
(Ma et al., 2024). Briefly, the trough was initially filled with around 200
ml of clean 20 mM pH 4.0 acetate buffer, and subsequently a freshly
cleaved mica sheet was immersed into the buffer before injecting 1-4 ml
of protein/complex solutions at the bottom of the trough. After 3 h of
adsorption, the Teflon barriers were moved at a speed of 5 mm/s to
compress the air-water interface until reaching a target surface pressure
of 10 mN/m or 20 mN/m. Afterward, the mica sheet was lifted at a speed
of 1 mm/s while keeping the target surface pressure constant by moving
the Teflon barriers. These LB films were prepared in duplicate and dried
in a desiccator at least 2 day at room temperature before further
analysis.

2.11. Characterization of air-water interfacial structures by AFM

The air-water interfacial structures were analyzed by imaging the LB
films with atomic force microscopy (NanoWizard® 4XP NanoScience,
Bruker Nano GmbH, Germany), following the same procedure as in
Section 2.6. These AFM images were further quantitatively analyzed
with 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 by the software to characterize the
protein network at the air-water interface (Bernklau et al., 2016;
Munialo et al., 2015).

2.12. Determination of foaming properties

Foamability and foam stability of LPI and LPI-PS complexes were
measured at room temperature according to a previous study (Ma,
Habibi, et al., 2024a). Briefly, the foamability was measured by whip-
ping 15 ml of sample solutions in a plastic cylinder tube at 2000 rpm for
2 min, using an overhead stirrer connected to an Aerolatte froth (Aer-
olatte, UK). The foam overrun (%) was calculated as foam height
(cm)/initial liquid height (cm). The foam stability was measured using
the gas sparging method. A glass cylinder was initially filled with 40 ml
of sample solution, followed by sparging the solutions with Ny gas until
reaching a foam volume of 60 ¢cm®. Foam and liquid height were
continuously monitored during foam aging to calculate foam half-life
time. The bubble size of the foams was measured using two trans-
parent Plexiglas plates (Ma, Shen, et al., 2024). The freshly prepared
foams were initially transferred to the gap (0.26 mm) between the
Plexiglas plates, and subsequently, the foam morphology was captured
by a high-resolution camera. The 2D images of the foams were analyzed
with ImageJ, which were then converted to equivalent 3D spherical
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volumes (Area x gap) to calculate the average bubble size. Examples of
2D foam images and bubble size distributions are shown in Supple-
mentary Information (SI).

2.13. Statistical analysis

One-way ANOVA followed by Tukey’s tests was conducted by Origin
2021 to compare samples using a significance level of 0.05.

3. Results and discussion
3.1. Physiochemical properties of lupin protein-polysaccharide complexes

The particle size distributions and zeta potential of LPI in 20 mM pH
4.0 acetate buffer/MiliQ water and LPI-polysaccharide (LPI-PS) com-
plexes are shown in Fig. 1(A and B). The soluble fractions of LPI at pH
4.0 (LPI-4) showed a monomodal distribution with a peak around 11.2
nm, while the full fraction of LPI in MiliQ water (LPI-MQ) showed a
bimodal distribution with the first peak at 37.6 nm and the second peak
at 197.6 nm. The reduction of protein particle size at pH 4.0 was due to
the precipitation of large protein aggregates as a result of reduced pro-
tein solubility at acidic pH. LPI-PS complexes showed similar bimodal
distributions as the full fractions of LPI in MiliQ water. Presumably, the
first and second peaks may correspond to free proteins (e.g., individual
proteins and small protein clusters) and LPI-PS complexes, respectively.
LPI-SA complexes showed a comparable distribution to LPI-MQ, while
LPI-KC and LPI-PC complexes showed a shift to larger sizes of both the
first and second peaks compared to LPI-MQ. This indicates that LPI-KC
(~488.7 nm) and LPI-PC (~267.2 nm) had larger particle sizes than
LPI-SA complexes (~197.6 nm). Regarding the zeta potential, all com-
plexes showed highly negative charges (absolute values larger than 30
mV), while LPI-4 was positively charged with a value of around 16 mV.

Surface hydrophobicity (Hop) can reflect changes in protein confor-
mation as a result of the electrostatic complexation of proteins with
polysaccharides. As shown in Fig. 1C, all LPI-PS complexes showed
significantly lower Hy values than LPI-4, indicating a reduction in
exposed hydrophobic groups of the protein due to the formation of
electrostatic complexes. Among LPI-PS complexes, LPI-KC complexes
showed a slightly lower Hy value (0.47 + 0.01) than LPI-PC (0.54 +
0.00) and LPI-SA (0.56 + 0.01). This may indicate that there are slightly
more hydrophobic interactions between LPI and KC and thus more
surface hydrophobic groups were buried, resulting in a lower Hy value
than LPI-PC and LPI-SA complexes.
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3.2. Morphological characteristics of lupin protein-polysaccharide
complexes

Atomic force microscopy (AFM) was used to examine the
morphology of LPI-KC, LPI-PC, and LPI-SA complexes (Fig. 2). For the
LPI-KC complexes, we observed a large, aggregated structure (500-600
nm), consisting of several chain molecules and large globular protein
clusters, forming a highly cross-linked structure, apparently cross-linked
by individual proteins and small protein clusters. Regarding the LPI-PC
complexes, their structure seems to be more compact and less branched
than the LPI-KC complexes. Their structures mostly consisted of a dense
core (100-300 nm) with multiple protruding pectin chains; therefore,
the structure appeared to be more core-shell-like. LPI-SA complexes
were composed of sodium alginate chains bound by several protein
molecules and had a more linear structure with less structural cross-
linking than LPI-KC and LPI-PC.

The structure and strength of protein-polysaccharide complexes
depend on the physiochemical properties of both biopolymers, such as
the charged groups of the proteins, the molecular flexibility of the native
proteins (i.e., the ease of the structural unfolding), the chain flexibility,
and the charge distributions on the polysaccharide backbones (Ledward,
1994, pp. 225-259). The different morphological characteristics across
LPI-KC, LPI-PC, and LPI-SA complexes could be attributed to the chain
flexibility of the polysaccharides. The linear chain flexibility of poly-
saccharides is commonly described by their persistence length (L),
defined as the length over which the polymer chain maintains its
directional persistence (Buhler & Boue, 2004). A perfect random coil
structure has L, = 0, while a rigid rod has L, = oo (Harding, 1997;
Harding et al., 2017). The persistence length of k-carrageenan is in the
range of 60-90 nm in 0.1 M salt solutions (Borgstrom et al., 1998),
significantly higher than pectin, with an Ly in the range of 10-15 nm in
0.1 M salt solutions (G. Morris et al., 2000; G. A. Morris et al., 2008) and
sodium alginate with an L;, of 4.1-5.1 nm at 0.1 M salt (Banerjee, De, &
Das, 2022). These results indicated that k-carrageenan has a much more
rigid molecular structure (i.e., double helix structure) (Campo et al.,
2009), while pectin and sodium alginate formed a semi-flexible and
flexible structure, respectively (Qiu et al., 2019).

It should be noted that the non-covalent interactions between protein
reactive groups (e.g., amine, carboxyl, hydroxyl, and thiol groups) and
polysaccharide reactive groups (e.g., sulfate/hydroxyl groups in
k-carrageenan, carboxyl/methyl ester groups in pectin, and carboxyl/
hydroxyl groups in the sodium alginate) can occur through electrostatic
interactions, hydrogen bonding, and hydrophobic interactions (Han
et al., 2024a). At acidic pH, the protein-polysaccharide complexes were
mainly stabilized by electrostatic interactions, but when the bio-
polymers come in contact, junction zones between biopolymers might
also be formed through hydrogen bonding and hydrophobic interactions
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Fig. 2. Complex morphological characteristics (imaged with AFM) of LPI-KC complexes (A-C), LPI-PC complexes (D-F), and LPI-SA complexes (G-I).

(Schmitt et al., 1998; Schmitt & Turgeon, 2011). In principle, covalent
bonds can also be formed between protein molecules and between
proteins and polysaccharides in mixed systems under certain conditions,
such as by oxidation and Maillard reactions. Protein-protein interactions
occur faster due to higher diffusivity and accessibility of reactive groups,
while protein-polysaccharide interactions are slower due to the large
molecular weight and steric hindrance of polysaccharides. But at acidic
pH (i.e., lower than pl), the proteins and polysaccharides are oppositely
charged, and attractive electrostatic interactions between proteins and
polysaccharides are more favorable over protein-protein interactions
(Koren & Hammes, 1976; Schmitt et al., 1998; Jing Zhang & Liu, 2003).

Due to the rigidity of k-carrageenan, it is unable to easily bend or
twist its structure and wrap itself around the surface of the proteins.
Instead, it may locally interact with proteins at a single specific binding
point (i.e., the polymeric chains become tangent to the globular protein
molecules) (Akinchina & Linse, 2002; Stoll & Chodanowski, 2002).
Protein surfaces have multiple active binding sites, which could allow
multiple k-carrageenan chains to interact with the protein. When mul-
tiple k-carrageenan chains come together and interact with the same
protein molecules, it may result in the cross-linking of these chains and
form a highly interconnected network. The resulting LPI-KC complexes
were also larger (~488.7 nm) than LPI-PC (~267.2 nm) and LPI-SA
(~197.6 nm), and this could also be a consequence of the longer
persistence length of this polysaccharide. As to pectin, due to its
semi-flexible nature, it may associate with protein surfaces more
extensively than KC (Akinchina et al., 2002; Stoll et al., 2002) and form
denser cross-linked structures. In contrast, the flexible sodium alginate
may have even more conformational freedom to rearrange its structure
to associate with the reactive sites on the protein surface (Doublier et al.,
2000; Stoll et al., 2002; Turgeon et al., 2003). As a result, sodium algi-
nate could easily wrap around and extend its structures along the protein
surface, which reduces the active sites on the protein surfaces and thus
limits more sodium alginates from interacting with the same protein
molecules. This resulted in reduced cross-linking and the formation of a
more linear complex. In view of the chain flexibility of these poly-
saccharides, LPI-KC may form the most rigid structures due to the rigid

structure of k-carrageenan and its highly cross-linked structure. While
LPI-PC may have a more flexible structure due to the semi-flexible na-
ture of pectin chains. LPI-SA is likely to have the most flexible structure
as a result of the flexibility of sodium alginate and its open structure with
less cross-linking.

3.3. Air-water adsorption kinetics of LPI-polysaccharide complexes

The adsorption behavior of LPI, LPI-KC, LPI-PC, and LPI-SA at the air-
water interface is shown in Fig. 3A. The surface pressure of LPI already
increased to around 10 mN/m at 1 s, while LPI-PS clearly showed a lag
time ranging from 3 s to 15 s. This indicates that LPI diffused faster to the
interface than LPI-PS, due to the smaller particle size of proteins.
Amongst LPI-PS complexes, LPI-KC showed the slowest diffused rate,
since the LPI-KC had larger particle sizes and lower surface hydropho-
bicity than LPI-PC and LPI-SA, which reduced its affinity to the air-water
interface. LPI-PC and LPI-SA showed a comparable adsorption rate, even
if LPI-PC had a slightly larger particle size (~267.2 nm) than LPI-SA
(~197.6 nm). Considering LPI-PC had a lower zeta potential (—29.9
mV) than LPI-SA (—36.0 mV), the lower charge of LPI-PC may reduce the
energy barrier for adsorption at the air-water interface, which finally
resulted in a comparable adsorption rate with LPI-SA. After 3 h of
adsorption, LPI, LPI-PC, and LPI-SA reached a relatively higher surface
pressure than LPI-KC. The differences in the quasi-equilibrium surface
pressure might be caused by the structural rearrangement at the air-
water interface (Wierenga et al., 2003). LPI-KC had a more rigid struc-
ture due to the rigid chains of k-carrageenan than LPI-PC and LPI-SA,
which may cause a lower degree of structural rearrangement at the
air-water interface and result in a lower quasi-equilibrium surface
pressure.

To monitor the development of the air-water interface of LPI and LPI-
PS during adsorption, we conducted interfacial shear and dilatational
time sweeps as shown in Fig. 3(B and C). In the initial adsorption stages
(i.e., the first point in both plots), LPI-KC already developed significantly
higher G’ and E4’ values (G* = 28.0 & 4.0 mPa m and Eq’ = 49.2 + 3.0
mN/m) than LPI-PC (7.9 + 2.3 mPa m and 20.6 & 0.6 mN/m), LPI (6.1
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Fig. 3. The development of surface pressure (A), interfacial shear modulus (G’ and G’) (B), and interfacial dilatational modulus (E4” and E4’) (C) as a function of
time for LPI (@), LPI-KC complexes (m), LPI-PC complexes (4), and LPI-SA complexes (¥). G' and Ey4’ are denoted by closed symbols, G and Eq” by open symbols. In
the shear time sweep strain was equal to 0.1% and frequency was 0.1 Hz; dilatational time sweeps were performed at 3% strain and 0.02Hz.

4+ 1.3 mPa m and 14.4 &+ 1.2 mN/m), and LPI-SA (3.4 4 1.0 mPa m and
14.1 £+ 0.5 mN/m), indicating that LPI-KC could form a stiffer air-water
interface in the early adsorption stage, despite its longer lag time.

After the initial adsorption phase, LPI-KC showed a gradual increase
of the dilatational moduli up to about 2000 s, and then the moduli level
off from 2000 s onwards (Fig. 3C). In shear rheology (Fig. 3B), the
moduli of LPI-KC continuously increased with time during the adsorp-
tion, without any clear transition phases, as seen in Fig. 3B. Since there is
no visible slope change in the curve of G’ around 2000 s, and only a
minor change of slope in the adsorption curve (Fig. 3A), the slope
change in the dilatational curve is most likely not the result of rear-
rangement processes, but rather caused by disruption of the micro-
structure of the interface by the applied deformation. As we will show in
the strain sweeps (Fig. 6), the 3% strain we applied during the adsorp-
tion stage is already in the nonlinear regime, and hence may have
affected structure formation.

LPI-PC and LPI-SA showed a gradual increase of moduli up to 1000 s
in both shear and dilatational deformation, and then displayed an
upswing in both curves after 1000 s, indicating that LPI-PC and LPI-SA
had a faster increase of the moduli of the air-water interface during
the latter stages of adsorption than LPI-KC. The fact that both curves
show an increase in the rate of modulus development, indicates that this
is likely caused by late-stage rearrangement processes, which lead to
increased density and network interactions. These different observations
could result from differences in the molecular flexibility of the LPI-PS

0.001 ———rm——
0.1 1

Frequency (Hz)

10

complexes. LPI-KC had a rigid molecular structure, which may limit
its structural rearrangement at the later stages of adsorption. In contrast,
LPI-SA had more flexibility than the rigid LPI-KC and the semi-flexible
LPI-PC, which may facilitate the rearrangement of its structure and
result in the faster growth rate of the interface in the later adsorption
stages.

3.4. Interfacial rheology of LPI-polysaccharide complexes

3.4.1. Interfacial shear rheology

After 3 h of adsorption, the air-water interface was subjected to
interfacial shear frequency sweeps (Fig. 4A). The G values of LPI and all
LPI-PS complexes were larger than the G’ values, indicating the for-
mation of solid-like air-water interfaces at the applied frequency ranges.
All LPI and LPI-PS complexes showed a low-frequency dependency, with
power-law exponents n in the range of 0.12-0.18 (Fig. 4B), implying the
formation of soft disordered solid structures at the air-water interface
with a wide spectrum of relaxation times, which is typical for gel and
soft glassy materials (Jaishankar & McKinley, 2013; Winter & Mours,
1999). Besides, LPI-KC showed a significantly lower n value (p < 0.05)
than LPI, LPI-PC, and LPI-SA, indicating lower frequency dependency.
This observation could be attributed to the rigid structure of LPI-KC,
which reduced its in-plane mobility.

We then performed strain sweeps of LPI and LPI-PS stabilized air-
water interfaces with strains ranging from 0.1% to 100% and a fixed
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Fig. 4. (A) The interfacial shear elastic modulus (G) and loss modulus (G) of LPI, LPI-KC, LPI-PC, and LPI-SA as a function of frequency (Hz). (B) The exponents (n
values) obtained from the power law equation G’ ~ »" for LPI (@ and o), LPI-KC (m and O), LPI-PC (A and A), and LPI-SA (¥ and v). The filled and open symbol

represents interfacial shear storage and loss modulus, respectively.



X. Ma et al.

frequency of 0.1 Hz (Fig. 5A). In the low strain ranges (lower than 2%),
all interfaces showed independence of G’ values on applied strains,
representing the linear viscoelastic (LVE) regimes. In the LVE regime,
LPI-KC clearly showed a higher G value (107.7 + 10.2 mPa m) than LPI
(53.2 + 2.9 mPa m), LPI-PC (45.8 + 2.1 mPa m), and LPI-SA (34.0 +
1.1 mPa m), indicating LPI-KC formed the stiffest air-water interface
among these samples in the LVE regime. As the strain further increased
beyond the LVE regime, the G’ and G’ values of all interfaces started to
decrease until a cross-over point. Beyond this cross-point, the G’ values
were lower than the G’ values, indicating the dominance of liquid
behavior of the interface due to the disruption of the interfacial micro-
structure at large shear deformation. LPI (20.1%) and LPI-KC (20.1%)
clearly had higher cross-over points than LPI-SA (12.7%) and LPI-PC
(11.3%), indicating that LPI and LPI-KC showed solid-like behaviors
over a wider range of strains in the NLVE regime than LPI-SA and LPI-
PC.

To further investigate the LVE and NLVE behavior of LPI and LPI-PS,
we constructed normalized Lissajous plots at strains from 0.5% to 100%
(Fig. 5B). At a strain of 0.5% (within the LVE regime), all Lissajous plots
were elliptical and narrow with predominantly elastic contributions.
When the strain increased from 0.5% to 16%, the Lissajous plots became
wider and distorted, indicating increased viscous contributions to the
shear stress due to the disruption of the interfacial microstructure. At
this strain, LPI showed the least distortion from an elliptical shape, and
LPI-PC and LPI-SA showed the most distortion, pointing to a more sig-
nificant degree of disruption of the interfacial structure. At 100% strain,
the Lissajous plots of LPI and LPI-KC were almost rhomboidal but still
had a significant elastic component, indicated by the finite slope of the
curve of the elastic contribution (red curve) around zero intracycle
strain. In contrast, the plots for LPI-PC and LPI-SA were almost rectan-
gular with nearly zero slopes for the decomposed elastic stress lines
around zero strain, implying that the interfacial structures of LPI-PC and
LPI-SA had almost completely yielded at 100% strain. To quantitatively
analyze these Lissajous plots, the dissipation ratio of these plots was
calculated (Fig. 5C). In the LVE regimes (lower than 1% strain), the
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dominance of elastic behavior over viscous behavior. In the NLVE re-
gimes, all interfaces showed a dramatic increase in the dissipation ratio
with the increased strains, indicating the increased viscous behavior at
the large strains due to the disruption of the interfacial structure. At
100% strain, LPI and LPI-KC showed a significantly lower (p < 0.05)
dissipation ratio than LPI-PC and LPI-SA, indicating that LPI-PC and LPI-
SA stabilized interfaces had more viscous behavior than LPI and LPI-KC.

Overall, LPI-KC formed a stiffer air-water interface than LPI, LPI-PC,
and LPI-SA in response to smaller shear deformation. In the NLVE
regime, the LPI and LPI-KC stabilized interfaces were more resistant to
large shear deformations than LPI-PC and LPI-SA. These phenomena
could result from the more rigid structure of LPI-KC making it more
resistant to be disrupted under the large shear deformation. According to
a previous study (Ma, Shen, et al., 2024), LPI formed a more jammed
particulate air-water interface dominated by small protein clusters,
while LPI-PC may form more polymeric interfaces as a result of the
pectin chains protruding from its core which may entangle at the
interface. The flexible linear complexes of LPI-SA are also likely to have
a more polymeric behavior. Thus, the polymeric nature of the LPI-PC
and LPI-SA disruption of the interfacial microstructure is most likely
the result of disentanglement, whereas for the densely packed LPI par-
ticle interface disruption of clusters is a more likely mechanism (Ma,
Shen, et al., 2024), resulting in more soft plastic behaviors of LPI-PC and
LPI-SA at large deformations. LPI-KC, as a result of its rigidity, may also
behave more like a particle network. The particle-like behavior of
LPI-KC interfaces could be also indicated by a slight overshoot in the G
curve around 3% (known as the Payne effect), which is often observed
for particle network systems (Giménez-Ribes et al., 2023; Hyun et al.,
2002).

3.4.2. Interfacial dilatational rheology

The interfacial dilatational rheology including frequency and
amplitude sweeps was conducted after 3 h of adsorption. In the fre-
quency sweep (Fig. 6A), the elastic modulus (Eq’) of all interfaces
showed a weak frequency dependence, described well by a power law

dissipation ratio for all interfaces was smaller than 0.2, suggesting the (B¢ ~ o™, where E4 was dilatational storage modulus, ® is the
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Fig. 5. (A) The interfacial elastic modulus (G') and loss modulus (G**) of LPI (@ and o), LPI-KC (m and 0), LPI-PC (A and A), and LPI-SA (¥ and V) as a function of
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Fig. 6. (A) The power law exponent (m value) of LPI, LPI-KC, LPI-PC, and LPI-SA obtained from the interfacial dilatational frequency sweep at a fixed amplitude of
3%. (B) The dilatational elastic (Eq’) and viscous (E4”’) modulus of LPI (—e— and -e-), LPI-KC (—&— and -8-), LPI-PC (—— and -4—), and LPI-SA (—¥— and ——) as
a function of amplitude (3-50%) at a fixed frequency of 0.02 Hz. The filled and open symbol represents interfacial dilatational storage and loss modulus, respectively.

frequency, and m is the power law fitting exponent), with m values
ranging from 0.07 to 0.12. An m value obtained from dilatational fre-
quency sweeps of 0.5, suggests that the response of the interface to the
applied dilatational deformation is mainly dominated by the exchange
of interfacial stabilizer between bulk and interfaces (Lucassen & Van
Den Tempel, 1972). In our case, all interfaces clearly showed an m value
significantly smaller than 0.5, indicating that all interfaces had low
exchangeability of the interfacial materials between bulk and interfaces
and formed soft disordered solid-like air-water interfaces, consistent
with the interfacial shear results, where we observed exponents in the
range of 0.12-0.18.

In amplitude sweeps (Fig. 6B), all interfaces showed larger elastic
modulus (Eg’) than viscous modulus (E4’”) over the entire amplitude
ranges, indicating the formation of viscoelastic solid-like air-water in-
terfaces. At the small deformation of 3%, LPI-KC had the largest E4’
value (144.6 + 11.0 mN/m), followed by LPI-PC (104.8 + 1.0 mN/m)
and LPI (87.3 + 3.8 mN/m), while LPI-SA had the smallest value of Eg’
(78.1 + 2.8 mN/m). These results indicated that LPI-KC formed the
stiffest air-water interfaces with the strongest in-plane interactions (i.e.,
the molecular interactions between LPI-KC complexes adsorbed at the
air-water interface). When amplitudes are increased, the E4’ values of all
interfaces are reduced due to the disruption of the interfacial structure.
It should be noted that LPI-KC still had a pronouncedly higher E4” value
at 50% deformation (~32.0 mN/m) than LPI, LPI-PC, and LPI-SA
(~22.0 mN/m), indicating that LPI-KC had more residual elasticity at
50% deformation than the rest of interfaces.

To further analyze the non-linear behavior of LPI, LPI-KC, LPI-PC,
and LPI-SA stabilized interfaces, we constructed Lissajous plots at am-
plitudes ranging from 5% to 50% (Fig. S1). At 5% deformations, all plots
showed elliptical and narrow shapes, indicating a predominantly elastic
behavior. With increasing amplitudes from 10% to 50%, these plots
started to become wider and asymmetric, suggesting the increased
viscous behaviors of these interfaces. At 50% deformation, the plot first
started with a steep slope (the left corner of the plot) at the start of the
expansion, indicating a high initial interfacial stiffness. When further
expanding the interface, the slopes of the interface were gradually
reduced, due to the disruption of the interfacial structure and the
decrease in interfacial density, which resulted in the strain softening of
the interface. Upon compression of the interface, the increased surface
density caused the jamming of the interface, resulting in strain hard-
ening. For the Lissajous plots at 50%, LPI-KC had more strain-hardening
but less strain-softening than LPI, LPI-PC, and LPI-SA, suggesting that

LPI-KC stabilized interfaces were more resistant to surface density and
network structure changes in compression and expansion of the inter-
face. In the next section, we further separated the non-linear behaviors
in these Lissajous plots into network contributions and surface density
contributions using the general stress decomposition (GSD) method (de
Groot et al., 2023).

3.4.3. General stress decomposition

To analyze the non-linearities of Lissajous plots in Fig. S1, we applied
the general stress decomposition (GSD) to separate the stress response in
these plots into odd and even harmonics, which correspond to network
disruptions and surface density changes, respectively. The odd har-
monics consist of both elastic (1) and viscous (t3) components, and the
even harmonics also include energy dissipation (t3) and storage (t4)
contributions.

The decomposed plots of LPI, LPI-KC, LPI-PC, and LPI-SA at 50%
deformation are shown as an example in Fig. S2. Focusing on the odd
harmonics (Fig. S2 B1-B4), we see that the curves for 11 + 73 (red curves)
for LPI, LPI-PC, and LPI-SA, are still near elliptical, with nearly straight
elastic components (blue line), whereas for LPI-KC the curve has taken
on a rhomboidal shape, indicating the interfacial microstructure has
partially yielded. The elastic component still has the highest slope of all
four samples, and even shows a mild degree of strain hardening towards
maximum expansion/compression. This again indicates that LPI-KC
forms a much stiffer air-water interface. Regarding the viscous compo-
nent of the odd harmonics, LPI-KC also showed a significantly wider T2
loop than the other interfaces (Fig. S2 C1-C4), implying LPI-KC had
more energy dissipation due to the network disruption. Regarding the
even harmonics (Fig. S2 D1-D4), they show a single downward curve
(t4) and a lemniscate loop (t3), representing the elastic and viscous
components, respectively. LPI and LPI-KC clearly showed more negative
shifts with respect to the horizontal axis of the 14 curve and a wider 73
loop than LPI-PC and LPI-SA, suggesting more contributions from sur-
face density changes.

We further characterized these plots by calculating several GSD pa-
rameters (Fig. 7). The E;;;, modulus (the secant modulus, equal to the
slope of the line connecting the origin with the value of 7; at maximum
expansion, and representing interfacial stiffness) of all interfaces was
reduced with increasing deformation (Fig. 7A), indicating the disruption
of interfacial structure at large deformation. LPI-KC showed the highest
values for the E;1;, modulus, followed by LPI-PC and LPI, while LPI-SA
showed the lowest value. This result indicated that LPI-KC formed the
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stiffest air-water interface, while LPI-SA formed the weakest interface.
The LPI-KC stabilized interfaces also showed a significantly higher value
of Ugro (the area within the loop enclosed by 12 and a measure for the
energy per cycle dissipated through network disruption) than other in-
terfaces (Fig. 7D), indicating that the stiffer interfaces formed by LPI-KC
required more energy to disrupt and that the in-plane interactions be-
tween the LPI-KC were significantly stronger than between the other
components.

The contributions from even harmonics were shown in Fig. 7B, 7C,
and 7E. LPI showed a slightly higher E;4 modulus (the absolute value of
the slope of the line connecting the center of t4 with its value at
maximum expansion) (Fig. 7B) than LPI-KC, LPI-PC, and LPI-SA at 30%,
40%, and 50% deformation, implying that the surface density had a
more significant contribution in the LPI-stabilized interfaces to the total
stress response. The vertical shift (ys) of the t4 curve is a measure for how
far the system was driven out of equilibrium by the oscillations. All in-
terfaces showed a more negative ys value with increasing amplitudes.
The y; values of LPI-KC and LPI clearly were significantly more negative
than those of LPI-PC and LPI-SA, implying a slower in-plane relaxation
of the LPI-KC and LPI stabilized interfaces. This might be due to the
formation of densely packed interfaces, which limited the in-plane
mobility and thus caused slow restoration of the interface to the equi-
librium states at zero intracycle strain. LPI-PC and LPI-SA had a more
flexible structure, which may facilitate their structural rearrangement
and result in faster in-plane relaxations. The LPI and LPI-KC stabilized
interfaces also showed higher energy dissipation as a result of surface
density changes (Ugq.3) than LPI-PC and LPI-SA (Fig. 7E), which again
indicated the formation of denser interfaces for LPI and LPI-KC.

Overall, the LPI-KC stabilized interface had more pronounced con-
tributions from the odd and even harmonics and thus formed a stiffer
and denser air-water interface than LPI-PC and LPI-SA. Meanwhile, the
LPI-KC stabilized interface had more contributions from odd harmonics
than LPI, but it showed a comparable contribution from the even har-
monics. These observations could be caused by differences in the
interfacial structures formed by LPI, LPI-KC, LPI-PC, and LPI-SA. In the
next section, we will use AFM on Langmuir Blodgett films to charac-
terize the interfacial structures formed by these samples.

3.5. Interfacial structure of LPI-polysaccharide complexes

To determine the air-water interfacial structure of LPI and LPI-PS, we
prepared Langmuir-Blodgett (LB) films at a surface pressure of 10 mN/m
and 20 mN/m, and then imaged these with AFM. We subsequently
quantitatively analyzed these AFM images at a surface pressure of 20
mN/m. AngioTool was used to perform the image analysis to calculate
parameters, such as vessel percentage area, junction density, average
vessel length, branching rate, end point rate, and mean lacunarity.
Vessel percentage area refers to the percentage of area occupied by the
protein/complex network. Junction density (calculated by the number
of junction points in the protein network divided by the total area)
represents the connectivity of the protein network. Average vessel
length describes the average length of threads in the network. Mean
lacunarity is calculated by the average number of gaps in the network,
and is related to the network heterogeneity (Bernklau et al., 2016;
Munialo et al., 2015).

LPI-PS complexes showed completely different air-water interfaces
from LPI (Fig. 8). At a surface pressure of 10 mN/m, the LPI stabilized
interfaces were mainly dominated by small protein clusters, and
appeared to be more homogeneous and denser than those stabilized by
LPI-PS. In the AFM micrographs of LPI-PS, we observed several nearly
spherical bright regions with diameters up to a few hundred nanometers,
which may correspond to the large protein clusters as indicated in Fig. 2.
These large protein clusters were surrounded by many long-chain-like
structures that were most likely polysaccharides, implying the forma-
tion of more polymer-like interfaces. We further compressed the inter-
face to a surface pressure of 20 mN/m, which is close to the equilibrium
surface pressure as measured by ADT in Fig. 3A. Qualitatively, these
AFM images, especially those of LPI-PS, were significantly denser than
those at the surface pressure of 10 mN/m. To obtain quantitative in-
formation, we further performed image analysis of these images by
AngioTool (Fig. 9). The LB films of LPI-KC showed a higher vessel per-
centage area and lower end-point rate than those of LPI, LPI-PC, and LPI-
SA. They also showed a higher junction density, longer average vessel
length, and lower lacunarity than those of LPI, LPI-PC, and LPI-SA,
indicating that LPI-KC formed denser, more finely structured in-
terfaces with higher connectivity and longer network threads. LPI and
LPI-PC displayed higher vessel percentage area, higher junction density,
longer average vessel length, lower end point rate, and lower lacunarity
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Fig. 8. AFM images of Langmuir-Blodgett films of LPI, LPI-KC, LPI-PC, and LPI-SA at a surface pressure of 10 mN/m and 20 mN/m.

= 8 500 — 005
g A _ B g 0.05 C
« h N =
% 60 :El. 400 2 0.04-
= i)
o
) £ 300 G 0.03]
S 2 2
£ 40 (7} ]
@ © ]
8 = 200 2 0.02-
) ] @
-9 = >
w 20+ 3 o
] 5 100+ 2 0.014
@ 3 g
@ >
> 0= 0- < 0.00-
LPI LPI:KC LPI:PC LPI:SA LPI LPL:KC LPI:PC LPI:SA LPI LPI:KC LPI:PC LPI:SA
800 150 0.025
b _|E F
o ~
0.020
£ 600 g 2
et 5 100 T
] ] £ 0.015+
® T 3
© 400 £ 3
g £ ‘= 0.010
= g 50 g
& 200 - 2
@ & 0.005+
w
0- 0= 0.000-
LPI LPI:KC LPI:PC LPI:SA LPI LPL:KC LPI:PC LPI:SA LPI LP:KC LPI:PC LPI:SA

Fig. 9. Image analysis of AFM images at a surface pressure of 20 mM/m, as determined by AngioTool. (A) Vessel percentage area (%); (B) Junction density (pmz); (9]
Average vessel length (um); (D) Branching rate (pmz); (E) End point rate (pmz); (D) Mean lacunarity.

than LPI-SA, indicating LPI and LPI-PC formed denser and finer in-
terfaces with higher connectivity than LPI-SA.

Based on the above information, we can make an overall summary of
the interfacial structure in connection with the interfacial mechanical
properties. LPI-SA tended to form coarser interfaces with less network
connectivity and shorter network lengths than LPI-KC and LPI-PC, which
could explain its lower interfacial stiffness in response to shear and
dilatational deformation. Combined with the lower E;;, value of the LPI-
SA stabilized interface, it most likely formed a weak gel or soft glass-like
interface. In contrast, the LPI-KC stabilized interface formed by far the
stiffest interface, consistent with its higher junction density, longer
average vessel length, and lower lacunarity, and indicating that it may
form a strong 2D gel-like interface. LPI had significantly lower contri-
butions from odd harmonics than LPI-KC, but LPI and LPI-KC had
comparable contributions from even harmonics. This result may indi-
cate that LPI may form a more jammed glassy-like interface weaker in
dilatational deformation, because of weaker in-plane interactions.

These strikingly different interfacial structures formed by LPI-KC,
LPI-PC, and LPI-SA complexes could be attributed to their different
morphological properties and flexibility. LPI-KC had a large, aggregated
structure, consisting of several stiff chain molecules and globular protein
clusters, forming a highly cross-linked structure, apparently cross-linked
by individual proteins (~10 nm) and globular protein clusters

10

(~100-150 nm). Upon adsorption at the interface, this structure may
undergo structural rearrangement leading to cross-linking with other
adsorbed complexes, and thus forming a densely packed interface with
high network connectivity. Meanwhile, the structural rigidity of LPI-KC
reduced the in-plane mobility of the interfacial network, resulting in a
stiffer interface in response to shear and dilatational deformations.
Regarding LPI-PC, its structure resembled a core-shell morphology with
a dense core and pectin chains protruding from the core. As a result, LPI-
PC formed a less densely packed interface than LPI-KC. LPI-SA adapted a
smaller more linear morphology that lacked network cross-linking and
interconnectivity in the structure. Moreover, the flexible chains inside
LPI-SA complexes may have more structural mobility. This would
explain the lower network stiffness (E;11), the lower Ug;2 and Ug,3, and
the lower vertical shift vys.

Additionally, LPI-KC could also develop a stiffer air-water interface
than LPI-PC and LPI-SA at the initial adsorption phase (Fig. 3B and C).
This phenomenon was most likely caused by both morphological char-
acteristics and flexibility of complexes. The highly cross-linked structure
of LPI-KC may enable the fast development of relatively tightly packed
interfaces during the early adsorption period. The rigid molecular flex-
ibility of LPI-KC further increased the resistance of the interface to the
shear or dilatational deformations, resulting in the formation of a stiffer
air-water interface. In contrast, LPI-PC and LPI-SA had less cross-linked
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structures with more flexibility than LPI-KC, which may create loosely
packed interfaces with lower network connectivity and more voids be-
tween globular molecules. As a result, these interfaces had more in-plane
mobility and thus were less stiff in response to shear or dilatational
deformation at the initial adsorption period.

3.6. Foaming properties of LPI-polysaccharide complexes

The foaming properties of LPI, LPI-KC, LPI-PC, and LPI-PC, including
foamability and foam stability, were evaluated by whipping and gas
sparging methods, respectively, according to our previous methods (Ma,
Habibi, et al., 2024b). LPI at a concentration of 0.05 wt% showed largely
higher foam overrun than LPI-PS complexes at 0.1 wt% of total con-
centration (0.05 wt% of protein concentration), while LPI at a concen-
tration of 0.1 wt% showed comparable foam overrun with LPI-KC and
LPI-PC at a total concentration of 0.2 wt% (0.1 wt% of protein con-
centration). Although LPI-KC and LPI-PC had significantly slower
adsorption rates to the air-water interface than LPI due to their larger
particle sizes, LPI-KC and LPI-PC could develop stiffer air-water in-
terfaces in both shear and dilatational deformations in the early
adsorption stages. These stiff interfaces at the early stage might offset
the disadvantages caused by the slower adsorption rate, resulting in
comparable foamability. In contrast, LPI-SA showed a significantly
lower foam overrun than LPI, LPI-KC, and LPI-SA, especially at a total
concentration of 0.2 wt%. LPI-SA showed a slower adsorption rate than
LPI and also formed a markedly weaker interface in the initial adsorp-
tion stage than LPI-PC and LPI-KC, which overall resulted in the for-
mation of a larger bubble size (Fig. 10C) and caused lower foamability.

At a total concentration of 0.1 wt%, LPI-KC and LPI-PC showed
comparable foam stability to LPI at 0.05 wt%, but their stability was
dramatically improved at a total concentration of 0.2 wt%, which was
larger than LPI at 0.1 wt% (Fig. 10B). The higher interfacial stiffness of
LPI-KC and LPI-PC than LPI could explain their more stable foam at a
total concentration of 0.2 wt%. Additionally, LPI-KC showed a higher
foam half-life time than LPI-PC at 0.2 wt% concentration, which was
positively correlated to the interfacial properties, where LPI-KC formed
stiffer air-water interface in response to shear and dilatational defor-
mation than LPI-PC. LPI-SA-formed foams were extremely unstable
regardless of concentration, although LPI-SA stabilized interfaces only
showed slightly lower interfacial stiffness than LPI in dilatation. This
observation might be caused by the adsorption kinetics. LPI-SA formed a
weak interfacial layer in the initial adsorption period, which was un-
stable to bubble coalescence during foam formation and resulted in the
formation of a large bubble size (Fig. 10C), that caused unstable foams
for LPI-SA.

4. Conclusions

This study systematically investigated the influence of the morpho-
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complexes on the air-water interfacial and foaming properties. LPI-
k-carrageenan (KC) formed a large complex with a high degree of in-
ternal cross-linking, and hence high stiffness. LPI-pectin (PC) formed a
core-shell morphology with a dense core and pectin chains protruding
from that core. LPI-sodium alginate (SA) had a smaller more linear and
flexible morphology with a lower degree of strand-strand cross-linking.
Those morphological characteristics and flexibility were related to their
interfacial and foaming properties. LPI-PC and LPI-SA diffused faster
towards the air-water interfaces but formed markedly less stiff air-water
interfaces in the early adsorption stage than LPI-KC. These two factors
may offset to some extent, which resulted in a slightly higher foam
overrun of LPI-PC than LPI-KC at 0.2 wt% of total concentration.
Nevertheless, the weak interface of LPI-SA in the early adsorption stage
caused the formation of large air bubbles, resulting in bubble coales-
cence and significantly lower foam overrun. After 3 h of adsorption, LPI-
KC formed a strong 2D gel-like air-water interface with higher network
connectivity, stiffer than the LPI-PC stabilized interfaces. As a result, the
LPI-KC stabilized foams were more stable than the LPI-PC stabilized
foams. In contrast, LPI-SA may form a weak gel or soft-glassy interface
with a lower interfacial stiffness, which explains the unstable foam. In
comparison with LPI at pH 4.0, LPI showed higher interfacial stiffness
than LPI-SA but lower interfacial stiffness than LPI-KC and LPI-PC. As a
result, LPI at 0.1 wt% formed a more stable foam than LPI-SA at 0.2 wt%
of concentration, but less stable than LPI-KC and LPI-PC at 0.2 wt% of
concentration.

Our findings from this study provide new insights into the air-water
interfacial and foam stabilization mechanisms by lupin protein-
polysaccharide complexes from the perspectives of their morphology
and flexibility, an aspect that was not addressed in detail in previous
studies on interfacial and foaming properties of protein-polysaccharide
complexes (Guldiken et al., 2023; Han et al., 2024a, Han et al., 2024a;
Liu, Xue, & Adhikari, 2023; X. Zhang et al., 2024). In these studies, only
the foaming or emulsifying properties of protein-polysaccharide com-
plexes made by different polysaccharide types are investigated and
compared, without considering their morphologies and flexibilities. Our
findings also provide possible explanations for similar results observed
in other studies. For example, egg albumin-k-carrageenan complexes
formed foams that were more stable than egg albumin-guar gum com-
plexes (Miquelim et al., 2010). This was most likely due to the different
morphology of these complexes since k-carrageenan is much more rigid
than flexible guar gum, with an L, < 10 nm (Picout et al., 2001), similar
to SA. Understanding the role of morphological properties of complexes
in interfacial and foam stabilization could help food manufacturers
design complexes with tailored structures by choosing appropriate
polysaccharides to achieve optimal foaming functionality.
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