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Abstract

In this article, the freeze-thaw stability of emaiss prepared with nanoparticles assembled
from mixtures of whey protein isolate (WPI, 2.0%wy/and soluble soybean polysaccharides
(SSPS, 0.5% w/w) was assessed. The assembly whsnped by pH adjustment to 3.0
without and with heating (90 °C, 15 min). Moreovéng order of addition of SSPS to
proteins, before or after heating, was also studidgte complexes were characterized by
dynamic light scattering, turbidity, non-sedimem¢alprotein content, aromatic surface
hydrophobicity (H), interfacial tension and interfacial rheology m@@ments at the
oil/water interface. In all cases, the dispersiemslenced slightly-positivé-potential values
due to electrostatic associative interactions betweroteins and SSPS. Moreover, the
complexation increased the particle size, the fatgl activity and the non-sedimentable
protein content. Oil-in-water emulsions (30% w/wn8ower oil) prepared with unheated
WPI/SSPS mixtures were more stable to freeze-th@h8 °C, 72 h; 20 °C, 2 h) respect to
those prepared with WPI alone. When SSPS was attdedeviously heated proteins, the
resultant emulsions also evidenced a high freeae-tktability. The large sedimentable
species, which contributed to form a film of higooelasticity, could stabilize the emulsions
by a Pickering mechanism. However, when SSPS andW&¥fR heated together, the resultant
emulsions exhibited a low freeze-thaw stability doex combination of poor emulsification
ability and limited interfacial adsorption of largarticles. The results of this article might
have important implications in the preparation ajhty acidic emulsion-based products

resistant to freeze-thaw treatments.
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1. Introduction

Freezing is a widely used technology that presemhes sensory and nutritional
properties of foods, as well as the microbial ahdngical spoilage (Thiebaud, Dumay, &
Cheftel, 2002). Nevertheless, for emulsion-basextiyets freeze-thaw treatments constitute
an important environmental stress causing sometitiheis breakdown, due to rupture of
membranes surrounding the droplets. In oil-in-wataulsions, this allows oil-to oil contact,
leading to extensive coalescence process and aliingfter thawing. Broadly, the freeze-
thaw stability of emulsions depends on two maineatp the crystallization of water and/or
lipid phases and the drastic changes in microenmental conditions surrounding the
droplets (pH, ionic strength, osmotic pressure arstosity) (Degner, Chung, Schlegel,
Hutkins, & McClements, 2014; Ghosh & Coupland, 200&e improvement of freeze-thaw
stability of oil-in-water emulsions was assesseawuph different approaches including the
control of ice crystal growth, vitrification of cinuous phase, addition of cryoprotectants and
modification of interfacial structure (Degner et, &014; Ghosh, Cramp, &Coupland, 2006;
Ghosh & Coupland, 2008; Palazolo, Sobral, & Waggei,6).

Interfacial engineering is one of most promisingtggies for the stabilization of oil-
in-water emulsions subjected to environmental segs The knowledge related with the
interactions between proteins and polysaccharidegxtremely important to assess the
obtaining of emulsion-based foods resistant tozieebaw treatments. Indeed, the preparation
of multilayered emulsions through layer-to-layertenfiacial electrodeposition technique

improved the stability freeze-thaw stability of dsions, as was stated in previous papers
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(Fioramonti, Arzeni, Pilosof, Rubiolo, & Santiag®)15; Gu, Decker, &McClements, 2007).
The improvement of stability was ascribed to themation of a thick interfacial layer that
resists the stress imposed by the expansion ofluceg the freezing.Moreover, the papers
concerning with the freeze-thaw stability of Pickgr emulsions stabilized by food-grade
particles is fast cumulating in recent years. Agaagardless the type of emulsifier, the
formation of thick layer of aggregated particlestts oil/water interface contributes to the
maintenance of stability after freeze-thawing. histregard, Marefati, Rayner, Timgrem,
Dejmek, & Sj6o (2013) confirmed that the starchngite-base Pickering emulsions exhibited
good freeze-thaw stability, which is enhancedrbgitu partial gelatinization at the oil/water
interface and the concomitant formation of gel-liletwork due to the presence of free starch
particles in the aqueous phase. In other seristudies, the enhanced freeze-thaw stability of
emulsions prepared with heated protein-based festigvas attributed to the protein
aggregation at the oil/water interface and the egbent steric stabilization of droplets (Zhu,
Zhang, Lin &, Tang, 2017a; Zhu, Zheng, Liu, QiunLi& Tang, 2017b; Zhu, Zheng, Liu,
Qiu, Lin, & Tang, 2018). This steric stabilizatioan be also achieved though the associative
interactions between protein and polysaccharidestatfacial level, as was stated in a
previous paper (Xu, Zhang, Cao, Wang, & Xiao, 2016)

On the other hand, milk proteins (caseins and wh®yeins) are highly effective
emulsifiers (Dickinson, 2016). Whey protein isol@®PI) is an important by-product of the
cheese industry and it is mainly composed RBylactoglobulin, a-lactalbumin,
immunoglobulins, protease peptone, lactoferrincgigacropeptide and other minor proteins
(Madureira, Pereira, Gomes, Pintado, & Malcata,7200VPI| was widely used as the sole
emulsifier or combined with polysaccharides in esiari systems (Jiang et al., 2018;
Laplante, Turgeon, & Paquin, 2005; Wang et al.,7201n addition, whey protein-coated

droplets are less prone to aggregation in highig-acedium (pH < 4.0) than soy protein
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isolate or caseinate-coated droplets and may, firerée more appropriate for use in acid
emulsions (Degner et al., 2014).

Moreover, soluble soybean polysaccharides (SSP&)daenily of pectin-like acidic
biopolymers used not only as a source of dietdogrfbut also as a functional ingredient (Xu
& Liu, 2016). This sample, extracted from soybeatyledons, is composed mainly by of a
main rhamnogalacturonan backbone branched [b¥y,4-galactan and a-1,3- or
o—1,5-arabinan chains (Nakamura, Yoshida, Maeda, & Cagr&d06). This polysaccharide
sample can be classified as a surface-active paifisaide. Nakamura, Yoshida, Maeda,
Furuta, & Corredig (2004) separated the SSPS inftaciions by gel-filtration (310 kDa and
20 kDa, respectively). The protein moieties asgediao high-molecular weight fraction aid
to adsorption of SSPS onto oil/water interface,l@rpng the good emulsifying properties of
SSPS. SSPS have high water solubility, low bullcasgty, low pH and high temperature
stability (Xu & Liu, 2016). The interactions betweeroteins and SSPS in acid emulsions
have been previously investigated. The presenc83R®S at high enough concentrations
stabilized the sodium caseinate emulsions agatidtiaduced aggregation (Liu, Verespej,
Alexander, & Corredig, 2007). In a relatively retevork, Ray & Rousseau (2013) reported
that the complexes between SSPS and denatured lsmypvoteins improved the quiescent
stability of emulsions in acidic medium. The stapilvould be ascribed to denser packing of
complexes around the oil droplets, providing gneateric stabilization. Nevertheless, in the
aforementioned studies, the freeze-thaw stabilftfhe emulsions prepared with protein—
SSPS complexes was not evaluated.

On the basis of above considerations, the aim wéntuwork is to evaluate the impact
of the complexation between whey proteins and S8Pthe freeze-thaw stabilization of acid
o/w emulsions. The obtaining of nanoparticles asdedhfrom mixtures of WPl and SSPS at

pH 3.0 are proposed evaluating the impact of thetreatments and the order of addition of
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polysaccharides to protein in relation to the mgalihe structural and interfacial behavior of
nanoparticles at the oil/water interface was firstvaluated; then, the freeze-thaw stability of

oil-in-water emulsions prepared with the complex@s assessed.

2. Materials and methods

2.1 Materials

Whey protein isolate (WPI, LacprodarDI-9224) was donated by Arla Foods
Ingredients Argentina, S.A (Martinez, Buenos Airggentina). Its chemical composition (%
w/w, as was given by the producer) was: crude prqtex6.25), 86.5; lactose, 0.1; total fat,
0.1 and salts, 1.25. Soluble soybean polysacclmar{&SPS, Soyafibe-S-CA100) were
donated by Fuji Oil Co. Ltd (Osaka, Japan). Itsneival composition (% w/w, as given by the
producer was) was: total dietary fiber, 75.1; crpdetein (Nk6.25), 7.8; moisture, 5.8; crude
ash, 7.8. Moreover, the SSPS saccharide compog#tow/w) was: rhamnose, 5.0; fucose,
3.2; arabinose, 22.6; xylose, 3.7; galactose, 4§iucose, 1.2; galacturonic acid, 18.2. WSP
and SSPS powder samples were used with no furtivéication. Refined sunflower oil was
purchased in a local supermarket. 1-anilino-8-relphe sulfonate, ammonium salt (ANS)
and B-lactoglobulin (> 90.0%, from bovine milk) were phased from Sigma Co (MO,
USA). All other chemical were analytical grade reat3 purchased from Anedra (Research

AG S.A; Buenos Aires, Argentina).

2.2. Preparation of protein-polysaccharides dispersions
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Firstly, to ascertain the heating conditions toaotihg the nanoparticles, preliminary
differential scanning calorimetry (DSC) assays weeeformed at pH 3.0 on concentrated
WPI dispersions (20.0% w/w) in the absence andemes of SSPS (5.0% w/w). The pH
adjustment was made by addition of 1.0 M HCI solutiThermograms were obtained by
heating samples at 5 °C/min from 20 to 120 °C (Q&&lérimeter, TA Instruments, Waters
L.L.C; New Castle, DE USA), using an empty paneference. According to these assays, at
pH 3.0, WPI dispersions showed only one endothgreak temperature, Tp = 79.380.05
oC; offset temperature ofse= 88.10x+ 0.98 °C; protein denaturation enthalp=5.87+ 0.83
J/g dry matter) which can be assigned to denaturatfi 3-lactoglobulin (Bernal & Jelen,
1985). At the same pH, in the presence of SSPS T andAH were 77.32+ 0.08 °C,
86.10% 0.50 °C and\H=5.30+ 0.33 J/g dry matter, respectively. On this basigerform the
heating of dispersions, the temperature was s@@® 8C, where the WPI proteins were totally
denatured.

The assembly of nanoparticles was performed bywollg the different strategies
reported by Jones & McClements (2011) with someifitadions: 1) WPI and SSPS powders
were jointly dispersed in distilled water by magaetirring for 2 h and the pH was adjusted
to 3.0 by 1.0 M HCI addition. Aliquots of resultatispersions (100 g) were heated at 98.0 (
1.0) © C for 15 min with further cooling with rumg tap water to room temperature (25%.0
1.0 °C); 1) WPI powder was firstly dispersed iistdled water by magnetic stirring for 2 h
and the pH was adjusted at 3.0 by 1.0 M HCI addlitiche resultant dispersions (100 g) were
heated at 90.0+(1.0) °C for 15 min with further cooling with rumg tap water to room
temperature (25.@ 1.0 °C). Then, SSPS powder was dispersed by maggieting for 2 h,
readjusting the pH to 3.0. In both cases, the fawaicentrations of WPI and SSPS were 2.0
and 0.5% w/w, respectively (protein-to-polysacati@rimass ratioR = 4.6). Unheated

WPI/SSPS dispersions and individual WPI and SSPPedsions were used as control



173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

samples. Heating of dispersions was performed atedetall-glass beakers (length: 60 mm;
internal diameter, 25 mm). The temperature was tomed using a Lufft Opus C-10
datalogger (Lufft, Mel3 und Regeltechnik, Germaiyjhermocouples were located half way
through dispersion. The warm up time was 5 min #megl heating time (15 min) was
registered once the dispersions reached the meutti@mperature at the center of the beaker.
Photographs at bulk scale of dispersions were pwadd using a digital camera
(Kodak Easy Share, Eastman Kodak Company; Roché&sterUSA). The nomenclature and

visual appearance of all samples are summarizEayiri.

2.3. pH dependence of turbidity of dispersions

WPI, SSPS and WPI/SSPR=4.6) dispersions were prepared dispersing thedlpov
with distilled water at 25 °C by mild magnetic stig for 2 h to ensure total dispersion and
hydration. The final concentrations of WPI and SS®®e 2.0 and 0.5% wi/w, respectively.
To perform acid titration assays, the dispersiossewpreviously diluted with distilled water
(1:3 v/v). The pH values of WPI, SSPS and WPI/S8R8ed dispersions were 6.900.02,
5.95+ 0.01 and 6.6 0.02, respectively. Then, aliquots of these dsipes (20 ml) were
titrated with repeated additions of 0.1 M HCI undgld magnetic stirring. The pH value was
registered and the turbidity was expressed aspparant optical density at 600 nm using a

T60 UV-visible spectrophotometer (PG Instrumentsckstershire, United Kingdom)

2.4. Determination of non-sedimentable protein content
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The determination of non-sedimentable protein auntehich is a measure of the
amount of protein incorporated into relatively shyadrticles that cannot be removed by
centrifugation at high speed, was determined bigfohg the procedure reported by Jones &
McClements (2010) with some modifications. Dispamsi were placed in 50-ml screw-
capped tubes and subsequently centrifuged at 19g0fa® 30 min at 20 °C (Sigma 3-18KS
centrifuge, Sigma Laborzentrifugen GmbH; OsteranieHtarz, Germany). Then, supernatants
were carefully separated in glass tubes. Apprapriitutions with 2.0 % w/v N&Os
solution were made; then, the protein content vedsrchined by the modified Lowry method
(Markwell, Hass, Bieber, & Tolbert, 1978), usifgactoglobulin as standard protein. The
protein content was also measured on initial dspas, without centrifugation. Thus, the

non-sedimentable protein (% w/w) was calculated as:

Non-sedimentable protein (% w/w) = (sPARDO (1)

sP is the protein content in the supernatant ands ikhe protein content in the initial

dispersion, without centrifugation.

2.5. Particle size, {-potential and turbidity of nanoparticles

The hydrodynamic diameter (or z-average diametgrand{-potential of particles in
different dispersions were determined at 25 °C fayadic light scattering (DLS) using a
Horiba Scientific nanoparticle analyzer SZ-100 (Har Ltd.; Kyoto, Japan). All the
dispersions were diluted with double-distilled watgreviously adjusted at pH 3.0 with HCI
1.0 M, to avoid multiple light scattering effeche D, and{-potential were reported as the

mean and standard deviation of two separate assdligen readings made per assay.
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Moreover, the intra-particle interactive forces pérticles in dispersions were
evaluated by dissociation tests according to théhatereported by Zhu et al. (2017a), with
some modifications. The dispersions were dilutetth wistilled water (1:3 v/v) adjusted at pH
3.0 with 1.0 M HCI in the absence and presence @b urea, dithiothreitol (DTT, 30 mM),
or their combinations. The final concentrationsuoéa and DTT in the diluted dispersions
were 4.5 M and 22.5 mM, respectively. After beingred for 30 min, the turbidity of the
diluted dispersions, expressed as the apparemabpinsity at 600 nm, was read using a T60

UV-visible spectrophotometer (PG Instruments; Lsieeshire, United Kingdom).

2.6. Aromatic surface hydrophobicity

Aromatic surface hydrophobicity gHwas determined by fluorescence using the ANS
probe, according to method of Mitidieri & WagnerOQ2) with some modifications.
Dispersions were serially diluted with double-disd water previously adjusted to pH 3.0
with HCI solution to obtain protein concentratiomsging from 1.0-18to 1.0-10" % wiv.
Then, 40ul of ANS (8.0 mM in double-distilled water) was abto 3.0 ml of dispersions.
Fluorescence intensity was measured at 365 nm téei wavelength) and 484 nm
(emission wavelength) using a Scinco FluoroMate2H&+orescence spectrometer (Scinco
Co, Ltd, Seoul, Korea) £l ans). Moreover, fluorescence intensity was measureithénsame
dispersions without ANS additiongfl From the plot ofAlg (If, ans — ) as a function of
protein concentration, Hwas obtained as the initial slope. Finally Was expressed as a

relative value, taking that of éample as reference {H 100).

2.7. Interfacial behavior of nanoparticles
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The interfacial behavior of particles was evaluatedugh both the interfacial tension
and interfacial rheology measurements at the ciéniaterface. Both assays were carried out
on dispersions (2.0% w/w WPI; 0.5% w/w SSPS) withanevious dilution. The equilibrium
interfacial tension was measured at 25 °C usingaatomated Lauda TD3 LMT 850
tensiometer (Lauda Konigshofen, Germany) assoctatadPeltier thermostating unit. The Du
Nouy ring measurement method was selected in thiealeThe interfacial tension values of
double-distilled water (adjusted to pH 3.0 with HCO M) and aqueous dispersions at the

same pHY, wandy 4, respectively) were obtained. Then, the equilibrimterfacial pressure

(T5) was calculated as:

T=Yiw-Yd (2

In addition, the rheological properties of layetso#/water interface were evaluated
by the use of an oscillatory rheometer TA AR-G2 (TAstruments, Waters, L.L.C;
Newcastle, DE, USA) associated to a Du Nodly ringcillatory shear measurements were
performed at 25 °C, and at constant frequencyloH@. The strain was set to 5.0% within the
lineal viscoelastic range. The complex viscosity) (of layer, which includes both the elastic

and the viscous responses, was calculated as:

=[G+ (@) %0 ()

G' is the interfacial elastic module,”Ghe interfacial viscous module anad the angular
frequency. The overall evolvement of adsorptiorefayas monitored through the variation of

n* as a function of time (Baldusdottir, Fullertonigiéen, & Jorgensen, 2010).
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2.8. Preparation of o/w emulsions

A two-step homogenization process was used to peepl@@ emulsions. Firstly,
aqueous dispersions (2.0% w/w WPI; 0.5% w/w SSRS3gwnixed with refined sunflower oil
(30% w/w) using a high-speed rotor/stator devictir@turrax T-25 homogenizer, S25N-8G
dispersing tool at 25,000 rpm for 2 min, IKA Lakenhnik; Staufen, Germany). Then, the
pre-emulsions were poured in a beaker and soni¢atad ultrasound homogenizer (Sonics
Vibra Cell VCX750, Sonics & Materials, Inc.; NewtawCT, USA) at 70% amplitude, with
the standard tip immersed 1/3 in a glass beakem{@8diameter) for 2 min. The temperature

increase during sonication was avoided puttingoteker in a water-ice bath.

2.9. Freeze-thaw protocol

Emulsion samples were transferred to vertical agintainers (internal diameter =
30 mm with plastic lids), and the temperature waeisa 20.0 = 1.0 °C. Then, they were
isothermally stored in still air for 72 ha18.0 £ 2.0 °C. After storage at subzero temperature
frozen samples were thawed into a water bath @ 201.0 °C for 2 h, and kept at this

temperature before further characterization analyse

2.10. Characterization of initial and freeze-thawed emulsions

The patrticle size distribution(PSD) was obtaineddser diffraction using a Malvern
Mastersizer 2000E analyzer associated to a Hyd®KQ wet dispersion unit (Malvern
Instruments Ltd.; Worcestershire, United KingdoBnulsions were previously diluted with

distilled water or 1.0% w/v sodium dodecyl sulfaelution adjusted at pH 3.0. Then,
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emulsions were poured into the dispersion unitstitced continuously (2,000 rpm) to ensure
the sample homogeneity during PSD measurementsoftiwl parameters used to obtain the
PSD were: refractive index of dispersant, 1.33raive and adsorption indices for the
particles, 1.47 and 0.01, respectively. Particke sesults were expressed as De Brouckere,
volume-weighted mean diameters,@pand 98 percentile values (., which are more
sensitive to the presence of large particles.

The flocculation index (FI, %) of initial or freezbawed emulsions, was calculated
as:

Fl % = [(D4,3 - D4,3 SDQ/D4,3 5D§><100 (4)

D43 and O3 spsare the De Brouckere mean diameters obtained R8M measured in the
absence and presence of SDS, respectively. Thiboohetllows evaluating only the flocs
stable in the measurement conditions (Palazolb,&2Gi1).

Moreover, the coalescence index (Cl, %) of freémeved emulsions was calculated
as:

Cl % = [(Ds,3 t.t— Ds,3)/D43]*100 (5)
D43y and D 3:.¢ are the De Brouckere mean diameters obtained RS of initial and freeze-
thawed emulsions, respectively. PSD were measurdéuki presence of SDS (Palazolo et al.,
2011).

2.11. Statistical analysis

All the characterization assays were conducteceastlin triplicate and the results

were expressed as mean + standard deviation. Htstistl analysis was performed by
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analysis of variance (ANOVA) and Fisher test usthg statistical program Statgraphics
Centurion 18 (Statgraphics Technologies Inc., The Plains, VAA) 2017). Significance

was considered at p < 0.05.

3. Results and discussion

3.1. pH dependence of aqueous dispersions of whey protein isolate and soluble soybean

polysaccharides

In this section, the pH-dependence of the turbidityunheated and diluted (1:3 v/v)
aqueous dispersions containing WPI, SSPS and WP8S8ixture was studied. The results
are shown in Fig. 2a. WPI dispersions were cleahénpH range from 6.0 to 7.0 and at pH
lower than 3.5. Nevertheless, the turbidity abgupitreased when pH was in the range 3.5-
5.5 (maximum at pHI4.4), indicating that the protein self-associati@d occurred due to
weakening to electrostatic repulsion between pnat@lecules, as was well-established in the
literature. (Alting et al., 2003; Bryant & McClemsn 1999). Conversely, the turbidity of
SSPS dispersions was close to zero across the @htirange (pH 7.0 to 2.0).Although it is
known that a protein fraction is associated to patgharidesin SSPS (Nakamura et al., 2004,
2006), the electrostatic and steric repulsion betwthe negatively charged and branched
polysaccharides molecules avoided their self-aaioqi.

On the other hand, the pH dependence of the taybafi WPI/SSPS mixture was
considerably different from that of the WPI and SSfspersions (Fig 2a, b). In the pH range
from 6.0 to 7.0, the turbidity of WPI/SSPS mixtuvas only slightly higher respect to that of
individual WPI dispersion. These results would basistent with a low degree of interaction

between protein and polysaccharides in the pH r&@€.0, presumably because both the
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protein and polysaccharide molecules have a relstikigh net negative charge (Kobori et
al., 2009). Indeed, according to Ibanoglu (2005pr fproteins and carboxylated
polysaccharides, the complexation becomes very vatadeutral pH.However, the turbidity
increased with decreasing pH at pH below 5.3, hathaimum at pHJ4.3 and then slowly
decreased until pH 2.0. Even though the proteipaiysaccharide mass ratiowas relatively
high R = 4.6), the maximum value of turbidity of WPI reably decreased{.2 to[D.6)
and it was shifted to lower pH values in the presenf SSPS. The WPI content ofall
dispersions was the same, so that the presencelysagcharides inhibited the ability of
protein molecules to interact with each other andrmf large aggregates.
Theseobservationsindicate the occurrence of inieresc between the protein and
polysaccharides present in the dispersions. Irtieghg, the turbidity of WPI/SSPS mixture
was fairly high in the range of pH from 2.5 to 3FBg 2a,b). Under these pH conditions the
WPI and SSPS dispersions were completely cleardBjgso that the associative interactions
between protein and polysaccharides in the mixane still relatively strong. Thus, the

assembly and characterization of nanoparticlespga®rmed at pH 3.0.

3.2. Structural characterization of nanoparticles

W, and W dispersions exhibited a clear appearance (Fignd)their(-potential were
close to + 20 mV, which are in agreement with thoe@orted by other authors (Benichou,
Aserin, Lutz, & Garti, 2007) (Fig 3a). For SSPSatldispersion (Fig. 1), thépotential was
slightly negative; the magnitude of charge is laeduse the galacturonic acid has g p&ar
to 3.0. Consequently, the opposite net chargesolylspccharides and proteins favored the
formation of complexes. Indeed, all mixed dispersicexhibited a turbid appearance,

regardless the preparation method, and thgiotential values were slightly positive (Figs. 1
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and 3a). According to Benichou et al. (2007), WRit@in particles in the dispersions have a
net charge equal to zero at pH 4.8. At pH 3.0, wetloe isoelectric point of the WPI, the
numerous cationic groups on the protein molecutespartially neutralized by the anionic
groups of SSPS, decreasing thotential of complexes (Fig 3a). At the same pht t
decrease of-potential of soy proteins by SSPS complexation alas reported in previous
papers (Ray & Rousseau, 2016; Xu & Liu, 2016).

Moreover, for all dispersions, the content of nedimentable protein (% wi/w) is
shown in Fig. 3b. This parameter was near to 100€clkear W, Wy and SSPS dispersions
and a slight, but significant decrease, was evidénhen both WPI and SSPS were mixed
without any thermal treatment (W%nd WS), (p<0.05). In contrast, when heating was
performed on dispersions, an additional reductibman-sedimentable protein content was
evidenced for W Thepositive net charge of all complexes was agiitglar (Fig 3a) so that
the particular behavior of Wi@omplex can be influenced by other factors, suctiha surface
hydrophobicity and particle size. Indeed, the zrage values (P for species in the total and
non-sedimentable fraction were also determined 8E)g For the total fraction, all complexes
exhibited larger particle sizes than those gf Wgand SSPS, regardless the thermal treatment
(p<0.05). In turn, Wgand WS complexes evidenced larger particle size resigethose
assembled from unheated proteins (Wd WS, p<0.05). In addition, the [Dvalues
measured on the supernatants were lower respethose of the total fraction for all
complexes (Fig 3c, p<0.05), which would reflecttthiae relatively large particles were
removed by centrifugation.The ;Dvalues of W& and WS did not show significant
differences (p>0.05). Conversely, noticeable ddferes were observed between the particle
size of WG and WS complexes in the non-sedimentable fraction (p)0.0rhese
observations would support a different moleculayaoization of protein and polysaccharides

for the complexes assembled in the heated dispetsio
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In fact, the aromatic surface hydrophobicityohlvas also determined (Fig 4a). As
expected, SSPS evidenced very lowdde to the presence of sugar polar groups, which
impair the interaction of the fluorescent probehatihe non-polar aminoacid residues of the
SSPS protein fraction. The increase of ¢f W, upon heating was consistent with the
exposure of non-polar amino acids of WPI proteasswas also previously reported (Zhu et
al., 2017a). Neverthess, forgthe increase of the intensity of hydrophobic ratdons was
not sufficient to promote the protein self-assaoratdue to electrostatic repulsion between
protein molecules (Fig. 3a,b). With regard to th&\Vend W,S complexes, the addition of
SSPS to the proteins, slightly increased the(p0.05). In both cases, the complexation
between both biopolymers would promote an exposd@iraon-polar amino acid residues,
though to a limited extent. The impact of SSPS tamlion H) was substantially different
when the assembly was performed with denatureetimatFor WS complex, the significant
decrease of flwith respect to that of W (p<0.05) would indicate that a shell of
polysaccharides might be formed on the proteiniggast This mechanism was also reported
by Xu & Liu (2016) for nanoparticles assembled waby protein isolates and SSPS. In
contrast, when WPI and SSPS were heated togetheenbancing of bl was effectively
observed (p<0.05). In this case, the globular mmetéend to stay associated with SSPS for a
longer time during the thermal treatment (Jones &Cments, 2011). The increase of H
would be consistent with a higher degree of exmosfr non-polar amino acid residues,
indicating that the structural organization of piotand polysaccharides within the WS
complex might be different respect to that ofS\ne.

In this context, the internal structure of compkexeas also investigated by monitoring
the turbidity of the total fraction at pH 3.0 iretlabsence and presence of protein-perturbing
agents, such as urea and DTT (Fig 5b). Overalhhenabsence of urea and DTT, all systems

evidenced higher turbidity values for W&nd WS dispersions and they were not
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significantly affected by the DTT addition (datatrghown). In the presence of urea, the
turbidity values of WS and W$§ were negligible whatever the DTT addition. In ¢ast, the
turbidity of WS, dispersion was fairly higher, showing a slightt bignificant decrease with
DTT addition (p<0.05, Fig 5b). On the basis of thessults, it can be hypothesized that
hydrophobic effect as well as hydrogen and diselfitbnds would be also involved in the
formation of nanoparticles, as was also statedtherosystems (Liu & Xu, 2016, Zhu et al,
2017a). The urea directly interacts with proteina strong Van der Waals dispersive
interactions with protein side-chains and backboompared to water, which promotes the
intrusion of urea molecules in the hydrophobic cane to urea’s preferential binding to all
regions of proteins (Hua, Zhou, Thirumalai & Ber@2008; Kamerzell, Esfandiary, Joshi,
Middaugh, & Volkin, 2011). This interaction weakethe hydrophobic core and disrupts the
intramolecular hydrogen bonds. Tlepotential of WS and Wg was similar (p>0.05);
however, for the latter complex, significantly heghvalues of non-sedimentable protein
content, particle size andgWere observed (p<0.05, Figs 3b,c and 4a). Thusitigiter
interactions between protein and polysacchariddkinvithe nanoparticles would increase
their resistance to the perturbing effect of uMareover, for WG complex, the formation of
disulfide bonds via thiol-disulfide exchange wolld promoted in a higher extent, although
the extension of this reaction is limited in acidedium (Monagan, Sherman, & Kinsella,
1995). This latter observation was consistent whil slight decrease of turbidity by DTT

addition in the presence of urea (Fig 4b).

3.3. Interfacial behavior of nanoparticles

Firstly, the evolvement of the complex viscosiy)(as a function of time is depicted

in Fig. 5. ForW, and W, a steep increase gf was observed from the start of measurement
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indicating a fast adsorption of protein moleculesoathe oil/water interface (Baldursdottir et
al, 2010, Fig 5a). Although Wexhibited a high b (Fig 4a) its interfacial pressurg) was
slight, but significantly lower than that of \NTable 1, p<0.05). The protein adsorption is a
complex process, and depends on various factofs asitiydrophobicity, net charge, charge
distribution, structure and molecular weight (Hayr& Norde, 1994). In this context, the
denatured protein particles, which have a highetigha size (Fig 3c), would be less prone to
efficiently accommodate at the oil/water interfaggomoting a lower increase af.
Nevertheless, the higher intensity of attractivieractions forces between denatured particles
already adsorbed to the interface was consistetit thie formation of a film of a higher
viscoelasticity (Fig 5a,b). On the other hand, wiith exception of W the time dependency
of n* for all the other complexes was substantiallyediént to that of WWand W, dispersions;
the complex viscosity progressively increased witlreasing time and it leveled off after 30
min of adsorption, reaching highet values at the end of assay (Fig 5a, b). At theestime,
WS, and WS complexes evidenced a higher interfacial activilgowing a slight, but
significant higherg values than those of WiIn analyzing comparatively the of WSy and
W4S complexes respect to that ofy\Mone, a similar tendency was observed (Table<l, p
0.05). The weakening of the electrostatic repulsm protein molecules due to the
complexation with SSPS (Fig 3a) would favor a meficient adsorption at the oil/water
interface of the complexes.

In order to elucidate if the large sedimentabldigias can adsorb at the interface, the
interfacial rheology tests were also performedlmnon-sedimentable fraction (Fig 5c). For
all complexes, a plateau at loyy was reached from the start of measurement indigat fast
adsorption. Thus, the comparative analysis of theology profiles the total and non-
sedimentable fractions revealed that the largensetiable species play an important role in

the stabilization of the interfacial film. Theseespes slow down the adsorption rate, but at the
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same time promote the formation of more viscoadadtins. This would be especially valid
for WS,, WS and WS dispersions. Conversely, for Walthough the species present in non-
sedimentable fraction evidenced a fast adsorptioe, large particles would only have a

limited ability to adsorb at the oil/water interéac

3.4. Characterization of initial and freeze-thawed emulsions

The Dy 3 and O, g gvalues, obtained from PSD in the presence of SBSkaown in Fig
6. WS, and W,Scomplexes evidenced a better emulsifying behawspect to that of W
alone. According to Jafari, Assadpoor, He, & Bhan({2008), the particle size of emulsions
is the result of an equilibrium between dropletabrep and re-coalescence. In all cases, the
concentration of emulsifier was high, so that therenough emulsifier to cover the interface.
Thus, the improved emulsifying behavior of We&hd WS could be explained by a decrease
of electrostatic repulsion, a concomitant increafskly, 5. (Figs. 3a and 4a; Table 1) and the
ability of larger particles to reduce the re-coatgxe during the emulsification.Conversely,
for emulsions prepared with heated dispersions; d@creased in the order: \B#8Vs>WyS
(p<0.05) and Wgexhibited the highest\Dy gvalue (p<0.05, Fig 6 a,b). As was seen above,
the large sedimentable particles of Y\8e poorly adsorbed (Fig 5b,c). Unlike the inteida
tension and interfacial rheology assays, duringutigsound emulsification, the emulsifier
adsorption is forced because theinterfacial areguisklycreated by cavitation(Jafari et al.,
2008). In this condition, it is probable that tlegge sedimentable particles are also poorly
adsorbed favoring the droplet re-coalescence amdeultant increase of particle size of WS
emulsion (Fig. 6).

Moreover, the flocculation index (FI) of all initi@mulsions was quite similar and

lower than 5% (Table 2). For emulsions preparedh \pibtein as emulsifiers, only the flocs



496 formed by a bridging mechanismare stable in thesoremnent conditions of PSD (high
497  dilution and stirring) (Gu et al., 2007). The brildg flocculation is especially promoted when
498 there is no enough emulsifier to cover the intexf@alazolo et al., 2011). Thus, the low FI
499  values obtained in all cases are supported by itje ¢oncentration of emulsifier in the
500 emulsions.

501 It is known that the freeze-thawing is a highly tdedizing treatment for emulsions,
502 (Ghosh et al., 2006, Palazolo et al., 2011, 20bé&ebaud et al., 2002). After freeze-thawing,
503 all emulsions were destabilized by coalescenceflaedulation, though to a different extent
504 (Table 2). It worth noting that the emulsions wetered at subzero temperature during a
505 relatively short time period and a low-melting-poai phase was used. Hence, the mentioned
506 differences could be mainly attributed to the psses that occur in the agueous phase at
507 interfacial level (Palazolo et al., 2011). Emulsioprepared with \W dispersion showed
508 slightly higher destabilization parameters (FI &1¢ %) respect to that of \one (p< 0.05).
509 This result was similar respect to that obtainedZhy et al (2017a) for emulsions prepared
510 with unheated and heated WPI after one cycle adziehawing. For W5, W;S and W$§
511 emulsions, an improvement of stability to coaleseeand flocculation upon freeze-thawing
512 was effectively observed, showing Cl and FI valleser than 17 and 20%, respectively.
513  Conversely, Wg emulsion exhibited the highest destabilizationrdegto coalescence and
514 flocculation; the Cl and FI values were higher thhaose of W emulsions, without SSPS
515 addition (Table 2).

516 According to the Zhu et al (2017 a,b), the fredmaat stability of emulsions prepared
517  with proteins as the sole emulsifier can be enhdigea Pickering mechanism, due to the
518 adsorption to protein aggregates onto the oil/wattrface. In this paper, the role of large
519 sedimentable particles could be critical to imprtve freeze-thaw stability of the emulsions.

520 The Pickering steric stabilization would be supeorby the low magnitude of surface charge
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of complexes (Fig 3a). The species present in &unentable fraction, which contribute
with the formation of interfacial film of high viselasticity (Fig. 5b,c), could also adsorb
during the emulsification, improving the freezewhatability of the W& W,S and WS

emulsions respect to those prepared withawd W alone. In contrast, for Wi@mulsions, the

limited adsorption of large particles could havenegative impact on their freeze-thaw
stability. Thus, the improvement of stability of WSV,S and WS emulsions to freeze-
thawing would be directly associated to a combamatf enhanced emulsification ability of

complexes and their structures at the oil/watarfate.

4. Conclusions

The present study has demonstrated that the imprenieof the freeze-thaw stability
of acid emulsions prepared with complexes assenfobea whey protein isolate and soluble
soybean polysaccharides would be ascribed to tkerpiion of large particles during the
emulsification, in agreement with the formationaof interfacial film of high viscoelasticity.
The steric Pickering stabilization would be supedrby the low net charge of complexes at
pH 3.0. The behavior was clearly evident for theaptexes obtained by assembly of unheated
proteins and by the addition of polysaccharidespteviously heated whey proteins.
Conversely, the nanoparticles obtained when bothpdiymers were heated together
evidenced a low stability to freeze-thawing due tonited adsorption of large particles at the
oil/water interface. The internal organization aftlp biopolymers within the complexes,
which was evidenced by measurements of surfaceopfidbicity and turbidity in the
presence of protein-perturbing agents, would plagyarole to explain the differences in the
adsorption behavior of both complexes obtained frloeated dispersions. Although the

complexation between protein and polysaccharidesvialid strategy to improve the stability
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of emulsions against environmental stresses, sade freeze-thawing, the impact of the
assembly procedure of the nanoparticles cannotdmeisbed. The results of this article might
have important implications in the preparation ighty acidic emulsion-based products (such
as sauces and beverages) resistant to environmsmegses, such as the freeze-thaw

treatments.

Acknowledgements

The authors wish to thank Fuji Oil Co. Ltd (Osakapan) for the provision of soluble

soybean polysaccharides.

Funding

The authors greatly appreciate the financial suppbrUniversidad Nacional de
Quilmes (53/1037 1+D grant) and Agencia NacionalPdemocion Cientifica y Tecnologica

(FONCyT, PICT 2014-1267 and PICT 2015-0084).

References

Alting, A.C., Hamerm R.J., de Kruif, C.G., de JonghH.J., Simons, J.F.A. &Visschers,
R.W. (2003).Physical and chemical interactionshhipduced aggregation and gelation of
whey proteins. In: E. Dickinson, & T. Van Vliet (EdFood Colloids, Biopolymers and
Materials (pp 49-58). Cambridge, UK: The Royal Society oe@listry.

Baldursdottir, S.G.; Fullerton, M.S.; Nielsen, S.&.Jorgensen, L. (2010).Adsorption of

proteins at the oil/water interface.Observationpaftein adsorption by interfacial shear



571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

stress measuremer@slloids and Surfaces B: Biointerfaces, 79, 41-46.
https://doi.org/10.1016/j.colsurfb.2010.03.020.

Benichou, A., Aserin, A., Lutz, R., & Garti, N. (@0). Formation and characterization of
amphiphilic conjugates of whey protein isolate (W¥Hantan to improve surface activity.
Food Hydrocolloids. 21, 379-391. https://doi.org/10.1016/j.foodhyd@®4.013.

Bernal, V. & Jelen, P. (1985).Thermal stabilityvafiey proteins.A calorimetric studipurnal
of Dairy Science, 68, 2847-2852. https://doi.org/10.3168/jds.S0022-(86B1177-2

Bryant, C.M., & McClements, D.J. (1999). Ultrasosijgectrometry study of the influence of
temperature on whey protein aggregattmod Hydrocolloids, 13, 439-444.
https://doi.org/10.1016/S0268-005X(99)00018-1.

Degner, B.M., Chung, C., Schlegel, V., Hutkins, R.McClements, D.J. (2014). Factors
influencing thefreeze-thaw stability of emulsiorsbd foodsComprehensive Reviews in
Food Science and Food Safety, 13, 98-113. https://doi.org/10.1111/1541-4337.12050.

Dickinson, E. (2016). Interfacial structure andbgtyy of food emulsions as affected by
protein-polysaccharide interactiofgft Matter, 4, 932-942. doi: 10.1039/B718319D.

Fioramonti, S.A., Arzeni, C., Pisolof, A.M.R., Robw, A.C. & Santiago, L.G. (2015).
Influence of freezing temperature and maltodext@mcentration on stability of linseed
oil-in-water multilayer emulsions.Journal of Food Engineering, 156, 31-38.
https://doi.org/10.1016/}.jffoodeng.2015.01.013.

Ghosh, S., Cramp, G.L., & Coupland, J.N. (2006)eé&if of aqueous composition on the
freeze-thaw stability of emulsio®®lloids and Surfaces A: Physicochemical and
Engineering Aspects, 272, 86-88. https://doi.org/10.1016/j.colsurfa.2005003.

Ghosh S., & Coupland, J.N. (2008). Factors affgcthre freeze-thaw stability of emulsions.

Food Hydrocolloids, 22, 105-111. https://doi.org/10.1016/].foodhyd.20@7Z00 3.



595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

Gu, Y.S., Decker, E.A., & McClements, D.J. (200Application of multi-component
biopolymer layers to improve the freeze-thaw sigbibf oil-in-water emulsions:3-
lactoglobulin, 1-carragenan-gelatinJournal of Food Engineering, 80, 1246-1254.
https://doi.org/10.1016/}.jfoodeng.2006.09.015.

Haynes, C.A., & Norde, W. (1994). Globular proteatssolid/liquid interfacesColloids and
Surfaces B. Biointerfaces, 2, 517-566. https://doi.org/10.1016/0927-7765(94J80.

Hua, L., Zhou, R., Thirumalai, D., & Berne, B.J.O(). Urea denaturation by stronger
dispersion interactions with proteins than wateplies a 2-stage unfoldindproceedings
of the National Academy of Sciences of the USA105  16928-16933.
https://doi.org/10.1073/pnas.0808427105.

Ibanoglu, E. (2005). Effect of hydrocolloids on iimal denaturation of proteingzood
Chemistry, 90, 621-626. https://doi.org/10.1016/j.foodchem.20a4022.

Jafari, S.M., Assadpoor, E., He, Y., & Bhandari(#08). Re-coalescence of droplets during
high-energy emulsification.  Food Hydrocolloids, 22, 1191-1202.
https://doi.org/10.1016/j.foodhyd.2007.09.006

Jiang, S., Altafhussain, M., Cheng, J., JiangGéng, H., Sun, Y., Sun, C., &Hou, J. (2018).
Effect of heat treatment on physicochemical and Ieifiying properties of polymerized
whey protein concentrate and polymerized whey prasolate. LWT-Food Science and
Technology, 98, 134-140. https://doi.org/10.1016/j.lwt.2018.0802

Jones, O.G. &McClements, D.J. (2010). Biopolymemaparticles from heat-treated
electrostatic protein-polysaccharide complexesdfactffecting particle characteristics.
Journal of Food  Science, @ 72(2), N36-N43.https://doi.org/10.1111/j.1750-
3841.2009.01512.x.

Jones, O.G. &McClements, D.J. (2011). Recent psxglia biopolymer nanoparticle and

microparticle formation by heat-treating electrtistaprotein-polysaccharide complexes.



620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

Advances in Colloid and Interface Science, 167, 49-
62.https://doi.org/10.1016/j.cis.2010.10.006.

Kamerzell, T.J., Esfandiary, R., Joshi, S.B., Muggla, C.R., &Volkin, D.B. (2011). Protein—
excipient interactions: Mechanisms and biophysidaracterization applied to protein
formulation  development. Advanced Drug Delivery Reviews, 63, 1118-
1159.https://doi.org/10.1016/j.addr.2011.07.006.

Laplante, S., Turgeon, S.L., & Paquin, P. (2005}te& of pH, ionic strength, and
composition on emulsion stabilizing properties bit@san in a model system containing
whey protein isolate. Food Hydrocolloids, 19, 721-729.
https://doi.org/10.1016/j.foodhyd.2004.08.001.

Liu, J., Verespej, E., Alexander, M., & Corredig, K2007. Comparison on the effect of
high-methoxyl pectin or soybean-soluble polysaddearon the stability of sodium
caseinate-stabilized oil/water Emulsiodsurnal of Agricultural and Food Chemistry. 55,
6270-6278. https://pubs.acs.org/doi/abs/10.1024320 1h

Madureira, A. R., Pereira, C. I., Gomes, A. M., tRdo, M. E., & Malcata, F. X. (2007).
Bovine whey proteins—Overview of their main bioloali properties.Food Research
International, 40, 1197-1211. https://doi.org/10.1016/j.foodres.200:005.

Marefati, A., Rayner, M., Timgrem, A., Dejmek, P.&060, M. (2013). Freezing and freeze-
drying of Pickering emulsions stabilized by stagianules.Colloids and Surfaces A:
Physicochemical and Engineering Aspects, 436, 512-520.
http://dx.doi.org/10.1016/j.colsurfa.2013.07.015.

Markwell, M.A., Hass, S.M., Bieber, L.L, & Tolberty\.E (1978).A modification of the
Lowry method to simplify the protein determinationmembrane and lipoprotein samples.

Analytical Biochemistry, 87, 206-210. https://doi.org/10.1016/0003-269)90886-9



644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

Mitidieri, F.E., & Wagner, J.R. (2002).Coalescemndée/w emulsions stabilized by whey and
isolate soybean proteins. Influence of thermal temation, salt addition and competitive
interfacial adsorption.  Food Research International, 35, 547-557.
https://doi.org/10.1016/S0963-9969(01)00155-7

Monagan, F., Sherman, J. B, & Kinsella, J.E. (19f@ct of pH and temperature on protein
unfolding and thiol/disulfide interchange reactiahsring heat-induced gelation of whey
proteinsJournal of  Agricultural and Food  Chemistry, 43, 46-52.
https://pubs.acs.org/doi/10.1021/jf00049a010

Nakamura, A., Yoshida, R. Maeda, H., & Corredig, (#006). Soy soluble polysaccharide
stabilization at oil-water interfaces. Food Hydrocolloids, 20, 277-283.
https://doi.org/10.1016/j.foodhyd.2005.02.018.

Nakamura, A., Yoshida, R., Maeda, H., Furuta, HC@&redig (2004).Study of the role of the
carbohydrate and protein moieties of soy solubll/saccharides in their emulsifying
propertieslournal  of Agricultural and Food Chemistry, 52, 5506-5512.
https://pubs.acs.org/doi/abs/10.1021/jf049728f

Palazolo, G.G., Sobral, P.A., & Wagner, J.R. (2(ArEeze-thaw stability of oil-in-water
emulsions prepared with native and thermally-deeatu soybean isolatesFood
Hydrocolloids, 25, 398-409. https://doi.org/10.1016/j.foodhyd.2000D8.

Palazolo, G.G., Sobral, P.A, & Wagner, J.R. (2Qf&f)act of sample aging on freeze-thaw
stability of oil-in-water emulsions prepared withysprotein isolatednter national Journal
of Food Properties, 19, 2322-2337. https://doi.org/10.1080/10942912.20186724.

Ray, M. & Rousseau D. (2013). Stabilization of ioHwater emulsions using mixtures of
denatured soy whey proteins and soluble soybeays@otharides.Food Reseach

International, 52, 298-307. https://doi.org/10.1016/j.foodres.2033008.



668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

Thiebaud, M., Dumay, E.M., & Cheftel, J.C. (200R)essure-shift freezing of o/w emulsions:
influence of fructose and sodium alginate on unol@ing, nucleation, freezing kinetics
and ice crystal size distribution. Food Hydrocolloids, 16, 527-
545.https://doi.org/10.1016/S0268-005X(01)00133-3.

Wang, S., Shi, Y., Tu, Z., Zhang, L., Wang, H.,idl., & Zhang, N. (2017). Influence of
soy lecithin concentration on the physical progsrtof whey protein isolate-stabilized
emulsion and microcapsule formatiodournal of Food Engineering, 207, 73-80.
https://doi.org/10.1016/}.jfoodeng.2017.03.020.

Xu, D., Zhang, J., Cao, Y., Wang, J., & Xiao, C018). Influence of microcrystalline
cellulose on the microrheological property and Zee¢thaw stability of soybean protein
hydrolysate stabilized curcumin emulsidat\WT-Food Science and Technology, 66, 590-
597. http://dx.doi.org/10.1016/j.lwt.2015.11.002.

Xu, Y-T., & Liu, L-I (2016). Structural and functi@al properties of soy protein isolates
modified by soluble soybean polysacchariddsurnal of Agricultural and Food
Chemistry. 64, 7275-7284. https://pubs.acs.org/doi/abs/10.1@8Jj&ic.6b02737.

Zhu, X-F., Zhang, N., Lin, W-F., & Tang, C-H. (2(4)7 Freeze-thaw stability of Pickering
emulsions stabilized by soy and whey protein pladi¢-ood Hydrocolloids, 69, 173-184.
https://doi.org/10.1016/j.foodhyd.2017.02.001.

Zhu, X-F., Zheng, J., Liu, F., Qiu, C-H., Lin, W;R Tang, C-H. (2017b). The influence of
ionic strength on the characteristics of heat-iedlusoy protein aggregate nanoparticles
and the freeze—thaw stability of the resultant &iclg emulsionsFood & Function, 8,
2974-2981. http://dx.doi.org/10.1039/C7FO00616K.

Zhu, X-F., Zheng, J., Liu, F., Qiu, C-H., Lin, W;R& Tang, C-H. (2018). Freeze-thaw

stability of Pickering emulsions stabilized by gaptein nanoparticles. Influence of ionic



692 strength before or after emulsification.Food Hydrocolloids, 74, 37-45.
693 https://doi.org/10.1016/j.foodhyd.2017.07.017.

694



Figure captions

Figure 1: Schematic representation of obtaining of aquelgersions prepared from whey protein
isolate (WPI, 2.0% w/w), soluble soybean polysaddes (SSPS, 0.5% w/w) and their mixtures.
The assembly of complexes was performed by pH tdprg to 3.0 without or with heating.The
sample nomenclature was defined according to theraf SSPS addition respect to pH adjustment

and heating. The visual appearance of dispersgalso showed.

Figure 2: a) Turbidity profiles during acid titration (1M HCI solution) of whey protein isolate
(WPI), soluble soybean polysaccharides (SSPS) aRdSBPS mixture; b) Visual appearances of
WPI, SSPS and WPI/SSPS dispersions after acididitrat pH 3.0. Biopolymer dispersions (2.0%
and 0.5% w/w for WPI and SSPS, respectively) weewipusly diluted 1:3 v/v with distilled water

before HCI addition.

Figure 3: a) {-potential, b) non-sedimentable protein contentw®) and c) hydrodynamic, z-
average diameters ¢of unheated and heated (90 °C, 15 min) WPI (2.0eA)/PI/SSPS (2.0/0.5

% wiw) dispersions (pH 3.0). The non-sedimentalaleoparticles were obtained by centrifugation
(Section 2.4, Eqg. 1). The sample nomenclature vedimet! in Fig. 1. Values are means of three
replicates 1t=3) and error bars indicate standard deviation. §~potential and non-sedimentable
protein content, the mean values with different dovase letters at the top of bars indicate
significant difference (p < 0.05). Forzvalues, the mean values=@) with different lowercase
letters at the top of bars, indicate significarffedlences between different samples (p< 0.05). The
mean values with different uppercase letters indisggnificant differences betweery Dalues in

the total and non-sedimentable fraction (p < 0.05).

Figure 4. a) Aromatic surface hydrophobicity values)ldnd b) Effect of various perturbing agents
on the turbidity of aqueous dispersions (pH 3.®ppred with WPI (2.0% w/w) or WPI/SSPS
(2.0/0.5% w/w). For turbidity assays, the dispamnsiavere diluted (1:3 v/v) with distilled water,

urea 6.0 M solution or urea 6.0 M/dithiothreitolTTD) 30 mM solution. The sample nomenclature



was defined in Fig. 1. Values are means of thrpécates (=3) and error bars indicate standard
deviation. For K, the mean values with different lowercase letirghe top of bars indicate

significant differences (p < 0.05). For turbiditize mean values with different lowercase lettérs a
the top of bars, indicate significant differencedween different samples (p < 0.05). The mean
values with different uppercase letters indicaignisicant differences between turbidity values

measured with different perturbing agents (p <.05

Figure 5: Evolvement of interfacial complex viscosity*] at the oil/water interface against time
for the total (a, b) and non-sedimentable frac{ionof unheated and heated WPI (2.0% w/w) or
WPI/SSPS dispersions (pH 3.0). The non-sedimentaid@oparticles were obtained by

centrifugation (Section 2.4, Eg. 1). The sample eodature was defined in Fig. 1.

Figure 6: De Brouckere volume-weighted mean diameteys{[and 98" volume percentile ()

of initial and freeze-thawed emulsions (42 °C) prepared with different aqueous dispers{piis
3.0) of WPI (2.0% w/w) and WPI/SSPS mixtures (28% w/w). Both parameters were obtained
from particle size distributions measured in thespnce 1.0% w/v SDS solution at pH 3.0. The
sample nomenclature was defined in Fig.1. Valuesnaeans of three replicates=8) and error
bars indicate standard deviation. The mean valuésdifferent lowercase letters at the top of bars
indicate significant differences (p < 0.05) betwedifferent emulsions. The mean values with
different uppercase letters indicate significaritedences between 3 and Qo o values before and

after freeze-thawing.



Table 1. Interfacial pressure (15) values at the oil/water interface for dispersions
prepared with mixtures of whey protein isolates (WPI) and soluble soybean

polysaccharides (SSPS). The sample nomenclature was defined in Fig 1.

Aqueous dispersions Ti (MN/m)

W, 11.58 + 0.06 °
WS, 12.39+ 0.06 °
WS 12.27 +0.07°
Wy 10.88 + 0.10 ¢
WSy 11.76 + 0.09 "
WqS 11.84+0.08°

Mean values (n=3) with different lowercase letters indicate significant differences between different

agueous dispersions, as determined by Fisher’ stest (p<0.05)



Table 2: Destabilization parameters (flocculation and coalescence indices, FI and Cl, respectively) of initia and freeze-thawed o/w emulsions prepared

with different aqueous dispersions of WPI (2.0% w/w) and WPI/SSPS mixtures (2.0/0.5% w/w). Sample nomenclature was defined in Fig.1.

FI (%) Cl (%)
Emulsions
Initial After freeze-thawing After freeze-thawing

W, 0.8+0.1° 36.2+4.0° 34.9+39°
WS, 25+0.1° 19.3 + 2.0° 135+ 1.9°
W,S 0.5+ 0.1° 7.1+0.9° 16.2 + 2.0°
Wy 22+0.2° 51.0+ 3.7° 51.4 + 6.0°
WSy 0.7+0.1° 154.2 + 5.0° 107.6 + 3.5°
W,S 0.7+0.1° 15.2 + 0.8° 16.8 + 0.3°

Mean values (n=3) with different lowercase letters within the same column indicate significant differences between different aqueous dispersions, as determined by Fisher’

(p<0.05).

S test



WPI powder + SSPS powder

G@ WPI powder G SSPS powder g
A== a = a o=

WPI/SSPS dispersion WPI dispersion SSPS dispersion
(water, isoionic pH) (water, isoionic pH; (water, isoionic pH)

+ SSPS powde

ﬂ magnetic stirring, 2 h

1: adjustment to pH 3.0
2: heating 90 °C /cooling
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HIGHLIGHTS

WPI/SSPS nanoparticles were assembled at pH 3.0 using different strategies.
The structural and interfacial properties of complexes depended on their assembly procedure.
Freeze-thawing was evaluated on emulsions prepared with WPI/SSPS compl exes.

The freeze-thaw stability of emulsions was affected by the assembly procedure of complexes.



