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Abstract

Different conditionsin food processinglead to different aggregates of protein. f-Lactoglobulin
nanoparticles (BLGNPs) and fibrils (BLGFs) were prepared by adjusting pH and temperature, and
thereby theirfoaming and emulsifying properties were compared to native globular B-lactoglobulin
(NGBLG) at pH 7.0 and pH 4.0. A foam analyser, a microparticle size analyser, aninterfacial
rheometerand an atomic force microscope (AFM) were used to characterise foaming/emulsifying
functionalities and interfacial microstructures/mechanical properties. The foam and emulsion
stabilities were assessed by measuring the decay of foam heightand the variation of emulsion
dropletsize, and both were foundto be inthe order of BLGFs > NGBLG > BLGNPs. Foams were more
stable at pH 4.0 while emulsions weremore stable at pH 7.0. Surface dilatational modulus (E) of
NGBLG and its aggregates at pH 4.0 was greaterthan thatat pH 7.0, with BLGFs showingthe highest
value of E and thus the highest resistanceto membrane damage. The emulsion prepared with
NGBLG and its aggregates had more negative charges at pH 7.0 than at pH 4.0. The foaming stability
seemed to be more controlled by interfacial elasticity while the emulsion stability was more
determined by surface charges. AFManalysis demonstrated different microstructures at the air—
waterinterface between pH4.0and 7.0 and among the different protein aggregates, which could
well explaintheirfoaming and emulsifying properties.



Introduction

Globularproteins are amphiphilicmacromolecules that are widely used as foaming and emulsifying
agentsinthe foodindustry. Thisis primarily due to theirability to unfold and adsorb at the interface,
as well asthe ability to formviscoelasticinterfacial films through intermolecularinteractions.*™

In aqueous solutions, globular proteins are usually presentin the form of monomers orsmall
oligomers, and they are stabilised by electrostaticrepulsion.®> Natural globular B -lactoglobulin
(NGBLG) is a sphere-like protein thatis abundantly contained in milk and has received much
attention forits nutritional and functional propertiesin the food industry.® Typically, NGBLGis in the
form of a dimer consisting of two monomericsubunits joined by non-covalent bonds. Inits
“monomeric” form, ithas 162 amino acid residues with 8 antiparallelsheets, 1R-helix strandand a
molarmass of 18.3 kDa.”® By heating or pressurising, the protein willbe denatured and the natural
conformation of the protein will change.®!° Heating above the denaturation temperature resultsin
partial unfolding of the globular protein, thereby exposing groups initially buried within its structure.
This may eventually lead to aggregation between different molecules through hydrogen bonding and
hydrophobicinteractions. The presence of cysteine in the polypeptide chain leads to formation of
disulfide bonds which makes aggregation generally irreversible.®

Parameterssuch as pH, protein concentration, heating time, type and concentration of salts added
determine the size and structure of the aggregates formed. There are several globular proteins that
have a hightendency toform amyloid fibrils or nanoparticles by adjusting pH, concentration and
temperature. When whey proteins were heated at 80 °C and pH 2.0 forseveral hours, they were first
hydrolysed into peptides, and then some of the peptides self-assembled into fibrils.* It has been
foundthat heatingwhey protein to form aggregatesimproved its foaming stability and increased its
foaming capacity due to the presence of unconverted monomers, including a-lactalbumin and
NGBLG.*?*3The effect of protein concentration on aggregation at different pHvalues (i.e. 5.8,

6.0, 6.5, 7.0, and 8.0) wasinvestigated.'* The solution was heated at 80 °C underlow ionicstrength
until a steady state was reached and all proteins were denatured. Size exclusion chromatography
(SEC) was used to show that the solution contained monomers and small oligomers, mainly dimers
and trimers, aswell as differentlargeraggregate groups. The proportion of large aggregates
increased with protein concentration. Due to the weak hydrophobicity and hydrogen bonding
interaction of the monomers, NGBLG was aggregated, and the intramolecular -sheet was converted
intothe intermolecular B -sheet.’® Furthermore, proteins can be converted into nanoparticles. Food
protein-based nanoparticles have been attracting much attention, and they are generally considered
to be safe. In addition, the production processis simpleand highly reproducible, and chemical cross-
linking to better control the particle size distribution is not required during preparation.®

The foaming properties of proteins have been extensively studied. Foam s a dispersion of bubblesin
a liquid, stabilised by amphiphilicmolecules. Proteins such as egg white, whey protein and soy
protein are the most widely used foamingagentsin the food industry.'®!° Foams are essential
components of various foods, including whipped cream, marshmallows, smoothies, desserts,
meringuesandice cream. The stability of foamsis mainly determined by the properties of the foam
films, which separates the foams, and many studies have focused on the properties of proteinsin
the interface of foam films.32%2! Proteins stabilise the foam by strongly adsorbing to the air—water
interface toformviscoelasticfilm, and the layerleads to a protein network with high viscosity.?
Some studies have reported improvementin emulsification and foaming properties of NGBLG and
WPI (whey proteinisolate) by heat treatment.??4 Others have studied the effect of protein
aggregates on the foaming properties of NGBLG and found that protein aggregates themselves did
not improve foaming properties, butthey had better foam stability in the presence of non-
aggregated proteins, which appearto be necessary to produce a stable foam.?> However, high
protein concentrations were usually required in food applications to stabilise foams, which increased



production costs.?6 Jung et al. found that thermally induced transformation of NGBLG into BLGFs
couldimprove the stability of foam, becausethe BLGFs could more rapidly adsorb to the air—-water
interface compared with NGBLG, and form a more elasticnetwork atthe foaminterface.?” It was
alsofoundthat pH had an effect on the foaming properties of the BLGFs. Foam stability increased as
the pHincreased from 2 to 8, and the BLGFs provided the optimum foam stability when the pH
approachedthe isoelectric point.?® The mechanisms of foam instability include liquid drainage
caused by gravity and liquid transferfrom the inter-bubble lamellato the plateau border, and foam
collapse caused by lamellar rupture and disproportionation.2%3°

Many researchers have studied the functional properties of NGBLG, including gels, emulsions,
interfaces, foams, etc. Not only foam, but also emulsions can be efficiently produced and stabilised
by proteinsandtheiraggregates. Inthe food industry, emulsions are obtained by shearingand
homogenisingin the presence of an emulsifier.3! Emulsions are widely used in the formulation of
foods, cosmetics and pharmaceuticals, and NGBLGis a good emulsifier. Forinstance, researchers
used NGBLG in oil-in-water emulsions for formulating dermatological drugs.3? Proteins are not as
effectiveinreducinginterfacialtension as syntheticemulsifiers, but they resultin more
thermodynamically and kinetically stable emulsions. The formation and stability of emulsions are
highly dependent on the interfacial properties of proteins.333* |n fact, they form a viscoelastic
adsorption layeronthe oil droplets and are capable of creating a repulsive and electrostatic
interaction between the droplets.?® It was found that BLGFs showed significantly higher elasticity at
the oil-waterinterface compared to pure proteins, and had better emulsifying activity and emulsion
stability.3®* Knudsen et al. heated NGBLG at pH 7.0 for different time to prepare aggregates with a
radius of gyration in the range of 2540 nm. The viscosity and elasticmodulus of the emulsion
prepared with the aggregatesincreased significantly, indicatinganincreased oil droplet
interactions.?’

There have been some studies dealing with the foaming or emulsifying properties of protein
nanoparticles orfibrils prepared from native proteins.???” However, to the best our knowledge, no
directand systematiccomparison sofarhas been made between native, nanoparticulate and fibrillar
proteins, undercomparable conditions and in terms of both air-waterand oil-waterinterfacial
properties. Itis generally found that the aggregation of proteinsinduced by heating or pressurisingis
irreversible, and the size of aggregatesis related to protein concentration.® In this study, NGBLG,
whichisthe main ingredient of whey protein, was selected for comparative studies of foamingand
emulsifying properties before and after aggregation and at different pHs.

Materials and methods

Materials

Natural globular B-lactoglobulin (NGBLG) was extracted from raw milk. A high-purity protein
(powderdry weight containing 97.32% protein) was obtained through aseries of procedures,383°
which was compared with NGBLG from Davisco Foods International (using SDS-PAGE, HPLC, etc.,

data not shown) forquality assurance.

All other chemicals were of analytical grade. Ultrapure water (18.25 MQ cm) was obtained froma
Milli-Qsystem and used forsample preparations and experiments.



Samples preparation

Preparation of B-lactoglobulin nanoparticles (BLGNPs). NGBLG solution (10 mg mL™) with pH 5.8
was heatedinan 85 °C water bath for 15 minand cooledinice waterfor 20 min. The solution was
dialyzed against pH5.8 waterat 4 °C for 72 h (MWCO = 50 kDa). Finally, the sample was freezedried
to obtain BLGNPs.

Preparation of B-lactoglobulin fibrils (BLGFs). NGBLG solution (20 mg mL™) with pH 2.0 was heated in
an 80 °C water bath for 16 h and cooledinice waterfor 20 min. The solution was dialyzed against pH
2.0 waterat 4 °Cfor 72 h (MWCO = 100 kDa). Finally, the sample was freeze-dried to obtain BLGFs.

Transmission electron microscopy (TEM)

The morphologies of NGBLG, BLGNPs, and BLGFs (2 mL) were observed by TEM (JEM-2100F, JEOL,
Tokyo, Japan) at a concentration of 0.5 mg mL™. All the samples were deposited onto a carbon-
coated coppergrid (230 meshes) and excess samples were sucked away by a micropipette. The
processed sampleswereslowly dried for72 h at 25 +1 °Cin a desiccator, and then negatively
stained by phosphotungsticacid (10 mg mL™) for 60 s for measurements. The length of BLGFs
measured by TEM was analyzed using Fiber APP (http://www.fsm.ethz.ch).

Size and isoelectric point

The size distributions and isoelectric points of NGBLG and its aggregates were determined usinga
Zetasizer Nano-ZS apparatus (Malvern Instruments, Worcestershire, UK). Samples were adjusted to
various pHs and diluted to 1 mg mL™ before beingloaded into cuvettes. All measurements were
carriedout at 25 + 1 °Cintriplicate.

Surface hydrophobicity

The hydrophobicity of NGBLG and its aggregates was determined by the 8-anilino-1-
naphthalenesulfonicacid (ANS) fluorescent probe method. 40NGBLG and its aggregates were
dissolvedin buffersolutions (made of 0.1 M citric acidand 0.2 M Na,HPO,) atpH 7.0 and pH 4.0. The
range of sample concentrations was 0.05-1 mg mL™. 20 uL of 8 mmol L'™* ANS wasadded to each
protein sample (2mL). Excitation and emission wavelengths were 390nm and 470 nm, respectively,
and the excitation and emission slit widths wereboth 5 nm. The fluorescence intensity was
measured by the fluorescence spectrophotometer (Hitachi F-7000, Japan). The initial slope of the
fluorescenceintensityversus concentration was calculated and reported as the surface
hydrophobicity index(So) of NGBLG and its aggregates.

Foaming properties

The foaming properties of NGBLG and its aggregates were investigated using the KRUSS dynamic
foam analyser DFA100 (KRUSS GmbH, Germany), which measures foam capacity and stability
through foam height andits decay overtime. Forfoaming, the compressed air was passed through a
sintered porous glass frit at the bottom of a cylindrical glass vessel having a height of 250 mmand an
innerdiameterof 40 mm. The porous glassfrit (FL 4504, pores of 16-40 um, DURAN®) was purged
with pressurised air (0.3L min™), where 50 mL of 1 mg mL™ NGBLG and its aggregates solutions
were foamed to a maximum height of 180 mm. The foam generating device was connectedtoa
computerthat servesas a data acquisition and monitoring unit. The result evaluation and analysis of
the entire measurement were controlled by the foam analysis software. Animage of bubble size
distribution persecond at 80 mm above the frit was captured by a CCD camera. The overall foam


http://www.fsm.ethz.ch/

stability was evaluated by the half-life of the foam (t,,) which is defined as the time required for the
foam heightto decrease tothe half of the initial value. The foaming capacity was evaluated by the
ratio of the maximum foam volume to the volume of gas used forfoaming. The experiment was
carriedout at 25 + 2 °C, and repeated three times to obtain the averaged values.

Emulsion preparation

The emulsifying properties of NGBLG, BLGNPs and BLGFs were evaluated by amodel oil-in-water
emulsion, using medium chain triglyceride (MCT). The emulsions contained 1 mg mL™ total protein
inthe aqueous phase and 150 mg mL™ MCT in the oil phase, with 0.2 mg mL? sodium azide to
preventthe growth of microorganisms. NGBLG (or BLGNPs, BLGFs) solution was blended with MCT
and pre-homogenisation, using a high-speed Polytron PT-MR2100shear mixer (Kinematica Co.,
Lausanne, Switzerland) at 26 000 rpm for2 minin an ice bath. The pre-emulsion was adjusted to pH
7.0 and pH 4.0 with HCl and circulated twice through a high pressure homogeniser (M-110L, MFIC,
US) at 75 MPa. The pH of the final emulsion was checked again and fine-tuned to pH 7.0 or pH 4.0 if
necessary. The prepared fresh emulsion was stored at 25 + 2 °C for 90 days.

Emulsion characterization

The Mastersizer2000 laser particle size analyser (Malvern, UK) was used to determine the average
particle size of the emulsion. Ultrapure water was used as the dispersion medium. The emulsion was
gently shaken and then added dropwise to the dispersion medium until the signal met the test
requirements. The refractiveindexes of the dispersed phase and the continuous phase (water)were
1.45 and 1.33, respectively. The opacity was 10-20% and the particle absorption rate was 0.001. The
pump rotation speed was 2000 rpm, and each sample was measured three times and the average
value was taken. The average particle size of the emulsionis represented by d;, and

dsz which representthe surface areaweighted average and the volume weighted average,
respectively, where ds, is sensitive to the presence of small particlesin the sample, and d,; is
sensitiveto the presence of large particlesinthe sample thatis used to monitorthe stability of the
emulsion during storage.

The BT-1600 image particle analysis system (Dandong Bettersize Instrument, China) was used to
observe the microscopicmorphology of the emulsion particles. The system consisted of an optical
microscope (Nikon YS100), a digital CCD camera (HV2001UC), and a software forimage processing
and analysis. A small drop of emulsion was placed between the microscope slide and the coverslip.
Allthe images were taken ata magnification of 10 times and calibrated against a graticule with 10
pum intervals.

Surface pressure and surface dilatational rheology

The interfacial adsorption behavior of NGBLG and its aggregates was analysed by the change of
surface pressure (mt) and surface dilatational modulus (E) during the interfacial adsorption process.
The hanging mode of the Tracker bubble/droplet profile analyser (Teclis, France) was selected to
detectthe adsorption of the sample at the air—-waterinterface. NGBLG and its aggregates solutions
were dilutedto 0.1 mg mL™? and adjusted to pH 7.0 and pH 4.0 for interface analysis. A5 mL mixed
dispersion was weighed intothe sample cell, and the U-shaped sample needle wasimmersedinthe
aqueous phase. The sinusoidal interfacial compression and dilatation were performed by changing
the dropletvolume at 10% of the deformation amplitudein the linearrange. The oscillation
frequency and the hanging drop volume were 0.05Hz and 10 pL, respectively. At25+ 0.1 °C, the
density of airand sampleswere 0.001185 g cm™ and about 1.001 g cm™, respectively. The
interfacial tension between deionised waterand airwas 72 £0.1 mN m™,



Atomic force microscope (AFM) imaging

Atomicforce microscopy (Bruker AXS, Multimode8, USA) was used to observe the adsorption
morphology of NGBLG and its aggregates at the air—-waterinterface at different pHs using Peak Force
Tapping mode. Asilicone cantilever (Bruker, Scanasyst-air, USA) with adriving frequency of 70 kHz
and an elasticconstantof 0.4 N m™ was used forscanning. A modified Langmuir-Schaefer technique
was employed to transferinterfacial structures onto micasubstrate.*! The technique has been
demonstrated to be able toreflect the interfacial structures without artefacts introduced by sample
preparation. NGBLG and its aggregates (0.1 mg mL™) were adjustedto pH 7.0 and pH 4.0 with1 M
NaOH and 1 M HClI, respectively. Then the samples were placed in asmall dish, and let stand

for 1 h. A freshly cleaved micasheet was pinched with asmall tweezers totouch the air—water
interface of the sample solutions and immediately removed again. The micawas then dippedinto
ethanol for phase exchange and removal of any unabsorbed material before slowly dryingin
ambient environment. The lower surface tension of ethanol could prevent the formation of artefacts
duringdrying. Note that a strong binding of the protein and protein aggregates to the micasubstrate
is necessary forsuccessful transfer. For this reason, the negatively charged micawas modified by
treatment using (3-aminopropyl)triethoxysilane to carry positive charges, when depositing the
samplesat pH 7.0. No surface modification was needed for sample preparation at pH4.0.

Statistical analysis

Three independent measurements were performed on each sample and all data were expressed as
means. The data processing was performed using Origin 8and Excel 2013. Statistical analysis was
performed using SPSS 19.0 software, and the significance was established at p < 0.05.

Results and discussion
Size and morphology of NGBLG and its aggregates

Microstructures of NGBLG, BLGNPs and BLGFs by TEM are shownin Fig. 1A, B and C, respectively.
Fig. 1D—F show the particle size distribution of NGBLG and its aggregates obtained by Zetasizer
Nano-ZS apparatus and imaging analysis using Fiber App.** It can be seen from Fig. 1A and D that the
particle size of NGBLG was about 6 nm with uniform distribution. BLGNPs showed a particle size
distribution around 180 nm from Fig. 1B, while the most probable particle sizewas 350 nm in Fig. 1E.
The reason of difference was that the sample observed under TEM was in dry state, whereas the 350
nm by the measurement from Zetasizer Nano-ZS apparatus was in hydrated state. Fig. 1Cshows that
the lengths of the BLGFs afterfreeze drying were much shorter, which were mainly populated
between 500-700 nm from Fiber App (Fig. 1F).*? In summary, itis confirmed that NGBLG and its
aggregates with different particlesizes and shapes were prepared.

Comparison of zeta potential and surface hydrophobicity of NGBLG and its aggregates

When the net charge of NGBLG and its aggregates was equal to zero, the pHs of the NGBLG and its
aggregateswere in descendingorder (Fig. 2A): BLGFs (pH 4.9), BLGNPs (pH 4.7) and NGBLG (pH
4.64). It indicated that as the structure of NGBLG unfolded, the charged amino acidsinthe molecule
were exposed during the formation of aggregates by heating NGBLG, so the surface charge
increased. The surface hydrophobicityindex (S0) of NGBLG and its aggregates showed a strong pH
dependence (Fig. 2B). The value of SO at pH 4.0 was much greaterthan that at pH 7.0. AtpH 7.0, the
orderof SO was: BLGFs (SO = 496) >BLGNPs (S0 =277) > NGBLG (S0 =99). When pH was 4.0, the
orderof SO was: BLGNPs (SO = 3827) > BLGFs (SO = 3196) > NGBLG (SO = 1926). Previous papers



reportedthatthere was a strongincrease in the surface hydrophobicity of protein aggregates,
especially at pH 4.0.244344 Since the thermal treatmentled to an increase in surface hydrophobicity
due to exposure of more hydrophobicgroups resulting from partial unfolding of the protein
molecule.

Foaming properties of NGBLG and its aggregates

NGBLG and its aggregates showed different foaming properties at different pHs. At pH 7.0 (Fig. 3A),
the foam height of NGBLG and BLGNPs decreased rapidly after 200 s, while that of BLGFs began to
decrease significantly after 1500 s. At pH 4.0 (Fig. 3B), the foam height of NGBLG and BLGNPs
decreased rapidly after 500 s whereas BLGFs was very stable up to 4000 s. The decay rates of the
three were as follows: BLGNPs > NGBLG > BLGFs. The degree of decayin foam heightindicated

that the foam stability of NGBLG and its aggregates at pH 4.0 was greaterthan at pH 7.0, which can
be seen from Fig. 3C. The stability of the foam was represented by the halflife (t,/,) at which the
foam height droppedto the half of the initial value. At pH 7.0, the order of half-lives was: BLGFs (t;,
= 6704 s) > NGBLG (t;/,=1320 s) > BLGNPs (ty, = 501 s). At pH 4.0, the order of half-lives was: BLGFs
(t12=9282 s) > NGBLG (t;/, =2651 s) > BLGNPs (t;, = 2032 s). Fig. 3D shows the foaming capacity of
NGBLG and its aggregates at pH 4.0 was almost the same with at pH 7.0.

The reason for the difference in foam stability might be that the pH 4.0 was close to the isoelectric
pointof NGBLG and its aggregates, thus the electrostaticrepulsion was weak. The overall solution
had a large bulk viscosity and formed a closely packed surface viscoelastic film, therefore exhibiting
excellentfoam stability. BLGFs and BLGNPs had high surface hydrophobicity, and the surface of the
bubbles was more easily packed by BLGFs. However, BLGNPs had a larger particle size and molar
mass, and the rate of adsorption to the surface of the foam was the slowest. Therefore, NGBLG and
its aggregates showed different foam stability. This result was consistent with the previous
reports.>2545

Foam structure of NGBLG and its aggregates

The foam height was different at different time periods,and the foam structure exhibited was also
diverse. The foam structures of NGBLG and its aggregates observed by a CCD camera at pH 7.0 and
pH 4.0 with the lapse of time are shown in Fig. 4A and B.

Since the foaming capacity of NGBLG and its aggregates was similar, the samples stopped bubbling
afteraround 30 s, as can be seenfromthe Fig. 4. Ineach sample, bubblesat 30 s were relatively
small and the distribution was relatively uniform except for BLGNPs at pH 7.0. With the lapse of
time, the foam drainage increased and coalescence occurred. A significant difference in the foam
structure of NGBLG and its aggregates at pH 7.0 was recognised at 200 s, while the foam structure of
NGBLG and its aggregates at pH 4.0 showed significant difference only after 3000 s. Microstructure
observation once again showed that the foam stabilisation of BLGFs was higherthan that of NGBLG
and BLGNPs.

Emulsifying properties of NGBLG and its aggregates during storage

The emulsification properties of NGBLG and its aggregates were also compared using a model oil-in-
wateremulsion containing1 mg mL™ NGBLG (or BLGNPs or BLGFs) and 150 mg mL™? MCT. The
change of dropletsize of emulsion stabilised by NGBLG and its aggregatesis displayed as a function
of storage timeinFig. 5.



Fresh emulsions prepared with NGBLG or BLGFs had almostidentical d4; atpH 7.0 in Fig. 5A, and
theirsizes(d,;) did notchange much during storage up to 90 days. However, the d,; of the BLGNPs
emulsionincreased slightly during the storage, which indicated that the electrostaticrepulsion force
was not enough to maintain the stability of emulsion. The particlesizes of the emulsions of NGBLG
and its aggregates at pH 4.0 are shown in Fig. 5B. It can be seenthat the temporal changesinthe
particle size of NGBLG and its aggregates at pH 4.0 were largerthan those at pH 7.0. The particle size
of NGBLG and BLGFs emulsions changed from 10to 40 um and from 13 to 65 um, respectively. The
particle size of BLGNPs emulsionincreased more strongly from 44 um to 176 um. The reason forthe
difference inthe particle size of the emulsions of NGBLG and its aggregates at different pHs might be
that NGBLG and its aggregates had a highernegative charge at pH 7.0. The high electrostatic
repulsion between emulsion droplets was beneficial to the stability of emulsion. At pH 4.0, the net
charge of NGBLG and its aggregates was low, and the pH was close to the isoelectric point of the
protein. The interaction between protein and protein was enhanced, and flocculation occurred
betweenthe emulsion droplets.

Microstructure of emulsion

The microstructure of emulsions immediately after preparation and after 90 days storage was
studied by optical microscopy. AtpH7.0 (Fig. 6A), the fresh emulsion droplets prepared by NGBLG
and its aggregates were evenly distributed and only slightly aggregated after storage for 90 days. At
pH 4.0 (Fig. 6B), the fresh emulsion droplets of NGBLG and its aggregates initially had aslight
aggregation. After 90 days of storage, the droplet size became largerand alarge amount of
aggregation occurred. The emulsions which were prepared by BLGFs and NGBLG had finer particle
size and better stability, and this phenomenon was related to the amount of charge. This is
consistent with the description of the size changes above.

Surface adsorption behavior

Fig. 7 shows the relationship between surface pressure () with time and surface dilatational
modulus (E) with surface pressure () of NGBLG and its aggregates at the air—waterinterface. As
showninFig. 7A and B, the surface pressure of NGBLG and its aggregatesincreased steeply within
the first 1000 s, and then tended to approach to a constant value. The initial increase seemed to be
more rapid at pH 4.0 than that at pH 7.0. This was presumably related to a higher hydrophobicity of
the protein and protein aggregates at pH 4.0, which led to a fasterinterfacial adsorption kinetices.*®
Amongthe three samples, the BLGFs exhibited the largest surface pressure value, and the surface
pressure of BLGNPs was the smallestat both pH 7.0 and pH 4.0. The possible causes were notonly
related to surface hydrophobicity, butalso to the different sizeand molar mass of NGBLG and its
aggregates. Some studies showed that BLGFs exhibited afasterinterfacialadsorption than NGBLG, %’
and similarphenomenon was observed for other proteins.* However, regarding BLGNPs, they were
found to have slowerinterfacial adsorption compared with nonaggregated NGBLG, and the
adsorption rate decreased with increasing size.?> Our results are therefore in consistence with
literature reports. The corresponding surface dilatational modulus changed with surface pressureas
showninFig.7C and D. At pH 7.0 (Fig. 7C), surface dilatational modulus of BLGFs at the air—-water
interface reached about 61 mN m™, which was higherthan those of NGBLG (41 mN m™) and
BLGNPs (37 mN m™). At pH 4.0 (Fig. 7D), the maximum value of dilatational modulus of BLGFs at the
air-waterinterface wasapproximately 67 mN m™, which was higherthan those of NGBLG (47 mN
m™) and BLGNPs (44 mN m™). Surface dilatational modulus of NGBLG and its aggregates at pH 4.0
was greaterthanthat at pH 7.0, indicating that the viscoelasticsurface films of NGBLG and its
aggregates were strongerat pH 4.0. It was found that the surface dilatational modulusincreased
when the pH of protein solution approached toitsisoelectric point, which was consistent with the



results of this study.*® This behaviour was attributed to the relaxation mechanism at the air-water
interface, which included the dynamicexchange behaviour of molecules between the surface and
bulk phases and theirstructural rearrangement after adsorption on the surface.***° In addition, a
higherzeta potential caused astrong electrostaticrepulsion between NGBLG and its aggregates at
theinterface at pH 7.0, resultinginthe bubbles not being densely packed by NGBLG and its
aggregates. Therefore, NGBLG and its aggregates at pH 7.0 had a lowerfoam stability. The foam
stability can be explained by the magnitude of surface dilatational modulus and the amount of
charge carried by NGBLG and its aggregates. The above interface mechanics results once again
demonstrate the foaming properties of NGBLG and its aggregates.

Interfacial microstructure

The adsorption morphologies of NGBLGand its aggregates at the air-waterinterface were observed
by AFM. At both pH 7.0 and pH 4.0, NGBLG (Fig. 8A and D) formed a relatively more homogenous
interfacial adsorption film. The interfacial structure formed by BLGFs (Fig. 8C and F) exhibited a
continuous network feature, whilethat of BLGNPs (Fig. 8B and E) was ratherdispersed. Comparison
betweenpH7.0and pH 4.0 revealed ahigherdegree of aggregation at pH 4.0, which should be
attributed to lower surface charges of the protein samples at pH 4.0, and thus weaker electrostatic
repulsion. The interfacial microstructures observed by AFMseem to support the interfacial
mechanical properties as discussed above.

Through self-assembly, NGBLG formed semiflexible BLGFs with a high aspectratio and surface
hydrophobicity. BLGFs could quickly adsorb to the interface and formed atight network structure at
the air-waterinterface.?” Asaglobular protein, NGBLG had a small molar mass and a large specific
surface area. Upon interfacial adsorption, NGBLG molecules unfolded and interacted each otherat
the air-waterinterface toforman elasticinterfacial film with a high dilatational modulus.*®
Additionally, NGBLG could form BLGNPs with high surface hydrophobicity in anirreversible manner.
Due to its large particle size, high molar mass, and the smallest specificsurface area, the adsorption
rate of BLGNPs was the slowest atthe air—waterinterface, and BLGNPs adsorption capacity was
lowerthan NGBLG or BLGFs, resultinginalesstightinterfacialfilm and the lowest surface
dilatational modulus.?° The difference between pH 7.0 and 4.0 was mainly due to the fact that pH
4.0 was close to the isoelectricpoint, and the low net charge minimized the electrostaticrepulsion
of NGBLG and its aggregates to the extent that the protein—protein interaction became attractive,
and aggregation occurred between the protein species. A dense multi-layer network structure with
highinterfacial elasticity was formed at the interface. The thick and disordered adsorption layers led
to the highestfoam stability. The higher dilatational modulus helped to prevent foam drainage and
coarsening, and increased the mechanical strength of the foam. At pH 7.0, a high negative charge
caused a strong electrostaticrepulsion to maintain stability between the droplets, but electrostatic
repulsion between the charged NGBLG and its aggregates prevented the formation of multiple layers
at the interface. Therefore, the interfacial dilatational modulus and the foam stability decreased as
the repulsion between NGBLG and its aggregatesincreased. Engelhardt et al. studied the effect of
pH on the molecularstructure of B -lactoglobulin and the resulting air-waterinterface, in relation
to foam rheology.*> Similar observations were reported.

Conclusions

The aim of this study was to systematically compare the foaming and emulsifying properties of
NGBLG and its aggregates (BLGNPs and BLGFs). We clearly demonstrated the difference in foaming
and emulsifying properties of NGBLG and its aggregates at different pHs. [t was found that NGBLG
and its aggregates had betteremulsion stability at pH 7.0, but theirfoam stability was betterat pH
4.0. The foam and emulsion stabilityof NGBLG and its aggregates were in the order of:



BLGFs > NGBLG > BLGNPs, indicating that heating NGBLG to prepare BLGFs rather than BLGNPs can
effectivelyimprove the foaming and emulsifying properties of the protein. Therefore, BLGFs may be
used as a promising foaming and emulsifyingagentsin the food industry.
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Figure Captions

Fig. 1 TEM micrographs and particle size distribution of NGBLG and its aggregates: NGBLG (A and D),
BLGNPs (Band E) and BLGFs (C and F). Scale bar: 0.5 um.

Fig. 2 Zeta potential Cas a function of pH for NGBLG and its aggregates (A) and the surface
hydrophobicity indexof NGBLG and its aggregates at pH 7.0 and pH 4.0 (B).

Fig. 3 Time dependence of the foam height of NGBLG and its aggregates (1mg mL™?) at pH 7.0 (A)
and pH 4.0 (B), foam half-life time (C) and foaming capacity (D) of NGBLG and its aggregates (1 mg
mL™) at different pHs. a—e in Fig. 3C/3D are significantly differentat p <0.05.

Fig. 4 Time dependence of the foam structures observed by a CCD camera at pH 7.0 (A) and pH 4.0
(B).Solid barsinall images correspondto a length of 1 mm.

Fig. 5 The change of dropletsize of emulsion stabilised by NGBLG and its aggregates at pH 7.0 (A)
and pH 4.0 (B) as a function of storage time.

Fig. 6 Light microscopicobservation of emulsions of NGBLG and its aggregatesimmediately after
preparation and after 90 days storage at pH 7.0 (A) and pH 4.0 (B). Scale bar: 50 um.

Fig. 7 Time evolution of the surface pressure () for the adsorption of NGBLG and its aggregates (0.1
mg mL™) at pH 7.0 (A) and pH 4.0 (B) and surface dilatational modulus (E) as afunction of surface
pressure (mt) for NGBLG and its aggregates (0.1 mg mL™?) at pH 7.0 (C) and pH 4.0 (D) at the air-water
interface.

Fig. 8 AFMimagesof 0.1 mg mL™ NGBLG, BLGNPs, BLGFs at pH 7.0 (A—C) and pH 4.0 (D—F). Scale bar:
1.0 um.
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