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Abstract

In food formulations, lipids are normally incorporated as emulsions stabilized
by different types of emulsifiers. The emulsifiers can affect fatty acid (FA)
solubilization as they can interact with FA. The main purpose of the present work
is the development of a methodology to evaluate the FA solubilization in an
aqueous medium in the absence and presence of exogenous emulsifiers.To this
end, a combination of turbidimetry, oiling off and dynamic light scattering (DLS)
was used. The FA solubility, as well as its supramolecular assemblies, were
determined by analyzing the changes in the turbidity profile and the
corresponding size of particles obtained by DLS. Oleic acid (OA) was used as a
model FA and a simulated intestinal fluid (SIF) as the aqueous phase. Emulsifiers
of low (Tween 80) and high (protein and polysaccharide) molecular weight were
tested. Tween 80 was the only emulsifier that improved OA solubilization,
whereas the macromolecules only affected the supramolecular structure that OA
adopted, being the structure of these assemblies governed by the emulsifier

nature.
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1. Introduction

Medium- and long-chain fatty acids (FA) have a very low solubility in water at
neutral pH. However, FA can be solubilized in micellar solutions of surfactants by
incorporating in the formed mixed micelles. Tzocheva et al.(2012) reported that
saturated straight-chain FA with n = 10 to 18 carbon atoms increased their
solubility in micellar solutions of the anionic surfactant sodium laurylethersulfate
and the zwitterionic surfactant cocamidopropylbetaine. The latter can serve as
carriers of FA molecules during the processes of adsorption and formation of
disperse systems (foams, emulsions, and suspensions). The adsorption or
solubilization of fatty acids can essentially influence the interfacial properties, as
well as the stability and rheology of dispersions. Mirgorodskaya, Yatskevich, &
Zakharova (2010) studied the solubilization of FA in systems based on block
copolymers and non-ionic surfactants extensively used in pharmaceutical
practice. They found that the system based on surfactant that could form micelles
(Tyloxapol, Triton-X-100 and Brij-97) increase the solubility of FA by more than
an order of magnitude compared with water because of the formation of mixed
aggregates. It seems that the FA molecules were incorporated into the micelles
structure, increasing their size and provoking morphological changes. In contrast,
the solutions that contained block copolymers (Pluronic F-127 and Synperonic F-
68), that do not form micelles, had a weak effect on the FA solubility. However,
in all the systems, the solubilization of the FA is accompanied by the partial or
complete destruction of the intrinsic FA aggregates and a substantial decrease in

the acid properties.
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FA solubilization plays also a determinant role in the uptake of dietary lipids.
During the lipolysis the triglycerides are transformed into monoglycerides and FA
(Sarkar, Ye, & Singh, 2016). These products are solubilized into mixed bile salts
and phospholipids micelles to facilitate their absorption (Maldonado-Valderrama,
Wilde, Maclerzanka, & MacKie, 2011; Parker, Rigby, Ridout, Gunning, & Wilde,
2014). Only few studies have investigated this phenomenon using complex and
not easy to reproduce methodologies (Freeman, 1969; Hofmann, 1963; Smith &
Lough, 1976; Verkade & Meerburg, 1955).

Lipids are normally incorporated into food formulations as emulsions (mainly
oil in water) or as foams, stabilized by surface active molecules of different nature,
as low molecular weight emulsifiers (Tweens, lecithins, etc) or biopolymers as
proteins or specific polysaccharides. These surfactants can interact with FA thus
affecting their solubilization.

The main purpose of the present work is the development of a methodology
that can be used to evaluate the water solubility of FA as affected by typical food
emulsifiers. A synthetic and non-ionic emulsifier, Polysorbate 80 (commercially
known as Tween 80), was tested as a common low molecular weight emulsifier;
B-lactoglobulin, a widely used milk protein, and hydroxypropylmethylcellulose
(HPMC), a surface active polysaccharide, as high molecular weight emulsifiers.

The concept of “solubilization” is used in this work in a broader meaning, as to
maintain the FA in the aqueous phase, where different supramolecular structures
can be adopted by the FA. To this end, a combination of turbidimetry, oiling off
determination and dynamic light scattering (DLS) was used. The latter provided
information about supramolecular assemblies occurring up to the limit of FA

solubilization.
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Solubility depends mainly on the carbon chain length of FA as well as on the
degree of unsaturation, decreasing with increasing the length and saturation of
carbon chain. Oleic acid (OA), that is one of the main FA forming dietary
triglycerides, was used in this work as a model FA. It has been reported that,
when dispersed in water, OA can adopt different supramolecular structures
including micelles, bilayer vesicles or oil droplets, depending on the pH of the
aqueous medium; at neutral pH OA spontaneously assemble into vesicles
(Cistola, Hamilton, Jackson, & Small, 1988; de Kruijff et al., 2010; Small, 1986).
Vesicles are self-closed structures formed by a curved amphiphile bilayer, mostly
spherical in shape, that entraps a certain volume of the surrounding aqueous
medium (Rasi, 2003).

From a chemical structure point of view, FA are amphiphilic molecules that
contain an aliphatic tail and a polar head group that can be presented in its
protonated (-COOH) or deprotonated (-COO-) state, depending on the pH of the
medium. By changing the protonation/ionization ratio of the carboxylic acid, a
wide range of OA self-assembled structures can be reversibly obtained. When
increasing the pH (pH>8-8.5) a higher ionized/protonated ratio is reached and
micelles are the dominant supramolecular structure; however, when decreasing
the pH (pH<8-8.5), less regular supramolecular structures, like droplets, are
obtained due to a higher ratio of protonated to ionized molecules (Chen &
Szostak, 2004; Cistola et al., 1988; Shu et al., 2014; Small, 1986). However, it
has been suggested that the transition between the different structural states of
OA (vesicles, micelles and droplets) at pH above and below the apparent pKa (8-
8.5), is a complex transition involving regions of phase coexistence. This means

that vesicles could coexist with the other states (micelles and droplets) at pH near
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the apparent pKa (Rendon et al., 2012; Walde, Namani, Morigaki, & Hauser,
2010).

2. Materials and methods
2.1 Materials

Oleic acid (OA) was supplied by Quimica Mega (Argentina). Tween 80 (T80),
of analytical grade, was purchased from Biopack. BioPURE B-lactoglobulin (Blg)
was obtained from DAVISCO Foods International, Inc. (Le Sueur, Minnesota)
with a protein composition (dry basis) of 97.8%, being B-lactoglobulin 93.6% of
total proteins. Methocell (food grade) HPMC E5LV® from the Dow Chemical
company was kindly supplied by Colorcon (Argentina) and used without
purification. The characteristics of this HPMC were indicated previously by
Camino, Sanchez, Rodriguez Patino, & Pilosof (2011).
2.2 Aqueous solutions preparation

The emulsifiers were prepared at 0.5% w/w by dissolving them in a solution
that mimics the ionic composition and pH of duodenal fluid (39 mM K;HPO,4, 150
mM NaCl and 30 mM CaCl, and pH 7) previously reported by Bellesi, Pizones
Ruiz-Henestrosa, & Pilosof (2014). The protein (Blg) and the nonionic surfactant
(T80) were easily dissolved by gently stirring. HPMC solutions were prepared by
dispersing the powder in SIF at 90°C, and after that, cooled down to room
temperature and stored then at 4°C for 24h to achieve the maximum
polysaccharide hydration, as reported previously by Camino, Pérez, & Pilosof
(2009).
2.3 Turbidity measurement

The turbidity was measured with a turbidimeter device (VELP Scientifica TB1,

Italy) at 37°C. The light source was an infrared emitting diode with a wave length
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of 850nm. The instrument was calibrated previously with the corresponding
standard solutions.

OA solubilization: The first measurement was done in SIF (100ml) and then
the turbidity was determined after stepwise addition of OA (50ul). OA
solubilization was assured by mixing the corresponding sample with an orbital
shaker during 5 minutes at 37°C before the measurement of turbidity. The
existence of oiling-off was evidenced after standing the system 48 hours at 37°C.
This procedure was made by duplicate.

OA solubilization in the presence of emulsifiers: The same procedure was
carried out by duplicate in SIF (100ml) containing the emulsifier (0.5% w/w).

2.4 Particle size determination

In order to analyze the supramolecular assemblies occurring upon the
stepwise addition of OA, the particle size distribution was determined by dynamic
light scattering (DLS). A Zetasizer Nano-ZS analyzer with a He-Ne laser beam
(633 nm) (Malvern Instruments, UK) was used, at a fixed scattering angle of 173°.
All the measurements were made at 37°C. The instrument's measurement range
is 0.6 to 6000 nm. By fitting the correlation function with Contin algorithm, a plot
of the relative intensity of the light scattered by particles of different sizes was
obtained (intensity size distribution). The intensity distribution was converted into
the volume size distribution by using the Mie theory (Farias, Martinez, & Pilosof,
2010).

The assay was performed in duplicate on two individual samples.

3. Results & Discussion

3.1 Oleic acid solubilization
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First of all, the impact of OA addition on turbidity as related to the
supramolecular assemblies formed, was studied.

The stepwise addition of OA increased turbidity as shown in Fig.1. Two regions
could be identified in the curve. In the first region (between 0 and 350uL added
OA), the turbidity increased almost linearly. During the second region (above
350uL added OA) a steeper increase in turbidity may be observed. In order to
understand this behavior, the size of particles was determined by DLS.

The analyses of the intensity and volume size distributions of the particles (Fig.
2A and 2B) demonstrated that in the first region, OA was present as vesicle
(Cistola et al., 1988) that increased in size upon OA addition. When 50uL of OA
was added, a monomodal size distribution was observed with a main peak at
275nm. With further OA addition, a broader size distribution appeared and the
peak shifted to a higher value of 375 nm (for 250uL of OA). An important structural
change was apparent when incorporating 350uL of OA, as a bimodal size
distribution was observed that correlated with a break point in the turbidity curve
(Fig. 1). The lower size peak at 468 nm could be related with the population of
vesicles that were increasing in size, as described above. The other population
was twice in size (870 nm), indicating that at this point the vesicles began to fuse
each other. In agreement with the present results, Zakir, Vaidya, Goyal, Malik, &
Vyas (2010) obtained OA vesicles ranging in between 500 nm and 1um, with a
high polidispersity index, measured by DLS. Verma et al. (2013) also obtained

OA vesicles with size between 455-554 nm.

Above the break point (at 350uL OA), a monomodal size distribution appeared
again (Fig. 2A and 2B), but in this case, only the larger particles were present

(ranged between 700 and 900 nm). Moreover, oiling off was evidenced 48h after
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standing the system at 37°C, because all the OA that was added after the break
point separated as an upper immiscible phase or droplets phase. This behavior
suggests that the limit of solubility of OA was reached. Thus, the second region
observed (350 to 600uL) in the turbidity profile, started when the system was
saturated by OA. Other authors have reported that the vesicular phase of OA is
characterized by an almost flat slope in the absorbance profile and, when droplets
appeared, a markedly increase in the absorbance values was observed and a
separated oil phase was evidenced (Apel, Deamer, & Mautner, 2002; Renddn et
al.,, 2012; Roy, Mandal, Banerjee, & Sarkar, 2018). These findings are in
agreement with the turbidity behavior (first and second region, Fig.1) described
before.

It can be concluded that the aqueous phase can solubilize 350uL of OA, thus,
the OA solubility was 3.13 mg OA/ mL, being the vesicles the predominant
supramolecular assemblies. The impact of different food emulsifiers in the
solubility and supramolecular assembly of the OA are studied in the following
section.

3.2 Oleic acid solubilization in the presence of Tween 80

Tween 80 derivates from the chemical combination of polyethoxylated sorbitan
and oleic acid (Karjiban, Basri, Rahman, & Salleh, 2012). In aqueous solution, T80
monomers tend to form micelles when reaching the critical micelle concentration
(CMC), that is 0.0025% (Gomes, Costa, & Cunha, 2018; Rehman et al., 2017).
The driving force for micellization is the hydrophobic effect, which excludes from
water the hydrophobic moieties to the interior of the micelle (Karjiban et al., 2012).
The volume size distribution of T80 micelles (at 0.5 and 1.5% w/w) was

determined in SIF a previous work (Naso, Bellesi, Pizones Ruiz-Henestrosa, &
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Pilosof, 2018) where a monomodal particle size distribution was obtained, with a
peak at 7.5nm. Other authors have reported similar values for the hydrodynamic
diameter of T80 micelles. Lafitte, Thuresson, Jarwoll, & Nydén (2007) obtained a
hydrodynamic diameter of 11.4 nm at a concentration of 5% w/w in water.
Bhattacharjee et al.(2010) reported a hydrodynamic diameter of 12.2 nm in the
presence of 0.4 M NaCl. The lower hydrodynamic diameter obtained in SIF
(7.5nm) is consistent with the higher ionic strength of SIF, as the addition of
electrolytes may dehydrate hydrophilic groups of the nonionic surfactant (Naso
et al., 2018).

The stepwise addition of OA to the solution containing 0.5% w/w T80, gives
rise to the turbidity as shown in Fig. 1A. Analyzing this profile, three different
regions could be detected, depending on the volume of added OA. In the first
region (between 0 and 350uL of OA), the turbidity of the system remained almost
constant with very low values. In the second one (between 350 and 550uL of OA)
an almost linear increase in the turbidity was observed. A third region (above
600uL of OA) was observed, with a steep increase in the turbidity. To understand
how the presence of T80 micelles affected the OA solubility, the size of the
particles was analyzed by DLS. The intensity and volume size distribution of the
supramolecular assemblies formed, as a function of the amount of added OA, are
shown in Fig.3A and 3B, respectively.

When 50uL of OA were added to the solution containing T80 0.5% w/w, a
monomodal size distribution was obtained, with a peak at 13 nm. This size was
much lower than that corresponding to OA vesicles (275 nm) in the absence of
emulsifier (Fig.2). The particle size of 13 nm is consistent with that reported

previously by Naso et al. (2018) for T80 micelles. When more OA was
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incorporated to the system (from 50 to 350puL), a continuous increase in the mixed
micelles sizes up to 40 nm was observed (Fig.3). This behavior reflects that the
higher the amount of OA that was incorporated into the T80 micelles, the greater
their hydrodynamic diameter. These micellar structures correspond to the first
region of the turbidity curve (Fig. 1A) where the turbidity values remain low and
almost constant.

Moreover, T80 has molecular similarities with the OA, because it contains an
OA molecule in its chemical structure. For that reason, it could be possible that
the OA may present affinity for this surfactant, and then it would prefer, instead
of rearrange as a vesicle, to get inserted and solubilized in the T80 micelles,
enlarging their sizes.

The formation of mixed micelles between T80 and other surfactants has been
widely investigated and reported in the literature. Bhattacharjee et al.(2010),
Haque et al. (1999), Naso et al. (2018) and Posa et al. (2013) demonstrated the
formation of mixed micelles between T80 and different types of bile salts (anionic
biological surfactant). Other authors have developed mixed micelles between
soybean phospholipids and T80, with a monomodal particles size distribution that
presented a peak between 7-20 nm and a low polidispersity index (Liang, Yang,
Deng, Lu, & Chen, 2011; Peng et al., 2011). Furthermore, Bhattacharya & Dixit
(2015) and Cirin et al. (2011) evidenced the existence of synergism between
different types of polysorbates (Tween 20, Tween 40 and Tween 80) and sodium
dodecyl sulfate (SDS) with the formation of mixed micelles. They found that the
SDS-T80 binary system showed the stronger synergistic effect, because T80
have the longer and more hydrophobic tail, which interacts strongly with the

hydrophobic parts of SDS. These findings highlight the capacity of T80 to form
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mixed micelles with different kinds of surfactants and point out their good
compatibility.

A break point in the turbidity profile (Fig. 1A) was evidenced at the end of the
first region (350pl of OA), where the turbidity values started to increase. This
increment could be correlated with the change observed in the particle size
distribution in Fig. 3A, where a bimodal population was obtained. The second
population could be considered insignificant in the volume size distribution (Fig.
3B), but nevertheless, scattered significantly light (Fig. 3A), affecting the turbidity
profile.

After the break point, in the range of 350 to 600uL added OA, the turbidity of
the system started to grow rapidly and linearly (second region). This behavior
correlates with the DLS results shown in Fig. 3A, as the population of particles
corresponding to T80-OA mixed micelle remained stable, but now, the second
population (140nm) scattered more light, increasing the turbidity values in this
range. Even though these aggregates coexisted with the mixed micelles, the last
ones still predominated according to the volume distribution. With this technique,
it was not possible to determine the structure of the second population of
particles, but they might be mixed aggregates with more OA than T80.

Finally, in the last region (addition of more than 600pl of OA), a change in the
slope of the turbidity curve was clearly evidenced, presenting a close relationship
with the formation of larger structures of 400 and 5500 nm in the DLS
measurements (Fig. 3). The peak at 400 nm seems to be the second population
of particles described above (140nm) which increased in size, as more OA was
incorporated. On the other hand, the third population at 5500 nm, could

correspond to the appearance of a droplet phase, since oiling off was evidenced

12
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after 48hs of standing the sample at 37°C. Moreover, a marked increase in the
absorbance of the system is related with the formation of OA droplets (Apel et al.,
2002; Renddn et al., 2012).

Overall, these results indicate that T80 system could solubilize 550uL of OA
where 350uL of this volume (first region) could be incorporated into de T80
micelles (forming mixed micelles), and the other 200uL (second region), would
form mixed structures between both components, probably enriched in OA
molecules. Finally, if more than 550uL of OA is added, it cannot be solubilized
and the saturation of the system is reached. All the OA added above this point
would be separated from the aqueous phase as an upper immiscible phase (third
region). Thus, the solubility of OA in this system was 4.92 mg OA/mL. Therefore,
it seems that the presence of T80 modifies the original supramolecular assembly
of OA (vesicles) improving its solubility in SIF by 57%, suggesting an important
affinity between both components.

Mirgorodskaya et al. (2010) reported that systems based on micelle forming
compounds (Tyloxapol, Triton-X-100, and Brij-97) increased the solubility of FA
by more than an order of magnitude compared with water because of the
formation of mixed micelles. FA incorporated into micelles increased their size
and provoked morphological changes. The solubilization of FA was accompanied

by the complete or partial destruction of intrinsic FA aggregates.

3.3 Oleic acid solubilization in the presence of -lactoglobulin
B-lactoglobulin (Blg) is a milk whey protein widely used as an emulsifier and
stabilizer agent in food emulsions (Pilosof, 2017).At neutral pH, Blg exists in a

dynamic equilibrium between its dimeric and monomeric form (Verheul,
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Pedersen, Roefs, & De Kruif, 1999). Protein concentration, pH, ionic strength,
and temperature affect this equilibrium and, consequently, the proportion of
monomers and dimers in solution (Gottschalk, Nilsson, Roos, & Halle, 2003;
Sakurai & Goto, 2002). The volume size distribution of Blg (at 0.5 and 1.5% w/w)
in SIF was determined in a previous work (Naso et al. 2018). A monomodal
particle size distribution was obtained, with a maximum value at 4.6 nm, which
falls in between those corresponding to the monomeric (3.6 nm) and the dimeric
form (6.9 nm) (Blake, Amin, Qi, Majumda, & Lewis, 2015).

The turbidity profile of a solution containing 0.5% w/w [lg, during the stepwise
addition of OA, is shown in Fig.1B. Three different regions could be identified
taking into account the turbidity curve of the system without emulsifier (included
in Fig.1B) and the particles size distributions as more OA is added (Fig.4). In the
first region (between 0 and 150uL of OA), the turbidity of the system was lower
than that without emulsifier (only SIF). Considering the DLS results in Fig.4, it can
be seen that the population of particles that predominated in this region
corresponded to Blg particles of 5-6 nm (Naso et al., 2018) and the vesicular
structures that OA formed in the absence of emulsifiers (Fig. 2) were not present.
This means that the protein included OA within its structure, that is consistent
with the role of Blg as a carrier of hydrophobic molecules (Le Maux, Bouhallab,
Giblin, Brodkorb, & Croguennec, 2014; Yang et al., 2008). In aqueous solution at
neutral pH, Blg forms a flattened and conical barrel, called a calyx (Brownlow et
al., 1997; Le Maux et al., 2014; Papiz et al., 1986). It has been demonstrated that
this protein in the calyx can bind hydrophobic ligands, such as, fatty acids, retinol,
vitamin D, cholesterol, aromatic molecules, polyphenols and many others

compounds (Fang, Zhang, Tian, & Ren, 2015; Kanakis et al., 2011; Le Maux,
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Giblin, Croguennec, Bouhallab, & Brodkorb, 2012; LiSkova et al., 2011; Loch et
al., 2013; O'neill & Kinsella, 1988; Papiz et al., 1986; Puyol, Perez, Peiro, &
Calvo, 2010; Wang, Allen, & Swaisgood, 2010a). In spite of being the calyx the
main binding site, a second binding site in the dimer interface has been proposed
(Kontopidis, Holt, & Sawyer, 2010; Loch et al., 2013; Wang, Allen, & Swaisgood,
2010b; Yang et al., 2008).

In the case of the FA-Blg binding, it has been proposed that may serve to
enhance the delivery of the FA to the enterocyte, improving its bioaccessibility
(Le Maux et al., 2012; Puyol et al., 2010). On the other hand, LiSkova et al.(2011)
obtained a complex between (lg and sodium oleate (the salt of OA) and they
demonstrated that this complex could induce apoptosis in cancer cells, having
antitumor activity. Also, Fang et al.(2015) prepared a Blg-OA complex that
exhibited the same cytotoxicity towards tumors cells. By isothermal titration
calorimetry (ITC), they confirmed that OA interacts with the protein through van
der Waals and hydrogen bonds. Similarly, Loch et al.(2013) evidenced by ITC the
same type of interactions between BIg and the OA and showed that the binding
was spontaneous and exothermic. Furthermore, Salama, Foda, Hassan, & Awad
(2015) in a series of works, obtained different nanocomplexes between other
whey proteins (a-lactalbumin and whey protein isolate) and OA. By turbidity
measurements, they confirmed the existing interactions, as all the complexes
showed lower turbidity values compared to the OA alone. This could be attributed
to the presence of the protein which decreased the ability of the OA to aggregate
in solution, demonstrating the higher binding ability of the proteins (Hassan et al.,
2014; Salama et al., 2015). These results correlate very well with the turbidity

behavior of the Blg system studied in this work (Fig.1B).
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Taking into account all these considerations, the second region in the turbidity
profile started with a break point at 150uL and extended up to 350uL of added
OA (Fig. 1B). In this region the turbidity values were still lower than the system
without the protein, indicating that the OA was bound to the protein and did not
self-assembled as vesicles. Moreover, in the volume particle size distribution (Fig.
4B) a bimodal population of particles appeared (for 250uL of OA), with one peak
at 18 nm and the other at 114 nm. At this point, the structure corresponding to
Blg dimmer (6 nm) disappeared, probably because the binding sites for the OA
were saturated. The molecules of OA and BIg rearranged to give place to new
types of supramolecular assemblies (18 nm and 114 nm) that could still maintain
the OA solubilized in the aqueous phase.

In the third region (above 350uL of added OA), the turbidity curve of the
solution containing Blg was almost similar to that without it shown as a reference
in Fig. 1B. The DLS results (Fig.4) indicated that the population of particles with
a mean size of 18 nm disappeared, and the peak corresponding to the mixed OA-
Blg aggregates at 114nm became broader and polydisperse (120 nm). It seems
that the system evolved to the supramolecular assembly of 120 nm as more OA
was added. In this way, these particles were enriched of OA as has been
postulated for the T80 system (Fig. 3). In addition, a new population of aggregates
at 4000 nm appeared, that could be related with the formation of OA droplets,
since oiling off was evidenced after 48 hs of standing the sample at 37°C,
indicating that the system reached the saturation limit.

By considering these results, it can be concluded that Blg could solubilize
350uL of OA, where 150uL of this volume was bound within the protein structure

(first region), and the other 200uL (second region), could remain in the aqueous
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phase forming mixed structures between both components (Fig.6). Finally, when
adding more OA (third region) droplets emerged, and an upper immiscible phase
was formed after 48h. Thus, the OA solubility in this system was 3.13 mg OA/
mL. It is important to highlight that in the presence of 3Ig the same amount of OA
was solubilized than in the reference system; however, in the presence of the
protein, OA was not present as vesicles, but formed lower supramolecular

assemblies.

3.4 Oleic acid solubilization in the presence of HPMC

Hydroxypropylmethylcellulose (HPMC) is a family of surface active
polysaccharides derived from cellulose. They containmethyl (hydrophobic) and
hydroxypropy! (hydrophilic) groups in the anhydroglucose backbone of the
cellulose and, depending on the degree of substitution, they differ in their
physico-chemical properties and technological applications (Pizones Ruiz-
Henestrosa, Bellesi, Camino, & Pilosof, 2017).

In the turbidity profile of solution containing HPMC (0.5% w/w) (Fig.1B), two
different regions could be identified during the stepwise addition of OA, according
to the DLS results. In order to better understand the turbidity behavior, the
turbidity curve of the system without HPMC was also included in Fig. 1B as a
reference. The particle size distribution of the HPMC solution was determined to
assess the aggregation behavior of the polysaccharide in the absence of OA (Fig.
5). In the intensity size distribution, a bimodal population (peaks at 17 nm and
271 nm) could be observed (Fig. 5A). However, only the lower size population
was significant, according to the volume size distribution, indicating that most of

the particles were ranged in this size. Camino et al. (2009) and Pizones Ruiz-
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Henestrosa et al. (2017) reported a similar particle size distribution for the same
HPMC (E5LV) in water. It has been reported that the HPMC molecules tend to
self-associate in aqueous solutions and form aggregates or clusters, being the
size of the aggregates concentration-dependent (Camino et al., 2009; Pizones
Ruiz-Henestrosa et al.,, 2017). It seems that the self-assembly of HPMC
molecules could be driven by hydrophobic interactions between the hydrophobic
substituents (Kato, Yokoyama, & Takahashi, 1978). In this case, two types of
HPMC clusters of different mean size particles were present (17 and 271 nm),
but those with smaller size predominated (Fig. 5B). It could be possible that the
biggest aggregates resulted from the self-association of the smallest.

In the first region (between 0 and 350uL of OA) of the turbidity profile (Fig. 1B),
the turbidity of the HPMC system was lower than the reference, as observed for
the protein system described above. Considering the DLS results (Fig.5), in this
case, a population of large particles appeared in both size distributions (intensity
and volume), with a wide and polydispersed peak at 317 nm. The original
predominating HPMC cluster of 17 nm disappeared and possibly these small
clusters tended to self-associate to form particles of bigger size, in the presence
of the OA. The inclusion of the OA molecules in the clusters gave rise to a mixed
structure of larger size (317 nm). As more OA was incorporated (from 0 to 350pL),
the size of the HPMC-OA mixed particles shifted to bigger sizes (Fig.5), indicating
the increasing inclusion of OA in the clusters structure. In this region, the turbidity
of the system was always lower than the system with OA alone (Fig.1B), pointing
out that the OA would be bound to the polysaccharide clusters and OA vesicles

would not be formed.
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On the other hand, in the second region (above 350uL of added OA), the
turbidity curve of the HPMC system crossed the turbidity curve of the reference
(Fig.1B). The DLS results indicated that when 350uL of OA were incorporated to
the system, the mixed HPMC-OA clusters reached their biggest size (532 nm),
and from this point, as more OA was added, the size of the particles did not
change (Fig. 5). Nevertheless, a new population of 4500 nm appeared, that could
be related with the formation of OA droplets, since oiling off was evidenced after
48h of standing the sample at 37°C. All these observations may indicate that the
system reached the FA saturation limit when adding 350uL of OA.

Overall, these results suggest that the HMPC system could solubilize 350uL
of OA, the same amount than the Blg system. However, in this case, the OA
remained in the aqueous phase through its inclusion in the polysaccharide
clusters (Fig.6). Thus, the OA solubility in this system was 3.13 mg OA/ mL,
Moreover, comparing with the reference system (without HPMC), the HPMC
solution could disperse the same amount of OA, nevertheless the FA adopted a
supramolecular assembly different from vesicles in the presence of this

polysaccharide.

4. Conclusions

The combined assessment of the changes in turbidity, oiling off and the
supramolecular structures of OA by DLS allowed the determination of the
solubilization extent of OA.

Figure 6 summarizes the possible supramolecular assemblies that could be
formed between OA and the different emulsifiers as function of the amount of OA.

Our results indicated that T80 improved by 57% the solubilization of OA, whereas
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the macromolecules (Blg and HPMC) only affected the supramolecular structure
that OA adopted in solution, being not more as a vesicle.

The methodology described here opens the possibility to assess FA solubility
in a variety of systems of practical application in the food, pharmacy and
nutritional fields, as the assessment of the potential accessibility of FA during in
vitro lipolysis. In this sense, although the emulsifier nature is known to impact in
the kinetic of lipolysis of an emulsion, there is a lack of understanding of the
specific mechanisms that govern this effect. The influence of the emulsifier nature

on the FA solubility is a possible mechanism that could be involved.
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Fig.1 Turbidity evolution of SIF upon the stepwise addition of OA in the presence of low
(A) and high (B) molecular weight emulsifiers (0.5% w/w). Tween 80 (), Blg (¢), HPMC
(A). Turbidity profile of the reference system (without emulsifier) (--e--). The limits
between the different regions were indicated with arrows.

Fig.2 Changes of the particles size distribution of OA in the absence of emulsifier when
adding: 50pL (M), 250uL (e), 350uL (A), 450uL (%) and 600uL (¥) of OA. Size

distribution as function of intensity (A) and volume (B).

Fig.3 Changes of the particles size distribution of OA in the presence of T80 (0.5% w/w)
when adding: 50uL (M), 250uL (e), 350uL (A), 450uL () and 700uL (¥) of OA. T80

system (0.5% w/w) without OA (+). Size distribution as function of intensity (A) and
volume (B).

Fig.4 Changes of the particles size distribution of OA in the presence of Blg (0.5% w/w)
when adding: 50uL (M), 150uL (e), 250uL (A), 350uL () and 600uL (¥) of OA. Blg

system (0.5% w/w) without OA (+). Size distribution as function of intensity (A) and
volume (B).

Fig.5 Changes of the particles size distribution of OA in the presence of HPMC (0.5%
w/w) when adding: 50uL (M), 150uL (), 250uL (A ), 350uL () and 550uL () of OA.

HPMC system (0.5% w/w) without OA (+). Size distribution as function of intensity (A)
and volume (B).

Fig.6 Schematic representation of the possible supramolecular assemblies that could be
formed between the OA and the different emulsifiers in SIF as a function of the amount
of OA. OA without emulsifiers (A), OA in presence of T80 (B), OA in presence of Blg (C)
and OA in presence of HPMC (D)
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HIGHLIGHTS
The methodology allowed to determine the solubility of a FA
The presence of T80 improved the solubilization of OA

The macromolecules affected the supramolecular structure that the OA adopt
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