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Abstract

In this work, OVA heat-induced aggregatesre obtained by controlled heat treatment varying
temperature (60, 70 and 80°C), heating time (3)dd.@ min), aqueous medium pH (5.5, 6.0 and 6.5) and
protein concentration (5, 10 and 14.2 g/L). Pastisize distribution and surface characteristicévedr
from fluorescence spectroscopy (both intrinsic axrinsic) were determined. Evaluation of these
physicochemical properties allowed knowing experitak conditions under which nanometric OVA
aggregates (OVA, with suitable surface hydrophobicity, could beguced. OVA ability to bind
polyunsaturated fatty acid (PUFA) was carried outtbrbidity measurement. In these experiments,
linoleic acid (LA) was used as a PUFA model. In eyahy OVA aggregate sizes increased with
temperature, time and protein concentration, funtieee at higher pH value, OVA aggregate sizes were
lower. OVA aggregates surface hydrophobicity insezawith rising heating temperature and the pH
value indicating, on one hand, larger protein wlifed and on the other hand lower aggregation via
hydrophobic interaction at higher pH value, resipebtt. However, surface hydrophobicity decreasetth wi
concentration suggesting greater aggregation. QdbAained at 70°C, 10 g/L, pH 6-6.5 and 70°C, 5 g/L
pH 6 were assayed by LA binding ability. This pndpevas 1.4-2.0 folds greater than for native OVA.
Information derived from this work could be of ptieal interest for the development of innovative
PUFAs carrier systems.

Keywords: Ovalbumin, Heat-induced aggregation, Nanoparticleésoleic acid, Polyunsaturated fatty

acids, Fluorescence.

1. Introduction
Proteins are natural biopolymers with a lot of pbgshemical and functional properties.
Ovalbumin (OVA), which is the main protein of egdite proteins (EWP), has been extensively studied,
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because of its good functionality, particularly doeOVA is the main responsible for EWP foamingd an
gelling properties (Nyemb, Guérin-Dubiard, Dupadaydin, Rutherfurd & Nau, 2014; Weijers, Sagis,
Veerman, Sperber & van der Linden, 2002). OVA @gdabular protein of 43 kDa molecular weight and it
is composed by 385 aminoacids, of which a half ydrbphobic and mainly buried into the protein
structure. Otherwise, charged aminoacids (a thamd @f total aminoacids) are mainly located on girot
surface in contact with aqueous medium (CroguenRenault, Beaufils, Dubois & Pezennec, 2007;
Giosafatto, Rigby, Wellner, Ridout, Husband, & M&gk2012). OVA has one disulphide bond and four
free sulfhydryl groups. Protein globular structasn be modified through different treatments sugh a
heating, high pressure, enzymatic reaction, shaldtgy (Galazka, Smith, Ledward, & Dickinson, 1999;
Weijers M., Barneveld P. A., Cohen Stuart M. A. 8ssthers R. W., 2003; Wolfe, 1966). The effect of
heat treatment on the OVA molecular structure hasnbextensively studied (Galazka et al., 1999;
Hayakawa & Nakai, 1985; Matsudomi, Takahashi, & afa; 2001; Nakamura, Sugiyam & Sato, 1978;
Nyemb et al., 2014; Weijers et al., 2003). Heatimgmotes protein unfolding, phenomenon known as
denaturation, in which hydrophobic aminoacids axposed conferring an increase in protein surface
hydrophobicity (Croguennec et al., 2007; Weijersakt 2003). Environment conditions under which
denaturation take place can lead to OVA aggregalfibis phenomenon is normally driven by molecular
interactions between exposed hydrophobic patcheégmulphide bonds formation (Sanchez-Gimeno &
Lépez-Buesa, 2006). Moreover, under determinatevc istrength and pH conditions, heated OVA
dispersions can produce protein aggregates witérdiit sizes and morphologies (Nyemb et al., 2014).

Otherwise, one of the functional properties thatehi@cently received great interest is the abilfty
some globular proteins to bind bioactive lipophiicompounds. In general, these compounds are very
sensitive to environment factors that promote Higilg deterioration, such as light, oxygen, metals
enzymes, etc. Polyunsaturated fatty acids (PUFAs)eaamples of very sensitive bioactive molecules,
especially to oxidation (Zimet, & Livney, 2009). PAs are essential in human nutrition but they have
very low water solubility which limits their incogpation in aqueous products. The development of
protein nanostructures with suitable surface hydodyicity able to bind PUFAs might be important for
several reasons: i) to increase their stabilityn@li & Livney, 2009); ii) to increase their solutyiland so
allow their incorporation in aqueous systems (ibgds & El, 2014; Zimet, & Livney, 2009); iii) to e
potential antitumor activity (Fontana, SpolaoreP&lverino de Laureto, 2013).

Binding ability of proteins is linked with the pegsce of hydrophobic regions on the protein surface
(Perez, Andermatten, Rubiolo, & Santiago, 2014)nstering that heat treatment promotes a great
exposition of hydrophobic residues on globular @irosurfaces, this treatment could be taken intoaat
for increase binding ability of proteins (FioramigrRerez, Aringoli, Rubiolo & Santiago, 2014). In a

recent paper, it was demonstrated thiactoglobulin aggregates could increase their P8JBAding
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ability depending on the environment conditions emdhich aggregates were produced (Perez et al.,
2014). Therefore, the systematic study of heatimdyenvironment variables is very important in ortber
control OVA aggregates physicochemical propertieguired to the enhancement of PUFAs binding
ability.

In this framework, the aim of the present paper teasletermine the influence of environment
conditions such as pH, protein concentration anerntll treatment (temperature and time) on
physicochemical properties of OVA aggregates (plartsize and surface characteristics derived from
fluorescence measurements). One set of OVA aggedealled OVA) was selected according to their
nanometric particle size and surface hydrophobtaditgarry out binding assays using linoleic acié\las
PUFA model. The original feature of this work wasdbtain knowledge about formation of OyAt
heating temperature below OVA denaturation (80.1 Matsudomi et al., 2001) and to evaluate the
impact of OVA, physicochemical characteristics on the PUFA bigdability. This last aspect has not
been evaluated yet. Information derived from thislg could provide some useful data for the design
innovative OVA, with increased PUFAS binding ability.

2. Materials and methods
2.1. Materials

Ovalbumin (product A5503, purity 98% according tmeose gel electrophoresis) and linoleic acid
(LA) sample were obtained from Sigma (USA). l-axdliB-naphthalene sulfonic acid (ANS) was
purchased from Fluka Chemie AG (Switzerland). Thbep reagents were purchased in Cicarelli
(Argentina).

2.2. Heat treatment

OVA dispersions were prepared in 50 mM NaCl andewapt overnight. Then, pH was adjusted at
the corresponding values (5.5, 6.0 and 6.5) usia@t or HCI solutions. OVA dispersions were filtered
with 0.22 um cellulose ester membrane (Milliporepider to eliminate possible protein aggregat& O
extinction coefficient of 0.712 L'cm™* was used in order to determinate protein concéotrérom the
absorbance of the dispersion at 280 nm (Crogueenat, 2007). Protein concentrations evaluatecewer
5, 10 and 14.2 g/L. For heat treatment, 2 ml of Qdigpersion were heated in a water bath at 60nd0 a
80°C into stoppered glass tubes. Tubes were rematvdidferent times (3, 5, 10 min) and immediately
cooled in an ice bath. They were kept at 4°C dutther analysis.

2.3. Particle size distribution
Particle size distribution (PSD) was obtained usingNano Zetasizer (Nano ZS90, Malvern

Instruments Ltd., UK), which allow determining tharticle size by means of dynamic light scattering
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(DLS). The instrument has a He-Ne laser as lightc® which operates at 632.8 nm wavelength. DLS
measurements were performed at a set angle of J0f€ refractive indexes used for solvent and OVA
aggregates were 1.33 and for 1.50, respectivelpgi@mnec et al.,, 2007). The mean hydrodynamic
diameter (nm) was obtained from the peak of thenisity particle size distribution (PSD) (Carvalho,

Carvalho, Alves & Tabak, 2013). However, volumensfarmation PSD (PSDv) was obtained in order to
report the mass composition of the evaluated syst@tiidome, 2014). PSDv is derived from scattered
light intensity distribution applying Mie theory (2en3ek, Podgornik, & Kuzman, 2010). The percentage
values given after each mean diameter corresponthd¢oarea under the curve of PSDv of the

corresponding mean diameter. Measurements wererpexfl at 25°C.

2.4. Fluor escence spectr oscopy

Fluorescence spectroscopic measurements were mpedansing a fluorescence spectrophotometer
(Hitachi 2000, Japan). Intrinsic fluorescence dateation (due to Trp emission) was done at 280 nm
excitation wavelength and the emission spectra wemerded at 310-360 nm. Fluorescence intensity dat
were informed as Trp Relative Fluorescence Intgr&FI-Trp), which was defined as the ratio between
the maximum fluorescence intensity (FI-Trp) for thgaated OVA to FI-Trp for native OVA. Wavelength
shift (AA-Trp) was also informed, and it was calculatedhasdifference between maximum fluorescence
wavelength for treated OVA and native OVA.

On the other hand, extrinsic fluorescence was deted using ANS as a fluorescence probe. Ten
microliters of 8 mM ANS solution were added to 2 ofl0.05 g/L protein dispersion (Sponton, Perez;
Carrara & Santiago, 2014). Then, the extrinsic iisgence spectra were obtained at 390 nm excitation
wavelength between 450-550 nm emission waveler{@hsyuennec et al., 2007). Fluorescence intensity
data were informed as ANS Relative Fluorescencenbity (RFI-ANS), which was defined as the ratio
between the maximum fluorescence intensity (FI-Af®heat-treated OVA to FI-ANS for native OVA.
RFI-ANS value was considered as a measure of pratgiface hydrophobicity. Wavelength shifii¢
ANS) was also obtained and it was calculated addifierence between maximum ANS fluorescence
wavelength for treated OVA and native OVA.

Both intrinsic and extrinsic fluorescence experitasemwere performed in triplicate at room

temperature (25°C).

2.5. Turbidity measurement

Turbidity measurements were performed using a Jgnk@05 spectrophotometer (UK).
Absorbance at 400 nm was taken as an index ofdityb{Fontana et al., 2013). Firstly, protein
dispersions were diluted at 0.5 g/L in 50 mM pHofassium phosphate buffer. Then, 8 ul of 100 mM LA

in ethanolic solution were added to 2 ml of proteglution. A blank solution (protein without LA) rfo
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each sample was prepared and its turbidity valuge sudtracted from the corresponding sample. From
turbidity measurements, a percentage of LA bindibdity was calculated for some systems as follow:
Binding ability (%) = (Ta-Tiasova)/Tia X 100, where T, and Ta:ova correspond to the turbidity values
of LA solution and LA+OVA (native/aggregated), resgively.

2.6. Statistical analysis
All assays were measured at least in duplicaterages and standard deviations were calculated
from these measurements. Differences between means determined with LSD test at p<0.05

significance level (StatGraphics Centurion XV).

3. Results and discussion

In order to evaluate OVA aggregates formation,ftiewing experimental conditions: temperature
(60, 70 and 80 °C), heating time (3, 5 and 10 ng@h),(5.5, 6.0 and 6.5) and protein concentratiqriL(b
and 14.2 g/L) were systematically studied. The @sscconditions that promote OVA aggregates with

nanometric size (OVA and improved fluorescence properties were saldotel A binding assays.

3.1. Particlesizedistribution
Results of particle size distribution will be dissed in terms of the effect of heat treatment

(temperature and heating time) and environmenakfes (protein concentration and pH) as following.

3.1.1. Effect of heating temperature and time

Heating temperature is a critical variable in pirotgggregates formation. It is well known that OVA
denaturation temperature is around 80.1 °C (Matsiidbal., 2001). In this work, we explore the effef
heating temperature, below the denaturation on&p a/L OVA and pH 6.0, on OVA aggregates sizes.
Figure 1 shows the effect of temperature (60, ACTBa@nd heating time (3, 5 and 10 min) on OVA PSDwv.
The y axis shows the volume distribution while xh&xis shows the particle hydrodynamic diameter)(nm
which is defined as the equivalent sphere dianmtbtgr diffuses at the same mean rate that the [gartic
under examination (Niidome, 2014). From Figure tan be deduced that:

(i) Heat treatment at 60 °C, for all times producednaotdal PSDv (Fig. 1a). A main peak at 6 nm
corresponding to native OVA size (Croguennec et28l07) and a secondary peak, around 100
nm, it can be observed. In all cases, the lastrepesented < 2% of the total volume, indicating
that these conditions practically did not produckdnges in native OVA size.

(i) Heat treatment at 70 °C for both, 3 and 10 min pced monomodal PSDv with peaks at 225 and
1900 nm, respectively (Fig. 1b). Nevertheless,ihgat 70 °C, 5 min produced a bimodal PSDv
with a main peak at 550 nm (81 %) and a secondzai¢ pt 120 nm (20 %). In the food sector, the
definition of nanometric materials is not clearrtleées with both, size strictly < 100 nm and with
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few hundred nm could be named “nanoparticles” (&uiz, Albillos, Casas-Sanz, Cruz, Garcia-
Estrada, Garcia-Guerra, et al., 2013). In our wpakticles with few hundred nm were considered
as “nanoparticles”. According to this definition,V& nanoparticles (OVA) could be those
obtained at 70 °C for 3 min (225 nm) and 5 min (h&9.

(i) At 80 °C and 3 min (Fig. 1c), two peaks were olgdjna main peak at 3280 nm (90 %) and a
secondary one at 575 nm (10 %). These aggregateifafsto the ones obtained at 70°C for 10
min) have a micrometric size. Treatments at 809C5fand 10 min produced bigger aggregates
which precipitated impeding the particle size deiaation.

As it can be noted, size of OVA aggregates incrtagieh the rise in heating time and temperature,
which also increases strongly the aggregation kHgeace, at a given heating time, aggregates wegerla
at higher temperature (Mehalebi, Nicolai, & Durag@p8). Moreover, a higher temperature would allow
a larger protein unfolding, and consequently, greakposition of hydrophobic residues, which migat
involved in protein aggregation via hydrophobicenatctions (Kato, Nagase, Matsudomi & Kobayashi,
1983).

3.1.2. Effect of aqueous medium pH and heating time
The aqueous medium pH during heating is considaseal key factor in particle size and morphology
of protein aggregates, because modulate the malgnitfi intermolecular interactions between protein
macromolecules (Nyemb et al., 2014). In this seaggregate sizes could be controlled modifying pH.
Particle sizes of OVA aggregates obtained at 768°G @nd 10 min), 10 g/L, and pH 5.5, 6.0 and 6.5
were determined. Figures 2 shows the effect ofilgaime and pH, 5.5 (Fig. 2a) and 6.5 (Fig. 2b), o
OVA aggregates PSDuv. It can be noted that:
() At pH 5.5, 70 °C and 3 min, OVA aggregates showdiihadal PSDv distribution, and a main
peak at 2107 nm (98 %) and a secondary peak an@/@ %) were registered (Fig. 2a), while at
5 min a bimodal PSDv distribution with a main pedkk711 nm (99 %) and a minor peak at 587
nm (1 %) was registered. Finally, at 10 min, a mmadal PSDv distribution with a peak at 4077
nm molecular size was obtained.
(i) Results of the effect of heat treatment at 70 ¥€,6pon particle size of OVA aggregates were
discussed in the previous section (3.1.1) (Fig. 1b)
(i) At pH 6.5, 70 °C and 3 min a bimodal PSDv with geak 10 nm (53 %) and at 76 nm (47 %)
(Fig. 2b) was obtained, whereas at 5 min, a bim&&iv with a main peak at 96 nm (97 %) and
a secondary peak at 4491 nm (3 %) was observedllFiat 10 min heating a bimodal PSDv with
a main peak at 192 nm (98 %) and a secondary fgetica nm (2 %) was registered.
In general, the results from all pH tested sugtiestthe increase in heating time caused an inereas
in OVA aggregates sizes. Differences in partickesicould be attributed to the effect of pH on girot
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surface charge, which could promote the approawiefl electrostatic repulsion) and/or distancinglfler
electrostatic repulsion) between OVA molecules (Dennec et al.,, 2007). Thus, at pH 5.5 OVA
macromolecules are in the proximity of isoelecpdit (pl ~ 4.5), with a low net charge and, consetjyen

a reduced electrostatic repulsion between proteinromolecules. This condition could induce protein
molecules to approach and consequently, promote @ggregates with micrometric molecular sizes
(2107-4077 nm). On the other hand, pH 6.5 is qdigtant from protein pl, so electrostatic repulsion
between OVA macromolecules should be higher. Thisdition would induce OVA aggregates with
nanometric molecular sizes (OWA(Nyemb et al., 2014). Finally, an intermediaténdégour could be
deduced at pH 6.0.

3.1.3. Effect of protein concentration and heating time

Another important process variable in protein aggte formation is protein concentration.
(Nakamura et al., 1978). According to this, OVA eggate formation at 70 °C, pH 6.0 and 5 g/L (F©), 2
10 g/L (Fig. 1b) and 14.2 g/L (Fig. 2d) was exardink can be observed that:

() At5g/L, 70 °C and 3 min a monomodal PSDv with @am diameter of 122 nm was obtained
(Fig. 2c) nevertheless, for 5 min heating a bimdBDv with a main peak at 207 nm (97 %) and
a secondary peak at 4946 nm (3 %) was registeiadll\s for 10 min a bimodal PSDv with a
major peak at 665 nm (97 %) and minor peak at 48093 %) was observed. In general, results
obtained suggest that heat treatment at 70 °C tapld & produced OVA aggregates mainly with
particle sizes in nanometric and/or submicron s(E@-665 nm).

(i) Results of the effect of heating time on the OVAy@gates PSDv obtained at 10 g/L and pH 6
was previously discussed in section 3.1.1 (Fig. 1b)

(i) At14.2 g/L, 70 °C and 3 min a bimodal PSDv wittnain peak at 317 nm (96 %) and a secondary
peak at 65 nm (4 %) was registered while at 5 reatting time a bimodal PSDv with peaks at 377
nm (78 %) and at 2103 nm (22 %) was observed. ligjiratl 10 min a bimodal PSDv with a main
peak at 2666 nm (98% volume) and a minor peak atri26 (3 %) was obtained. It can be noted

that in this condition, OVA aggregates sizes wareanometric and/or submicron scale.

The size of aggregate formed during heating ine®agth protein concentration until a critical
value where a gel is formed (Mehalebi et al., 2008)s critical value depends of temperature, pd an
ionic strength (Weijers, Visschers & Nicolai, 200K) the present work, gel formation was not rexgyisd.

In general, it was observed that an increase iriftgedime and protein concentration caused larger
aggregates. This result could be explained takirig account that protein aggregate size would be
influenced by the initial number of protein molessiduring heat treatment. Thus, larger aggregatedw

be formed at higher concentration in the rangeuatat.
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3.2. Intrinsic fluor escence

Protein fluorescence behaviour due to the Trp vesicemission is considered an important tool in
the characterization of protein tertiary structwieanges upon heat treatment (Perez et al., 2014,
Shpigelman, Israeli, & Livney, 2010). OVA has thie® residues: Trp 148, Trp 267 and Trp 184 (Wang,
Yin, Li, Wang, Pu,Wang et al, 2013). Therefore, OWiinsic fluorescence emission properties cowdd b
considered as the average of the fluorescenceiloatitin of their three Trp residues. Upon heat
treatment, variations in protein emission fluoreseeintensity (FI-Trp) are usually accomplishedhwit
shifts in the wavelength that corresponds to theimam FI-Trp Qu). In Table 1, these shifts were
expressed as AA-Trp and their positive or negative signs repregeqt (increase ir\y) and blue
(decrease in\y) shift behaviours, respectively. Results of irgiinfluorescence spectroscopy will be
discussed in terms of heat treatment (temperatutletiene) and environment variables (pH and protein

concentration) as follow.

3.2.1. Effect of heating temperature and time

Figure 3a shows the effect of temperature (60,r®D&0 °C) and heating time (3, 5 and 10 min) on
OVA intrinsic fluorescence at pH 6.0 and 10 g/L. ®Wwitrinsic fluorescence behaviour was expressed as
relative fluorescence intensity (RFI-Trp) takingoiraccount a protein control without heat treatment
(native OVA). It was observed that:

() At60 °C, the increase in heating time did not paedchanges in RFI-Trp until 10 min. At 10 min,
RFI-Trp decreased slightly indicating that sometgiroirreversible structural changes could take
place (Cairoli, lametti, & Bonomi, 1994). Otherwjis®\-Trp values did not change with the
increase in heating time (p>0.05) indicating thalenular environment of Trp residues did not
alter upon heat treatment. These results wouldesiggw aggregation and minimal changes in
tertiary structure.

(i) At 70 °C, 3 and 5 min, RFI-Trp was not significgndifferent of RFI-Trp of native OVA
(p>0.05). However, heating for 10 min caused aefes® in RFI value (p<0.05).

(iii) At 80 °C, the RFI-Trp values strongly decrease atif3 heating and subsequently, there was an
increase in RFI-Trp values with heating time reagha maximum at 10 min (p<0.05).

Results suggest that OVA tertiary structure was ifiemt depending on temperature and heating
time. As it can be noted in Table 1, heating atidfl 80 °C caused slight red shift behaviour. Tieisd
would be consistent with slight Trp residues exfimsiin a more polar environment (Cairoli et ab94).

For one hand, the decrease in fluorescence for @¥#ed at 70°C, 10 min and at 80°C, 3 and 5 min
could be explained taking into account that heapiramoted protein aggregates with Trp occludedimsi

them, probably participating in hydrophobic intdrags (Cairoli et al., 1994). These Trp residuesiido
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not contribute to the fluorescence emission. Hedeerease in RFI could be explained in terms o$d¢ho
Trp residues that not participated in hydrophobteriactions which could be in a minor proportion iou

a more polar environment (slight red shift behagjidlian native OVA. On the other hand, at 80°C and
min, the decrease in fluorescence may be explainedidering initial stages of protein aggregatign b
mean of hydrophobic interactions (Sanchez-Gimenh6gez-Buesa, 2006) and Trp residues could be
occluded into the formed structures. The furtheraase in fluorescence (at 5 and 10 min) couldugetal

great protein unfolding and exposure of Trp buited native OVA.

3.2.2. Effect of aqueous medium pH and heating time

Figure 3b shows the effect of pH (5.5, 6.0 and @/&) heating time (3, 5 and 10 min) on OVA
intrinsic fluorescence behaviour at 70 °C and 10pybtein concentration. Protein control withoutahe
treatment was also included. It can be deduced that

() AtpH 5.5 and pH 6.0, the increase in heating tomesed a decrease in RFI-Trp-and-an-increase
in AA=Trp values (Table 1), especially at pH 6 (p<0.0B)ese results could be linked with
changes in OVA tertiary structure and, consequemilth aggregate formation via hydrophobic
interaction due to less electrostatic repulsioit a&s discussed in the previous section.

(i) At pH 6.5, RFI-Trp value was maximum for 3 min hiegt(p<0.05) then gradually decrease until
reach the control RFI-Trp value (p>0.05). Moreovierwas observed an increase AA-Trp
values with heating (Table 1). These results arsistent with the idea that the increase in RFI-
Trp and the slight red shift behaviour could be ttuminor Trp residues involved in hydrophobic
interaction as a consequence of higher intermcdecelectrostatic repulsion and so lower
aggregation. Consequently, OVA aggregates woulshiler (as it can be observed in Fig. 2b).

3.2.3. Effect of protein concentration and heating time

Figure 3c shows the effect of protein concentraflriO and 14.2 g/L) and heating time (3, 5 and
10 min) at 70 °C and pH 6.0, on OVA intrinsic flascence behaviour. Protein control, without heat
treatment, was also included. In the range of O\dAcentration studied it was observed that the as@e
of heating time caused a decrease in RFI-Trp vaduggesting modifications in protein tertiary strue
and aggregate formation via hydrophobic interastiofhis hypothesis was especially confirmed for
aggregates obtained at 10 g/L which presented asedAA with heating time increment (Table 1),
indicating that Trp (Trp residues probably not itvea in hydrophobic interactions) would be exposed
a more polar environment (Table 1). Conversel, @il there was not a wavelength shift, suggedtiag
Trp environment would be similar to that in nat®®A. On the other hand, at 14.2 g/L there wasghsli
blue shift wavelength which suggests Trp residuesraa more hydrophobic environment (Keerati-y-rai
Miriani, lametti, Bonomi, & Corredig, 2012).
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3.3. Extrinsic fluor escence

Protein extrinsic fluorescence is an important inaxamination of protein surface hydrophobicity
(Perez et al., 2014). It is well established thitSAbinds on protein exposed hydrophobic regionghwvhi
increase its fluorescence. Moreover, blue shifialiur is normally registered suggesting that AN
a more hydrophobic environment (Albani, 2004). Eablshows the effect of temperature (60, 70 and 80
°C), pH (5.5, 6.0 and 6.5), protein concentratignlQ and 14.2 g/L) and heating time (3, 5 and &) on
blue shift behaviourAA-ANS) experimented by ANS when it is bound on OVégeegates surface.

Results of extrinsic fluorescence spectroscopylvéltiscussed as follow.

3.3.1. Effect of heating temperature and time

Fig. 4a presents effect of temperature (60, 708h6C) and heating time (3, 5 and 10 min) on the
extrinsic fluorescence intensity expressed as RF¥SAat pH 6.0 and 10 g/L. A protein control without
heat treatment was also included. It can be obdehad:

(i) At 60 °C, RFI-ANS values increased slightly resgedhe control, and no significant differences
among heating times were registered (p>0.05). Heweahe increase in heating time caused a
decrease iMA-ANS values indicating that ANS binding sites beeagradually more apolar
(Table 2).

(i) At 70 °C, RFI-ANS increased (around 4 folds withpect to the control) and a strong decrease in
AA-ANS was detected with the increase in heating (ps®.05) (Table 2).

(iii) At 80 °C, RFI-ANS values strongly increased (arofl folds respect to control) anfh-
ANS values decreased with heating time (p<0.05) regcthia lowest values (Table 2).

It is important to remark that for all examined tireg times RFI-ANS increased with the increase in
temperature, suggesting an increase in OVA sutigdeophobicity (Croguennec et al., 2007). Moreover,
the decrease iAA-ANS with the increase in temperature was indicative &dS was bound in more

hydrophobic sites. Hence, higher temperature ane giromoted more hydrophobic sites became exposed.

3.3.2. Effect of aqueous medium pH and heating time
Fig. 4b shows the effect of pH (5.5, 6.0 and 6r&) heating time (3, 5 and 10 min) on the extrinsic
fluorescence intensity expressed as RFI-ANS atCrarfd 10 g/L. In this figure a protein control vath
heat treatment was also included. It was obsevatfor all examined heating times RFI-ANS increhse
with the increase in pH. Specifically, it can beatbthat:
() AtpH 5.5, the increase in heating time produaeiharease in RFI-ANS (2-3 folds respect to the
control) and a decreaseM\-ANS values (p<0.05). In this case, the blue dieftaviour observed

was the maximum in comparison with the others obthiat another pH values (Table 2).
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(i) At pH 6.0, RFI-ANS values increased with the insean heating time (around 4 folds with
respect to control) finding a maximum value for fnrheating. Moreover, it was observed a
decrease iA\-ANS values with heating time (p<0.05) (Table 2).

(iii) At pH 6.5, the increase in heating time causedarease in RFI-ANS values (5 folds respect to
the control) and a decrease AA-ANS values (p<0.05). This behaviour could be exgd
considering that at this pH condition, electrostaépulsion could be higher than a lower pH, so
aggregation via hydrophobic interaction could bsslpromoted. In this sense, the hydrophobic

sites would be more exposed and consequently nocoessible to ANS.

3.3.3. Effect of protein concentration and heating time

Fig. 4c shows the effect of protein concentratidnl0 and 14.2 g/L) and heating time (3, 5 and
10 min) at 70°C and pH 6.0 on the extrinsic fluoesge behaviour expressed as RFI-ANS. For all
examined heating times, RFI-ANS armih-ANS values decreased with the increase in protein
concentration (p<0.05). Moreover, at a given cotregion, RFI-ANS increased with heating time. The
increase in RFI-ANS indicates higher surface hybaodgicity according to the results obtained by Petez
al. (2014). Hence, at lower concentration, surfagdrophobicity was higher, probably due to minor
aggregation via hydrophobic interactions. This ltesiconsequent with the lower size of OVA aggtega
obtained at the minor concentrations. The incréageotein concentration promoted protein aggregati
phenomenon possibly, due to the increased proteicramolecules number and so the probability that

they get together (Nakamura et al., 1978).

3.4. PUFA binding ability

PUFA molecules are formed by hydrophilic heads amsep by carboxylic groups and hydrophobic
tails which correspond to aliphatic chains (Fennet$#96). Hydrophobic tails confers to PUFAs low
solubility in aqueous solutions (Fontana et al.130 When PUFA concentration in agueous medium
exceeds the critical micelle concentration (CM@yuad 60uM at pH 7.6, fatty acid molecules assembles
forming micelles and vesicles (Fontana et al., 20iget, & Livney, 2009). These supramolecular
assemblies are mainly formed by hydrophobic intesacbetween aliphatic chains. In the resulting
configuration, polar heads are located in the detsif supramolecular structure in contact with wate
molecules (Fennema, 1996). Formation of micellek\asicle confers appreciable turbidity to the PUFA
aqueous solution. On the other hand, some prokegine the ability to bind hydrophobic compound such
as PUFAs. Hence, turbid PUFAs aqueous solutionrbescclear when these protein solutions are added.
At this respect, it was demonstrated that micedles vesicles formed by oleic acid (OA) were disedpt
in presence ofi-lactalbumin ¢i-La) at neutral pH (Fontana et al., 2013). In thesé conditions, system

turbidity decreased suggesting the formation ofrigylo-La-OA nanocomplexes. In the same way,
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turbidity technique was applied in the presentgtndorder to evaluate the ability of OVA nanopelds
(OVA)) to bind LA. According to the results discussegbiavious sections, one set of OWas selected
in terms of nanometric particle size and surfaadrdyyhobicity. The chosen OV Avere those obtained at
the following conditions: (i) 70°C pH 6.0, 5 g/lnéd 10 g/L, 3 and 5 min heating time and (ii) 709€ p
6.5, 10 g/L, 3, 5 and 10 min.

Figure 5 shows turbidity values for LA solution, tAative OVA and LA+OVA set. In order to
facilitate the understanding of the results, maamuabter (nm), surface hydrophobicity (RFI-ANS) dwd
binding ability (%) of LA+native OVA and LA+OVAset systems are shown in Table 3 as a summary.
Figure 5 shows that LA addition to native OVA calise decrease in LA turbidity value (p<0.05)
indicating LA supramolecular assemblies disruptaoxd hybrid nanocomplexes formation, results in
accordance with Fontana et al. (2013). As it canliserved in Table 3, LA binding ability of nati@/A
was around 34 %.

Comparing the binding ability of the native OVA WiOVA nanoparticles, it can be observed that
LA addition to the OVA set produced lower turbidity values than with vatOVA (p<0.05) (Figure 5),
in addition LA binding ability calculated for OViAset was in the range of 49-69 %, i.e. 1.4-2.0sfold
greater than binding ability of native OVA (Tablg Bower LA binding ability of native OVA could be
explained in terms of the occluded hydrophobic geoless available for binding LA. In general, these
results were consistent with a greater surfacedpfabicity of OVA, as it was discussed previously.

On the other hand, considering OYAhe lowest binding ability and the highest tuityidvere
obtained for those produced at pH 6.0 and 10 gAblg 3, Figure 5). It is important to remark thatA,
obtained at pH 6.5, 10 g/L and pH 6.0, 5 g/L présgrhigh LA binding ability. We hypothesized that
these results could have a close relationship thighspecific surface area of the OyAhat is, a larger
size would generate minor specific surface arealfrbinding and conversely, lower sizes would
produce higher specific surface and higher LA bigdiHowever, binding ability not only would depend
on specific surface area and hydrophobicity but alsthe spatial conformation of hydrophobic swefas
was found by Perez et al., (2014), so more stusliesild be done about these features. Neverthdiess,
was demonstrated that manipulating heat treatmemteavironmental conditions, OVAwith different

sizes, surface hydrophobicity and binding abiligrevobtained.

4, Conclusions

In this paper we provide information about the iplertsize and fluorescence (both intrinsic and
extrinsic) characteristics of OVA heat-induced a&ggttes produced in a range of temperature beldketo
OVA denaturation temperature (80.1 °C). The systienséudy of heat treatment temperature (60, 70 and
80 °C) and time (3, 5 and 10 min), and environmeiables, pH (5.5, 6.0 and 6.5) and protein
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concentration (5, 10 and 14.2 g/L), allowed to dethose experimental conditions for which OVA heat
induced aggregates had nanometric particle sizeA@P¥nd a suitable surface hydrophobicity. In all
cases, this OVA set had greater LA binding ability than native OMAle the greater surface
hydrophobicity. Differences in LA binding ability \@\,, could be attributed not only to differences in
surface hydrophobicity but also to differenceshiait size and so their specific surface area. hegs,
the highest binding ability was for O\GAwith the lowest size. The fact that LA was bouadiVA, in a
more effective way than native OVA may suggest thaty could be applied as vehicles for PUFAs
favoring its incorporation in aqueous systems. nmfation derived from this study provides some
practical data about requirements of particle simd surfaces properties of OVA nanoparticles with

improved binding ability.
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Captions
Tables
Table 1. Wavelength shift for intrinsic fluorescenc&\(Trp). Different letters indicate a

significant difference (p < 0.05).

Table 2. Wavelength shift for extrinsic fluorescen@8{ANS). Different letters indicate a

significant difference (p < 0.05).

Table 3. Summary of data for selected samples for LA bindirgeriments. Heating

temperature: 70°C. Different letters indicate andigant difference (p < 0.05).



Table 1

Heating 10 g/L, pH 6 10 g/L, 70°C pH 6, 70°C
time 60°C 70°C 80°C pH 5.5 pH 6 pH 6.5 5g/L 10g/L  14.2g/L
0 min 0.020.0  0.0£0.6  0.0+0.¢ 0.0£0.6* 0.0¢+0.6° 0.0£0.6° 0.0:0.¢ 0.020.0 0.0:0.0
3 min 0.3:0.4 1.0:0.0 0.8:0.4 -0.3t0.4 1.0:0.6 0.6+0.4 0.0£0.0* 1.0+0.3 -0.3x0.8
5 min 0.3:0.8  1.0:0.0 0.8:0.4 0.2£0.8° 1.0¢06 0.4£0.5° 0.0£0.6* 1.0+0.6 0.0:0.6°

10 min 0.4+0.8  1.0:0.6 1.0+0.0 0.2¢0.8° 1.0+0.6 0.8+0.0"° 0.2¢0.4 1.0+0.3 -0.3+0.5




Table 2

Heating
time

0 min
3 min
5 min

10 min

10 g/L, pH 6 10 g/L, 70°C pH 6, 70°C
60°C 70°C 80°C pH 5.5 pH 6 pH 6.5 5g/L 10g/L &g/l
0.0:0.0  0.0:0.0 0.0x0.0 0.0:0.6 0.020.6  0.00.6 0.0:0.6  0.0:0.6  0.0£0.6
2.5¢0.8 -12.0:0.0 -29.9+1.3 -15.0¢4.9 -12.0:0.0 -12.0:0.0 -8.6£0.5¢ -1240.0 -20.7+1.72
-3.0£0.9 -12.8+0.8 -33.7x28  -21.3+1.0° -12.8+0.5" -12.60.8 -7.8+0.8 -12.840.8 -20.7+1.7
-5.3:+0.6 -19.5+2.f -30.5:0.2 22.8+1.8 -195+2. -13.5+0.5¢ 9.3:+0.0 -195+:2.Ff -19.0+2.8




Table 3

Heating conditions Main Bindin
Samole i Diameter* ANS abilit 9
p Protein Heating (nm) Fluorescence 0 y
pH concentration . . (% volume) (%)
time (min)
(glL)

Native OVA - - - 6 1.0+0d 34+ G
OVA, 6 3 122 4.2+0% 69+
OVA, 6 5 207 4.7+0% 60 + 3+
OVA, 6 10 3 225 3.9+0%2 50 + 2°

120 (20%)
OVA, 6 10 5 550 (81%) 44+0.1 49+ 2
10 (53%) d de
OVA, 6.5 10 3 76 (47%) 42+0.f 60+ 3F
OVA, 6.5 10 5 96 47+0% 55+ pcd
OVA, 6.5 10 10 192 58+01 632

* Peaks with area higher than 5% in PSDv are shown.



Figures
Captions

Figure 1. Volume PSD of heat-treated OVA solutions. Heatingditions: 10 g/L, pH 6.0a)
60°C,(b) 70°C,(c) 80°C.

Figure 2. Volume PSD of heat-treated OVA solutions. Heatingditions: 70°Qa) pH 5.5, 10
g/L; (b) pH 6.5, 10 g/L{c) pH 6.0, 5 g/L{d) pH 6.0, 14.2 g/L.

Figure 3. Trp Relative Fluorescence Intensity (RFI-Trp) ofatheated OVA solutionda)
Effect of temperature (heating conditions: pH @.0,g/L) (b) Effect of aqueous medium pH
(heating conditions: 70°C, 10 g/l(¥) Effect of concentration (heating conditions: 70%E]
6.0).

Figure 4. ANS Relative Fluorescence Intensity (RFI-ANS) oatigeated OVA solutionga)
Effect of temperature (heating conditions: pH @0,g/L) (b) Effect of aqueous medium pH
(heating conditions: 70°C, 10 g/l(¥) Effect of concentration (heating conditions: 70%E]
6.0).

Figure5. Absorbance at 400 nm of LA solutions in presencdiféérent OVA solutions.
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Figure 3
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Figure 4
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Figure 5
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Ovalbumin aggregates were obtained at different heating and environment conditions.
Ovalbumin aggregate sizes increased with temperature, time and protein concentration.
At higher pH value, ovalbumin (OV A) aggregate sizes were lower.

OV A nanoparticles showed 1.4-2.0 fold greater LA binding ability than native OVA.



