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Stoichiometric, kinetic and thermodynamic aspects of complex formation between heat-induced aggre-
gates of ovalbumin (ovalbumin nanoparticles, OVAn) and linoleic acid (LA) were evaluated. Extrinsic flu-
orescence data were fitted to modified Scatchard model yielding the following results: n: 49 +2 LA
molecules bound per OVA monomer unit and K,: 9.80 + 2.53 x 10° M. Kinetic and thermodynamic prop-
erties were analyzed by turbidity measurements at different LA/OVA monomer molar ratios (21.5-172)
and temperatures (20-40 °C). An adsorption approach was used and a pseudo-second-order kinetics was
found for LA-OVAn complex formation. This adsorption process took place within 1 h. Thermodynamic
parameters indicated that LA adsorption on OVAn was a spontaneous, endothermic and entropically-
driven process, highlighting the hydrophobic nature of the LA and OVAn interaction. Finally, Atomic
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Kinetics form with size lower than 100 nm.
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1. Introduction

In the last years, development of nutraceutical vehiculization
systems has gained considerable interest in food industry (Perez,
Sponton, Andermatten, Rubiolo, & Santiago, 2015; Zimet &
Livney, 2009). In this sense, several strategies to incorporate these
compounds in food aqueous matrices have been evaluated
(Gutiérrez et al,, 2013; McClements & Li, 2010). One of them
includes the formation of ligand-protein complexes, being the
ligand a nutraceutical compound. Moreover, biopolymer nanopar-
ticles can be produced by polysaccharide electrostatic deposition
onto the surface of preformed ligand-protein complexes in order
to improve colloidal stability and nutraceutical protection against
environmental conditions such as oxygen, UV radiation, etc.
(Perez et al., 2015; Zimet & Livney, 2009).

Overall, ligand-protein interactions are characterized by means
of the binding parameters, n and K,, which represent the binding
stoichiometry and association constant, respectively (Joye,
Davidov-Pardo, Ludescher, & McClements, 2015; Le Maux,
Bouhallab, Giblin, Brodkorb, & Croguennec, 2013; Wang et al,,
2013). In some cases, thermodynamic parameters such as
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enthalpy, entropy and free energy changes associated to ligand-
protein complexes formation are also informed (Moyon, Islam,
Phukan, & Mitra, 2013; Wang et al., 2013). Ligand-protein interac-
tions can be analyzed by using several techniques such as intrinsic
(Sponton, Perez, Carrara, & Santiago, 2015a) and extrinsic fluores-
cence spectroscopy (Lange, Kothari, Patel, & Patel, 1998), equilib-
rium dialysis (Muresan, van der Bent, & de Wolf, 2001), and
currently, by isothermal titration calorimetry (Le Maux et al.,
2013). However, at the present, fluorescence technique is the most
widely used method.

In literature, there are a lot of works which characterize ligand-
protein interactions in order to determine the intrinsic ability of
native proteins to bind hydrophobic and hydrophilic ligands
(Joye et al., 2015; Rhodes et al., 2014; Wang et al., 2013). About
this, B-lactoglobulin (BLG) is one of the most studied proteins (Le
Maux et al., 2013; Perez, Andermatten, Rubiolo, & Santiago,
2014; Perez et al., 2015; Sponton, Perez, Carrara, & Santiago,
2014; Zimet & Livney, 2009). However, studies of interaction
between ligands and heat-induced protein aggregates have gained
relevance. Moreover, it is well known that protein denaturation/
aggregation processes lead to an increase in surface hydrophobic-
ity under certain heat treatment conditions. Thus, higher surface
hydrophobicity of protein aggregates can promote greater ligand
binding capacity than native proteins (Croguennec, Renault,
Beaufils, Dubois, & Pezennec, 2007; Le Maux et al., 2013; Perez
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et al., 2014; Sponton, Perez, Carrara, & Santiago, 2015b; Sponton
et al., 2015a).

In a previous work, it was demonstrated that controlled heat
treatment of ovalbumin (OVA) dispersion produced ovalbumin
aggregates with a mean hydrodynamic diameter lower than
100 nm (ovalbumin nanoparticles, OVAn). These nanoparticles pre-
sented higher surface hydrophobicity and higher LA binding ability
than native OVA. Moreover, from fluorescence and {-potential
analysis, it was found that LA binds to OVAn by means of
hydrophobic interaction (Sponton et al., 2015a); however, quanti-
tative parameters were not determined. Hence, in order to quantify
parameters associated to LA-OVAn interaction, additional studies
should be performed taking into account stoichiometric, kinetic
and thermodynamic aspects. The knowledge of these parameters
would allow reaching a better understanding of the LA-OVAn com-
plexes formation.

Linoleic acid is a polyunsaturated fatty acid (PUFA) which is
essential to human diet because is not synthesized endogenously
by humans. PUFAs play an important role in cardiovascular and
inflammatory disease, mental health and brain development and
function (Ruxton, Reed, Simpson, & Millington, 2004). In general,
fatty acids have very low water solubility, which limit their incor-
poration in aqueous systems. On the other hand, they can form
supramolecular structures (micelles, vesicles, etc.) in some buffer
solutions, resulting in stable colloidal dispersion with appreciable
turbidity (Fontana, Spolaore, & Polverino de Laureto, 2013;
Sponton et al., 2015a). Moreover, PUFAs are susceptible to oxida-
tive deterioration (Fioramonti, Arzeni, Pilosof, Rubiolo, &
Santiago, 2015), so that complexation with protein could be a
strategy for protect them.

In this context, the aim of the present work was to evaluate the
stoichiometric, kinetic and thermodynamic aspects of LA-OVAn
complex formation. This information would allow defining the
most appropriate conditions to produce innovative nutraceutical
vehiculization systems. For this, a set of complementary tech-
niques and models were employed, including an adsorption mech-
anism to describe LA-OVAn complexes formation. Finally, AFM
images were also included in order to describe some morphologi-
cal and structural aspects.

2. Materials and methods
2.1. Materials

Ovalbumin (product A5503, purity 98% according to agarose gel
electrophoresis) and linoleic acid (LA) samples were obtained from
Sigma (USA). Extrinsic fluorescence probe, 1-anilino-8-
naphthalene sulfonic acid (ANS), was purchased from Fluka Che-
mie AG (Switzerland).

2.2. Ovalbumin nanoparticles obtention

Ovalbumin nanoparticles (OVAn) were obtained by heat treat-
ment (85 °C, 5 min) of 10 g/L OVA solution at pH 7.5 and 50 mM
NaCl according to a previous work (Sponton et al., 2015a). The
obtained OVA nanoparticles showed a monomodal particle size
distribution (determinated by dynamic light scattering, DLS) with
peak: 79 nm and polydispersity index (PdI): 0.208 as described in
Sponton et al. (2015a).

2.3. Binding stoichiometry

In order to study LA-OVAn binding stoichiometry, fluorescence
and turbidity (absorption at 400 nm) measurements were done. It
is important to remark that binding parameters were expressed on

the basis of OVA monomeric unit (i.e. considering individual OVA
macromolecules), due to the ovalbumin aggregates are formed by
the association of OVA molecules (Le Maux et al., 2013).

2.3.1. Fluorescence measurements

In order to determine the binding stoichiometry, i.e. number of
LA molecules bound per OVA monomeric unit (n) and the associa-
tion constant (K,), an extrinsic fluorescence method was applied.
For this, samples were prepared adding increasing volumes of
15 mM LA ethanolic solution to 2 ml of 0.043 g/L OVAn solution
in 50 mM pH 7 potassium phosphate buffer. Then, 9 pL of 15 mM
ANS solution was added to each sample. This experiment was per-
formed under the assumption that ANS would not displace LA
molecules from the LA-OVAn complexes (Lange et al., 1998;
Takikawa & Kaplowitz, 1986). Emission spectra were registered
between 410 and 600 nm, at 390 nm excitation wavelength by
using a Hitachi F-2000 fluorescence spectrophotometer (Japan)
(Croguennec et al., 2007; Sponton et al., 2015a). Experiments were
performed in triplicate at room temperature (around 20 °C). ANS
maximum emission fluorescence intensity (F) for each spectrum
was registered, and relative fluorescence (RFI-ANS) was calculated
as the ratio between F at a given LA concentration, and F at zero LA
concentration (Fp). Titration curves were plotted as RFI-ANS versus
LA concentration, and data were fitted to the modified Scatchard
model:

Pa-fo= () o 1)

where [P] is the total molar protein concentration (based on OVA
monomer); [L] is the total molar ligand concentration; n is the num-
ber of ligand molecules bound to protein at the saturation and f; is
defined as:

F—F
fi:F 2

max*FO
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where F.x is the fluorescence intensity at saturation. It is impor-
tant to highlight that when F,.x is not reached experimentally, its
value can be determined by data fitting to an exponential decay
model (Le Maux et al., 2013).

2.3.2. Turbidity measurements

In previous works, it was reported that LA dispersed in phos-
phate buffer showed appreciable turbidity as a consequence of
supramolecular self-assemblies formation. However, when OVAn
is added to LA dispersion, turbidity decreased as a consequence
of the disassembly of micelles in favor of interaction with protein
(LA-OVAn complexes formation) forming a stable colloidal system
(Sponton et al., 2015a, 2015b). In the present paper, we have
extended such studies for deepening the knowledge about binding
stoichiometry of the LA-OVAn complex formation. Thus, turbidity
of LA dispersions was determined as the absorbance (ABS) at
400 nm using a Jenway 7305 Spectrophotometer (UK). Systems
were prepared adding increasing volumes of 100 mM LA ethanolic
solution to 2 ml of 0.5 g/L OVAn in 50 mM pH 7 potassium phos-
phate buffer solution, up to 1.2 mM maximum total LA concentra-
tion. Measurements were performed at room temperature (~20 °C)
in triplicate.

2.4. Kinetics of complex formation

Kinetics of LA-OVAn complexes formation was analyzed by
means of a turbidity approach. Turbidity measurements were car-
ried out in a Perkin Elmer Lambda 20 UV/Vis Spectrometer (USA)
equipped with a water thermo-circulator. Determinations were
performed in a temperature range of 20-40°C. In first place,
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2.4 mL of LA solution (1.25 mM in 50 mM pH 7 potassium phos-
phate buffer) were placed in the measuring cell, and turbidity
(ABS at 400 nm) was registered as a function of time. After ~30s,
0.6 mL of OVAn solution was added into the measuring cell and
the system was mixed in order to reach homogeneity. Different
LA/OVA monomer molar ratios (L/P, 21.5-172) were prepared. As
it was mentioned previously, when OVAn is added to LA dispersion
its turbidity decreases (Sponton et al., 2015a). Time at which tur-
bidity started to decrease was taken as zero. Results were reported
as relative turbidity, which was defined as the ratio between tur-
bidity at a given time and the turbidity at zero time. Measurements
were performed at least in duplicate.

Turbidity time evolution was analyzed taken into account a
batch adsorption process without agitation, in which OVAn and
LA were taken as adsorbent and adsorbate, respectively. For the
data analysis, the following mass balance was proposed (Yao &
Chen, 2015):

L-L=q m 3)

where L is the total amount of LA mol (obtained from turbidity at
zero time); L, is non-adsorbed amount of LA mol in the bulk at time
t (obtained from turbidity at a given time); q; is the adsorbed
amount of LA mol by mass unit of adsorbent at a given time; m is
the adsorbent mol (OVA monomer). At time in which adsorption
equilibrium is reached, q; is defined as qe, i.e. adsorbed amount of
LA mol by mass unit of OVAn at equilibrium (Yao & Chen, 2015).

Experimental data (Turbidity versus time) were fitted to two
adsorption kinetic models: pseudo-first-order and pseudo-
second-order kinetic models (Egs. (4) and (5), respectively) (Yao
& Chen, 2015):

—ln<1—%>:k1-t 4)

e
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q;
where k; and k; are the pseudo-first-order and the pseudo-second-
order rate constant, respectively, and t is the time. The k; value is
obtained by means of simple linear regression of [—In(1 — q¢/qe)]
versus t; whereas the kinetic parameters for the pseudo-second-
order kinetic model can be obtained from its linear form:

r_ 1 .t
9% kg q.

In Eq. (6) can be observed that 1/qe is the slope and 1/k,-q2 is
the intercept.

(6)

2.5. Atomic Force Microscopy

For atomic force microscopy (AFM) measurements, aliquots of
2 wl of sample (dilution: 0.01 g/L), were adsorbed to a cleaved mica
surface (1 cm?) (glued to steel disks) by means of a dry step in vac-
uum chamber at room temperature and protected against light to
avoid LA deterioration. AFM imaging was performed in air in tap-
ping mode by an Agilent 5400 microscope (USA). Backside silicon
and aluminum coated AFM cantilevers (Budget Sensors; model:
Tap300AI-G, Bulgaria) with the following specifications were used:
length: 125 pum; tip radius: <10 nm; mean width: 30+5 pum;
thickness: 4+1pum; tip height: 17+2pum; tip set back:
15 + 5 um; spring force constant: 40 N/m. A cantilever oscillation
frequency of 280 kHz was employed. Samples were scanned at
1 line/s. For processing images, Gwyddion 2.44 software was used.
AFM topography images are showed and besides, the correspond-
ing phase images are presented in order to show a better definition
of particles.

2.6. Statistical analysis

Statistical differences were determined by means of one way
analysis of variance (ANOVA) using the StatGraphics Centurion
XV software. LSD test at 95% confidence level was applied.

3. Results and discussion
3.1. Stoichiometry of LA-OVAn complexes formation

3.1.1. Extrinsic fluorescence measurements

ANS fluorescence spectra of OVAn dispersion for different LA
concentration are shown in Fig. 1A. ANS fluorescence intensity
decreased with the increase in LA concentration. This behavior
can be explained taking into account that ANS fluorescence occurs
due to the non-covalent union of the probe to hydrophobic sites on
protein (Albani, 2004; Perez, Carrera Sanchez, Rodriguez Patino,
Rubiolo, & Santiago, 2012). Moreover, LA also binds to hydrophobic
sites on OVAn. Hence, when LA-OVAn complexes are formed, lower
amount of hydrophobic sites on OVAn would be available for bind-
ing ANS molecules, and consequently, ANS fluorescence decrease
(Sponton et al., 2015a). Fig. 1B displays the RFI-ANS of OVAn dis-
persions as a function of LA concentration. In this Figure, intrinsic
fluorescence data were also included (RFI values obtention is
described in Sponton et al., 2015a). It has hypothesized that the
RFI-ANS versus LA concentration curve would represent the frac-
tion of total hydrophobic sites which were not filled by LA and con-
sequently, they were filled by ANS; whereas the RFI versus LA
concentration curve would represent the fraction of intrinsic fluo-
rophore hydrophobic sites which were not filled by LA. It is impor-
tant to remark that intrinsic fluorophore hydrophobic sites would
be only a fraction of total hydrophobic sites on the protein
nanoparticles. As it can be noted in Fig. 1B, both RFI-ANS and RFI
reached a constant value at ~75 uM LA concentration (saturation
conditions). However, the decrease in RFI-ANS with the increase
in LA concentration was greater than RFL It was noted that RFI
decreased ~30% while RFI-ANS decreased ~70%. These results
would indicate that LA molecules would bind not only to
hydrophobic sites with intrinsic fluorophores but also to other
hydrophobic sites.

On the other hand, the lowest RFI-ANS value at saturation
(~0.3) would indicate that there were still some hydrophobic sites
which were not filled by LA. This could mean that LA-OVAn binding
would require the presence of hydrophobic pockets with a partic-
ular spatial disposition of the amino acid residues on the protein
nanoparticle surface (Le Maux et al., 2013; Perez et al,, 2014;
Sponton et al., 2014). Hydrophobic sites which did not meet this
characteristic were filled by ANS and they were responsible for
the extrinsic fluorescence at saturation of OVAn. Taking into
account that the decrease in extrinsic fluorescence is due to the
increase in LA concentration (Fig. 1B), the modified Scatchard
model (Eq. (1)) was applied for obtaining binding parameters. It
was observed a good fitting (R? = 0.987 + 0.011) yielding the fol-
lowing binding parameters: n: 49 + 2 and K,: 9.80 £ 2.53 x 10°> M.
Moreover, there was significant red shift behavior at the ANS max-
imum emission wavelength (data not shown), which could suggest
that ANS was bound in an increasingly polar environment. These
results would suggest that the binding mode of LA to OVAn could
respond to an inside-out saturation mechanism in which inner
sites (non-polar or hydrophobic) are firstly filled.

On the other hand, taking into account that ANS is a fluorophore
which binds to all protein hydrophobic sites, the studies of
ligand binding to proteins using fluorescence would not be limited
to the presence of an intrinsic fluorophore at the ligand binding
site.
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Fig. 1. A: Extrinsic (ANS) fluorescence spectra of OVAn-LA systems (ex: 390 nm). B:
Relative extrinsic (ANS) fluorescence and intrinsic intensity of OVAn-LA systems.
OVAn concentration: 0.043 g/L (1 uM as monomer OVA units) (b). Measurements
were carried out at room temperature (~20 °C). Relative intrinsic fluorescence
intensity of OVAn-LA systems at different temperatures. Ex: 280 nm. OVAn
concentration: 0.043 g/L (1 uM as OVA monomer units). C: Turbidity (ABS at
400 nm) of LA dispersions with and without 0.5g/L OVAn (11.6 pM as OVA
monomer units). Measurements were carried out at room temperature (around
20 °C).

3.1.2. Turbidity measurements

The turbidity (measured as ABS at 400 nm) of LA dispersions
with and without OVAn (0.5 g/L) are show in Fig. 1C. System tur-
bidity without OVAn increased linearly with the increase in LA
concentration, suggesting the formation of LA supramolecular
self-assemblies above the critical micelar concentration (CMC)
(Sponton et al., 2015a). Nevertheless, in the presence of OVAn, sys-
tem turbidity remained low and constant up to certain LA concen-
tration from which started to increase. This behavior could be
explained considering that LA binds to OVAn, and at OVAn satura-

tion condition, unbound LA molecules start to associate with each
other forming supramolecular self-assemblies. The two parts of the
curve (constant turbidity and increasing turbidity) were fitted to
linear regression model. Then, the intersection point was analyti-
cally calculated. The value corresponding to this point could be
considered as a critical micelar concentration of LA in presence
of OVAn (CMC’). The value of CMC was 712 pM, 12 fold higher
than pure LA CMC (60 uM) (Serth, Lautwein, Frech, Wittinghofer,
& Pingoud, 1991). The LA concentration which saturate OVAn could
be estimated as the difference between CMC' and CMC values
(under assumption that CMC of pure LA would not change in pres-
ence of OVAn), resulting in 652 pM LA.

Because of OVAn are composed by aggregated OVA monomer
units, a binding stoichiometry taking into account the OVA mono-
mer molecular mass could be proposed (Le Maux et al., 2013). In
these turbidity measurements, OVAn concentration was 0.5 g/L,
which corresponds to 11.63 uM (in terms of OVA monomeric
units). Hence, the binding stoichiometry LA:OVA was
652:11.63 =56:1, i.e. 56 LA molecules would bind per OVA mono-
meric unit. This binding stoichiometry was in the same order to the
one obtained by Le Maux et al. (2013) for linoleate-BLG nanoparti-
cle complexes. Besides, a stoichiometry LA:OVA =56:1 would be
comparable to the one obtained by the modified Scatchard model
using ANS fluorescence data (Eq. (1)).

3.2. Kinetic of LA-OVAn complex formation

Kinetic studies at different temperatures and LA/OVA ratios (L/
P) were carried out. In this paper, a batch adsorption process was
assumed, where OVAn was taken as adsorbent and LA as adsorbate.
Kinetic assays were performed taking into account that LA forms
supramolecular self-assemblies (conferring turbidity to the solu-
tion), which are disrupted in presence of OVAn producing a
decrease in turbidity over time, due to LA-OVAn complexes forma-
tion (Sponton et al., 2015a).

Fig. 2 shows the relative turbidity (ABS at 400 nm) of LA disper-
sions (1 mM) as a function of time for different ligand/protein
molar ratio (L/P = 21.5, 43.0, 86.0 and 172 LA mol/OVA monomer
mol), at 20 °C, 30 °C and 40 °C. At the beginning time, a very fast
decay of turbidity can be noted, suggesting a rapid adsorption pro-
cess. This behavior could be explained by driving force increments
provided by LA concentration gradient in the aqueous dispersions
and by the existence of great number of available binding sites on
OVAn (Liu & Zhang, 2015). It also can be noted that, at L/P=21.5
and 43.0, at all temperatures, constant turbidity values were
achieved, indicating that adsorption reached an equilibrium state
(Fig. 2A and B). However, at L/P = 86.0 and 172 the adsorption equi-
librium state during the testing time seemed to be reach only at
20 °C and 30 °C but not at 40 °C (Fig. 2C and D).

Fig. 2 also displays that, for a given temperature, the increase in
L/P produced higher turbidity values, indicating an LA excess.
Moreover, all measurements performed at 40 °C produced lower
turbidity values than at 20 °C and 30 °C, suggesting that LA-OVAn
complexes formation would be more favored at 40 °C, for a given
L/P.

On the other hand, data shown in Fig. 2 were fitted to the pro-
posed kinetic models (Egs. (4) and (5)) in search of the best-fit to
the data. The fitting to pseudo-first-order kinetic model was not
good (R?<0.8) (not shown); hence, it would not be suitable for
describing the adsorption kinetic for LA-OVAn systems. However,
the pseudo-second-order kinetic model shows the best fit with
the experimental data (R? > 0.997). Hence, kinetic parameters were
obtained at different L/P and temperatures through the last model
(Table 1).

As it was mentioned, the parameter q. is defined as adsorbed
amount of LA by OVAn mass unit at the equilibrium (Yao & Chen,
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Fig. 2. Relative turbidity (ABS at 400 nm) of 1 mM LA dispersions in presence of OVAn as a function of time and temperature for different LA/OVAn molar ratio (L/P): A: 21.5;

B: 43.0; C: 86.0; D: 172 LA mol/OVA mol.

Table 1

LA amount adsorbed by unit mass of adsorbent at equilibrium (q.) (LA mol/OVA mol) and pseudo-second-order rate constants k, (OVA mol/LA mol*seg) for OVAn-LA complex
formation at different temperatures and total LA amount to total OVAn amount ratios (L/P) (LA mol/OVA mol, on the basis of the OVA monomer units). Results are expressed as

mean + standard deviation. Different letters indicate significant differences (p < 0.05).

Temperature L/P

215 43.0 86.0 172
qe (LA mol/OVA monomer mol)
20°C 21.1+00a 42.8+0.0Db 481+16¢c 416+1.7b
30°C 21.2+00a 426+0.0b 50.8+0.7 d 438+1.1b
40 °C 21.1+0.0a 42.8+0.0b 59.7+19f 573t13e

k> (OVA monomer mol/LA mol*seg)

20°C 3.98+0.56 x 10> a
30°C 532+0.16 x 103 a
40°C 1.32£0.16 x 102 b

1.07 £0.06 x 103 a
1.01£0.76 x 103 a
1774023 x 103 b

8.79+0.92 x107% ¢
6.64+0.00 x 10~* b
328+020x10%a

5.58+0.19 x 107* ¢
4.04%0.16 x 107* b
2.78+020x107%a

2015). Hence, ge could be considered as the mol number of
adsorbed LA per OVA monomer mol. It can be seen that q. values
for L/P: 21.5 and 43.0, were similar to the corresponding L/P ratios
(Table 1). This would mean that almost all LA molecules were
bound to OVAn. Furthermore, q. did not change significantly with
the increase in temperature (p > 0.05), suggesting no effect on LA
adsorption in terms of quantity. This behavior could be explained
considering an excess of OVAn respect to LA. If LA binds to OVAn
by mean of hydrophobic interactions (Sponton et al., 2015a), OVAn
would have more affinity for LA at higher temperatures. Neverthe-
less, at L/P: 21.5 and 43, LA amount in the bulk would not be
enough for additional adsorption promoted by the increase in tem-
perature. On the other hand, for L/P: 86.0 and 172, the increase in
temperature produced an increase in q. values (Table 1). In these
last conditions, LA is in excess respect to OVAn, conducting to addi-
tional adsorption promoted by temperature increase.

On the other hand, the maximum g, value obtained at 20 °C
(qe =48.1 £1.6) (Table 1) was consistent with n value obtained
from extrinsic fluorescence data fitted to the modified Scatchard
model (n=49+2) (Section 3.1). These results indicate that both

techniques would be complementary and suitable for obtaining
binding (or adsorption) stoichiometry. Moreover, this finding could
confirm the assumption that in the extrinsic fluorescence
approach, ANS did not displace LA from the complexes

The pseudo-second-order rate constants (k;) for LA-OVAn com-
plexes formation at different temperatures and L/P levels are also
reported in Table 1. For L/P: 21.5 and 43.0, k, values at 40 °C was
higher than the ones at 20 °C and 30 °C. Conversely, a decrease in
k, value with the increase in temperature was registered for L/P:
86.0 and 172.

In order to interpret the behaviors described above, Arrhenius
model was applied to obtain the activation energy involved in
the adsorption process. The Arrhenius model is given by the fol-
lowing equation (Muench, Kruuv, & Lepock, 1996):

In kepp = In Agpp — Eqpp/RT (7)
where kpp is the apparent rate constant (in this case Kipp =k

obtained from the pseudo-second-order model); A,pp is the appar-
ent pre-exponential factor; E,p, is the apparent activation energy
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involved in the adsorption process; R is the gas universal constant
and T is the absolute temperature.

The activation energy can be obtained from the slope of Inkapp
versus 1/T plot Eq. (7) by means of linear regression model. Fig. 3
shows Inkapp versus 1/T plot for LA-OVAn systems at different L/
P. A good fitting (R? > 0.8) was obtained, with exception of L/P:
43.0 (R?><0.8); however it was also included as an intermediate
(transition) system. The E,p, values (kJ/mol) obtained were: 44.1
(at 21.5 L/P); 18.5 (at 43.0 L/P); —26.4 (at 86.0 L/P) and —37.3 (at
172 L/P), i.e., a decrease in E,p, values with L/P increment was
observed. Positive E,pp, values were obtained for OVAn excess con-
ditions (L/P: 21.5 and 43.0), while negative values were registered
for LA excess conditions (L/P: 86.0 and 172). According to Sharma
and Das (2012), activation energy values lower than 42 kj/mol
would indicate a physical adsorption phenomenon. The maximum
activation energy value obtained for LA-OVAn system was 44.1 kJ/-
mol, which is very close to 42 kJ/mol, suggesting a physical absorp-
tion process. In agreement with a previous work, this physical
adsorption process would be mediated by hydrophobic interac-
tions (Sponton et al., 2015a).

In order to explain negative E,p, values, the following adsorp-
tion mechanism can be supposed:

Ka
Lfree i Lbouncl (8)

where L. is the free LA (i.e., unbound LA); Lyoung is LA bound to
OVAn and Kk, is the apparent rate constant (i.e., the pseudo-
second-order rate constant, k). According to Muench et al., 1996,
negative E,p, values obtained from Arrhenius model could be
explained by a molecular process which take place in two steps
(i.e., three states). In this sense, Lgee could be composed by two
equilibrium species: LA self-assemblies (Lsa) and LA monomer (L),
i.e., Liee = Lsa + Lso. Hence, Eq. (8) can be rewritten as follow:

kq K
Lsa l::: Lsot = Lbound (9)
where ki, k_; and Kk, are the rate constants. According to Muench
et al. (1996) this model can be proposed if k) < k; and k_.

For the first step in Eq. (9) the equilibrium constant, Keq, can be
defined, which can also be related with k; and k., as follow
(Muench et al., 1996):

k,] k/z
Keq B Ko

Then, Eq. (10) could be re-defined considering Arrhenius equa-

tion for each constant (Kapp, K, and Keq):

k/
= Kapp = é (10)

3.20 3.25 3.30 3.35 3.40 3.45

1000/T (K™)
L/P = m 215 e 43 A 86 * 172

Fig. 3. Arrhenius plot for LA-OVAn adsorption at different total LA mol to total
OVAn mol ratio (L/P).

ey —Ey/RT , /

@/app—Eapp/RT _ SRR — M~ AS—(E,—AH)/RT a1
being A, and E, the pre-exponential factor and the activation
energy, respectively, for the second step of Eq. (9); AS is the entropy
change and AH is the enthalpy change which is defined as
AH =E_; — E; (activation energies corresponding to the first step
of Eq. (9)). Therefore, from Eq. (11), Eypp = E; — AH.

In this way, a negative value of E,p, (corresponding to the
decreasing k), values with temperature increase) would mean that
E, —E_1+E; <0, i.e, E_;>E, +E;. Hence, the pathway Ls, — Lsa
would be more temperature sensitive than the combined path-
ways, Lsa = Lso and Lgo; = Lpouna- In this sense, under conditions
of LA excess, an increase in temperature would favor LA self-
assemblies formation instead of both the disruption of LA self-
assemblies and LA-OVAn complex formation (Muench et al., 1996).

This behavior seems to be L/P ratio dependent because at 172 L/
P, the molecules number of LA bound per OVA monomer was lower
than the one for 86.0 L/P, suggesting that at the highest L/P, Lso; —
Lbouna Pathway would be less favored, i.e., less adsorption of LA
monomers from the bulk solution.

In conclusion, LA-OVAn complexes formation could be charac-
terized by a two-step mechanism: i) the disruption of LA self
assemblies which would take place due to migration of LA mole-
cules from the LA assemblies to the bulk and ii) the adsorption of
LA monomers to OVAn. This mechanism was dependent on the L/
P ratio and temperature.

3.3. Thermodynamics of LA-OVAn complexes formation

Adsorption thermodynamic studies involve the knowledge of
parameters such as standard free energy (AGP), enthalpy (AHO)
and entropy (AS°) changes. These parameters allow describing par-
tially the nature of the interaction between LA and OVAn (Joye
et al., 2015). In order to obtain the adsorption thermodynamic
parameters, the following equations can be used (Khan & Singh,
1987; Liu & Zhang, 2015):

AG® = —RT - In K, (12)
0 0

InKo =5 -4 (13)

AG® = —T-AS° + AH® (14)

where Kj is the equilibrium constant. The Kq value can be calculated
from In(Ce/qe) versus Ce linear regression, being C. the LA equilib-
rium concentration, obtained from Fig. 2at infinite time. This
regression was made for each temperature (20°C, 30°C and
40 °C), including the In(Ce/qe) and C. values corresponding to all
L/P ratios. In the In(Ce/qe) versus C. linear regression, the intercept
corresponds to InKq (Khan & Singh, 1987). Hence, temperature
dependence of K, gives information about the sign and magnitude
of the system thermodynamic parameters (Joye et al., 2015). As
can be noted in Eq. (13), AH® and AS° can be obtained from the
slope and the intercept, respectively. The values of these parame-
ters and Ky are reported in Table 2. It is important to remark that

Table 2
Thermodynamic parameters for OVAn-LA adsorption process. AH? and AS® are not
temperature dependent.

Temperature Ko (M™')  AG° AHC AS° R?
(kJ/mol) (kJ/mol) (J/mol K)

20°C 8.72 x 10° —33.32 12.36 155.7 0.949

30°C 9.67 x 10° —34.72

40 °C 121 x10° -36.44
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Kg value at 20 °C was similar to the K, value obtained from extrinsic
fluorescence data fitted to the modified Scatchard model (Sec-
tion 3.1). These results indicate that both techniques would be suit-
able and complementary for obtaining the binding (or adsorption)
constant.

On the other hand, higher values of K, were observed with the
increase in temperature. This behavior would explain the positive
values of AH® and AS°, indicating that LA adsorbs to OVAn by
means of hydrophobic interactions (Chen et al., 2011). This finding
would confirm previous results (Sponton et al., 2015a). Moreover,
positive AH® value means that LA adsorption to OVAn would be
an endothermic process (Joye et al., 2015; Liu & Zhang, 2015;
Sharma & Das, 2012). While, negative AG? values and lower than
—10 kJ/mol for all temperatures, suggest the spontaneous nature
of the adsorption process through a physical mechanism. Besides,
this observation is consistent with the finding obtained in the pre-
vious section (Liu & Zhang, 2015). Finally, the -T-AS° term in Eq.
(14) was larger in magnitude than AH® term, so that the adsorption
process would be entropically-driven (Santos, Manzanares,
Murtomadki, & Kontturi, 2007), i.e. the solvent molecules surround-
ing both LA and OVAn arranged themselves in a less orderly way
when the adsorption take place via hydrophobic interactions
(Joye et al., 2015).

3.4. AFM imaging

Some morphological aspects of the OVAn and LA-OVAn com-
plexes (L/P: 43) were determined using atomic force microscopy.
AFM topography images (Fig. 4A and B) show particles with a high
diameter/height ratio. According to Arzeni, Pérez, and Pilosof
(2015), this observation could be explained taking into account
that during the sample drying step involved in AFM technique,
the particles crush on the mica surface. Besides, Fig. 4A and B show
that LA-OVAn particle heights are greater than the OVAn ones,
according to the lateral scale. These results could be due to the
presence of LA into the OVAn structure and are in agreement with

OVAn

-0,8
-0,9

119,9 deg

110,0
105,0

100,0

the idea of the proposed inside-out saturation mechanism, in
which inner LA binding sites would be firstly filled (Section 3.1.1).

Fig. 4C and D display particles with a roughly rounded form and
diameters lower than 100 nm, taking into account the micrograph
scale. Moreover, several populations of particles, which include
particles with diameters lower than 10 nm, can be observed. This
population would correspond to non-aggregated OVA (native con-
formation). According to Weijers, Barneveld, Stuart, and Visschers
(2003), part of the non aggregated OVA during heat treatment
would corresponds to a stable intermediate fraction, i.e., mono-
mers which are denatured but not aggregated. The non-
aggregated OVA were not detected by DLS measurement, according
to results presented in a previous work (Sponton et al., 2015a). This
could be explained taking into account that in DLS technique, small
particles may be underestimated due to large particles scatter light
with a greater intensity than the small ones (Arzeni et al., 2015).
About this, Arzeni et al. (2015) determined size of non-filtered
and filtered samples of protein nanoparticles and they found that
the smallest size populations which were not detected in the
non-filtered sample were effectively detected in the filtered ones.
Hence, AFM would give more detailed information about the iden-
tification of size populations than DLS technique. However, infor-
mation obtained through both techniques would be
complementary giving a deepest characterization for this kind of
nanoparticles.

4. Conclusion

Stoichiometric, kinetic and thermodynamic parameters of LA-
OVAn complexes formation could be obtained from extrinsic fluo-
rescence and turbidity measurements at different temperatures
and L/P ratios. It was demonstrated that binding analysis can be
performed monitoring the extrinsic fluorescence behavior of LA-
OVAn systems, in order to obtain binding parameters (n and Kj,)
in close relationship to the ones obtained by the turbidity
approach. On the other hand, LA-OVAn complexes formation was

149,9 deg
145,0

140,0
135,0
130,0
125,0

120,0

1143

Fig. 4. Topographical (A and B) and phase (C and D) AFM images of OVAn and LA-OVAn complexes.
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studied considering an adsorption process, which is not often pro-
posed for this kind of systems. Thermodynamic parameters were
obtained which allowed a wider characterization. Finally, AFM
imaging revealed some structural aspects of LA-OVAn complex for-
mation. The information obtained in this work resulted of basic
and technological interest for defining the more appropriate condi-
tions to develop innovative nutraceutical vehiculization systems.
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