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ARTICLE INFO ABSTRACT

The engineering of ingredients emerges as a strategy to design emulsified products aiming to control the lipid
hydrolysis. In this context, oil-in-water (O/W) emulsions composed of different oil phases (Sunflower oil - LCT or
NEOBEE® 1053 - MCT) and stabilized by whey protein isolate - WPI (1% w/w), Tween 80 — T80 (1% w/w) or
varied ratios of WPI/T80 (0.9975%WPI/0.0025%T80; 0.75%WPI/0.25%T80; 0.5%WPI/0.5%T80 w/w) were
produced and submitted to simulated gastrointestinal conditions. The lipolysis of LCT was influenced by the fatty
acid chain length and emulsifier composition, while only the fatty acid chain length affected the lipolysis of
MCT. The emulsions produced with LCT and 1%WPI or 09975%WPI/00025%T80 showed the highest release
rate of free fatty acids (FFAs), but similar result was observed for the 0.5%WPI/0.5%T80 system. In the 0.5%
WPI/0.5%T80 mixture, WPI and T80 worked together and achieved an improved performance during the gastric
(stability similar as 1%T80 emulsion) and small intestinal phases (lipolysis similar as 1%WPI emulsion). The
rational selection of ingredients is useful to design emulsions with improved performance as a delivery system
since the emulsion structural stability during digestion, the oil type and interaction between lipase-interface had
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a marked impact on the efficiency of lipid digestion.

1. Introduction

Lipids play a central role in the sensory properties of food products.
Some of these properties that are relevant to mention are consistency,
creaminess and palatability, which are associated with pleasantness of
food in the mouth and satiation sensory cue (Day et al., 2014; Lett,
Norton, & Yeomans, 2016). Also, the vehiculation of functional lipo-
philic compounds in lipid matrices increases the water solubility of
these bioactive compounds promoting an improvement of their bioac-
cessibility (Salvia-Trujillo et al., 2017). However, lipid is the macro-
nutrient with the highest energy density and its overconsumption is
often cited as a major cause of obesity and increased incidence of dia-
betes and heart diseases (Lett et al., 2016). In this way, designing food
structures for functional benefits must consider the paradoxical role
that lipids play in our diet.

Lipids are incorporated in many processed foods, such as oil-in-
water (O/W) emulsion based systems (Guo, Ye, Bellissimo, Singh, &
Rousseau, 2017). Emulsion microstructure exerts a significant impact
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on gastrointestinal fate and may, therefore, be manipulated to develop
delivery systems with modulated lipid hydrolysis (lipolysis) rate, de-
pending of the desired characteristics of the end product.

The engineering of ingredients emerges as a strategy to design
emulsified products with characteristics directed to specific needs (Guo
et al., 2017). Such products could be built by selecting a specific fitted
combination of the lipid phase and emulsifier or a mixture of emulsi-
fiers, such as protein/surfactant (Singh, Ye, & Ferrua, 2015). Proteins,
like whey proteins, stabilize emulsions by electrostatic and/or steric
repulsion mechanisms (Ozturk & McClements, 2016). However, pro-
teins exhibit a slow diffusion into the oil-water interface, and are
strongly dependent on environmental conditions such as temperature,
pH and ionic strength, which may restrict their application in colloidal
systems (McClements & Gumus, 2016). In the stomach, due to the low
pH and presence of enzymes, the droplets of emulsions stabilized by
WPI lose the stabilization mechanism promoted by electrostatic repul-
sion and become aggregated, as consequence of flocculation process
(Golding et al., 2011). The weakening of the protein layer that
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Mean particle size (D43) of the fresh emulsions and after the gastric and the intestinal steps produced with LCT or MCT oil and stabilized by WPI, WPI/Tween80

mixture or Tween 80.

Oil type Composition of emulsifier (w/w) Fresh Gastric Intestinal
D43 (um) =+ StDev' D43 (um) * StDev' D43 (um) * StDev'
LCT 1%WPI 1.55 + < 0.01*"™" 30.53 *+ 2.66™" 25.18 = 1.36®®"
0.9975%WPI1/0.0025%T80 1.32 = < 0.01°4" 30.81 + 2213 21.67 + 6.46°5""
0.75%WP1/0.25%T80 1.29 + 0.07°A"" 13.20 + 0.89"A™ 20.33 + 3.80°%"
0.5%WPI1/0.5%T80 1.24 + 0.14°A" 1.37 = 0.19%" 23.72 = 3.69*%"
1%T80 1.22 + 0.05°A" 1.32 + 0.024" 20.94 + 252"
MCT 1%WPI 1.42 + <0.01%" 18.90 + 4.48%5" 128.9 + 10.4%"
0.9975%WPI/0.0025%T80 1.21 + 0.29°4" 17.43 + 1.53%" 106.4 * 15.72%
0.75%WP1/0.25%T80 1.03 + 0.01°" 8.51 + 2.57°B" 1115 + 14.6"
0.5%WPI/0.5%T80 1.00 + < 0.01®" 1.32 = 0.15%" 105.3 + 19.7°A"
1%T80 0.95 + 0.05%" 1.28 = 0.06°%" 105.0 + 9.1°4"

! Standard deviation (StDev). Different letters indicate significant difference at p < 0.05. Small letters: differences in the same column among different emulsifier
composition (1%WPI; 0.9975%WPI1/0.0025%T80; 0.75%WPI/0.25%T80; 0.5%WPI/0.5%T80 or 1%T80) at the same oil phase. Capital letters: differences in the
same column between LCT and MCT samples at the same emulsifier composition. Asterisk: differences in the same line among fresh emulsion and after the gastric and

intestinal steps at the same emulsifier and oil composition.

surrounds the flocculated droplets may induce a further destabilization
by coalescence, reducing the interfacial area accessible for lipolysis in
the intestinal phase (Costa et al., 2020). Differently, Tween 80 (T80) is
a nonionic surfactant that rapidly reduces interfacial tension between
the phases, facilitating the emulsification process, even though it is a
synthetic emulsifier. Emulsions stabilized by nonionic surfactants are
not affected by the environmental conditions of the stomach, though
this surfactant class offers some resistance to the lipase adsorption onto
the droplets surface reducing the lipolysis rate (Yao et al., 2013).
Therefore, we hypothesized, that the WPI/T80 mixture would achieve a
greater performance than each emulsifier alone. In the mixture, T80
would improve the stability of emulsion during the gastric phase while
the WPI would facilitate the adsorption of lipase onto the interface
during the intestinal phase. Also, protein/surfactant mixture is a
strategy to reduce the proportion of chemically synthetized compounds
in food formulations (Giilseren & Corredig, 2014).

The oil phase also influences lipolysis since it may alter the inter-
facial layer composition and the emulsifier adsorption process onto the
droplet surface (Gomes, Costa, & Cunha, 2018). Emulsions produced
with medium chain triacylglycerols (MCTs) generally have a higher
release rate of free fatty acids (FFAs) during intestinal phase than those
with long chain triacylglycerols (LCTs). Nevertheless, LCT forms mixed
micelles with larger hydrophobic domains than those formed by MCT.
The hydrophobic domains are responsible for solubilization of the
bioactive compound and for its subsequent adsorption in the intestinal
mucosa (McClements, 2018).

In the last years some studies have evaluated the lipolysis in
emulsions produced with different emulsifiers (Borreani, Leonardi,
Moraga, Quiles, & Hernando, 2019; Costa et al., 2020; Hou, Liu, Lei, &
Gao, 2014; Karthik & Anandharamakrishnan, 2016). Likewise, other
studies have investigated the influence of different lipid phases on the
lipid hydrolysis (Majeed et al., 2016; Salvia-Trujillo et al., 2019;
Schoener, Zhang, Lv, Weiss, & McClements, 2019; Verkempinck et al.,
2018). However, the effect of the interaction among protein/surfactant
mixtures and lipid phases (chain length/saturation degree) on the be-
havior of the emulsions submitted to in vitro digestion has been little
studied.

In this context, we produced O/W emulsions stabilized by WPI, T80
or WPI/T80 mixtures with different oil phases (Sunflower o0il-LCT and
NEOBEE® 1053-MCT) and we evaluate their behavior through the si-
mulated gastrointestinal tract (GIT), considering two aspects: 1) emul-
sion stability during digestion steps and 2) lipolysis process. This in-
formation allowed us to better understand how the interaction between
different ingredients (single emulsifier, mixture of emulsifiers, lipid
phase) would affect the lipid hydrolysis.

2. Material and methods
2.1. Material

The ingredients used to prepare the emulsions were poly-
oxyethylene sorbitan monooleate (Tween 80) obtained from Dinamica
Quimica Contemporanea Ltda (Diadema, Brazil), whey protein isolate —
WPI (approximately 90% w/w protein) kindly donated by Fonterra Co-
operative Group Limited (Auckland, New Zealand) and ultrapure water
from a Millipore Milli-Q system (resistivity 18.2 MQ/cm). Sunflower oil
- LCT (Bunge Alimentos S.A., Brazil) was purchased from the local
market and the medium chain triacylglycerol - MCT (NEOBEE® 1053)
was kindly donated by Stepan Lipid Nutrition (Northfield, USA). The
fatty acid composition of oils was obtained by gas chromatograph with
a capillary column-CGC Agilent 6850 Series GC System (Santa Clara,
CA), after esterification (Hartman, 1973). LCT main fatty acid compo-
sition was 5.29% palmitic acid (16:0), 3.72% stearic acid (18:0),
41.48% oleic acid (18:1) and 47.64% linoleic acid (18:2). The main
fatty acid composition of MCT was 51.41% caprylic acid (8:0) and
47.30% capric acid (10:0). All ingredients were used without further
purification based on commercial products that are commonly used in
industrial applications.

Bile extract porcine (B8631), pancreatin from porcine (P7545) and
pepsin from porcine gastric mucosa (P6887) were purchased from
Sigma-Aldrich (St. Louis, USA). The other reagents used in the experi-
ments were analytical grade.

2.2. Emulsion preparation

Oil-in-water (O/W) emulsions were prepared using the same oil to
aqueous phases weight ratio (10:90). The oil phase was composed of
sunflower oil (LCT) or NEOBEE® 1053 (MCT), while the aqueous phase
was composed of solutions with 1%WPI, WPI/T80 mixture (0.9975%
WPI1/0.0025%T80, 0.75%WPI1/0.25%T80, 0.5%WPI/0.5%T80) or
1%T80 (w/w). The WPI/T80 ratios were chosen to verify the influence
of the Tween 80 concentration above the critical micellar concentra-
tion- CMC (0.0025%) (Grigoriev, Derkatch, Krédgel, & Miller, 2007).
Each emulsifier was dissolved in water for 2 h using a magnetic stirrer
at 25 °C, then, the solutions with different ratios of WPI/T80 were
prepared. The emulsion was produced by pre-mixing the oil and aqu-
eous phases using an Ultra Turrax model T18 (IKA, Staufen, Germany)
for 3 min at 14,000 rpm, followed by homogenization at 50 MPa/5 MPa
using a Panda 2KNS1001L double-stage homogenizer (Niro Soavi,
Parma, Italy). The samples were passed through the homogenizer only
once. The apparent viscosity of LCT/MCT emulsions (100 s~ varied
from 1.55 to 1.65 (mPa.s) (Gomes et al., 2018). Emulsions were



A. Gomes, et al.

Food Research International 137 (2020) 109360

LCT MCT
9 9
1%WPI 1%WPI
E s
()]
£
2 3
>
0
9
S s
[}
£
2 3
>
0
9
K s
[}
5
2 3
>
0
9
K s
)]
£
2 3
>
0
9
g 6
£
R
o
>
0
001 01 1 10 100 1000 001 01 1 10 100 1000

Particle size (um)

Particle size (um)

Fig. 1. Volume size distribution of the emulsions produced with LCT or MCT stabilized by WPI, WPI/Tween 80 mixture or Tween 80: (—) fresh emulsions; (— —)

after gastric and () intestinal phases.

evaluated by means of optical microscopy, mean droplet size (Dg3),
droplet size distribution, {-potential and in vitro digestibility. Mea-
surements were performed just after emulsions preparation in duplicate
and all measurements were performed three times.

2.3. Characterization of emulsions

2.3.1. Optical microscopy

Fresh emulsions (up to two hours after preparation) were examined
in an optical microscope (Axio Scope.Al, Carl Zeiss, Germany) with
100x oil immersion objective lens. The images were captured with the
software AxioVision Rel. 4.8 (Carl Zeiss, Germany).

2.3.2. Particle size distribution

The particle size distribution was determined by the static laser
diffraction method using a Mastersizer 2000 (Malvern Instruments Ltd,
Malvern, UK). The samples were dispersed in water and the rotational
velocity was 1,750 rpm.

The average particle diameter was expressed as the mode of the size
distribution curves (peak values) or as the volume-surface mean dia-
meter (Dy3) calculated by Eq. (1).

_ )y nd;

Dyx =
T Y nd? )

where n; is the number of droplets with diameter d;
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Fig. 2. Optical micrographs of the O/W emulsions produced with LCT and stabilized by 1%WPI, 0.9975%WPI/0.0025%T80, 0.75%WPI/0.25%T80, 0.5%WPI/
0.5%T80 or 1%T80: fresh and after gastric and intestinal phases. Scale bar = 10 pm.

2.3.3. {-potential

The determination of {-potential of the samples dispersed in water
(0.001%) was performed at 25 °C using a Zetasizer Nano-ZS (Malvern
Instruments, UK). The electrophoretic mobility was obtained by Laser
Doppler Anemometry technique and the mathematical model proposed
by Smoluchowski was used to convert electrophoretic mobility mea-
surements in {-potential values. The {-potential was measured to pro-
vide indirect information about changes in the interfacial composition
during different steps of the in vitro digestion model.

2.3.4. In vitro digestion of emulsions and fatty acid release

The emulsions were digested by subjecting them to sequential in-
cubation in simulated gastric fluid (SGF) and then simulated intestinal
fluid (SIF) using the slight modified in vitro digestion protocol (Minekus
et al., 2014; Brodkorb et al., 2019) where, according to the authors, the
mouth phase can be eliminated for liquid samples. The samples were
placed in a stirred (100 rpm) double jacketed reaction vessel main-
tained at 37 * 1 °C (Mun, Park, Kim, & McClements, 2016). Then,
60 mL of each sample was incubated for 2 h with 60 mL of SGF at pH 3
(SGF contained 6.9 mmol L™! of KCl, 0.9 mmol L™} KH,PO,,
25.0 mmol L™' NaHCO;, 47.2 mmol L' NaCl, 0.1 mmol L7!
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Intestinal

Fig. 3. Optical micrographs of the O/W emulsions produced with MCT and stabilized by 1%WPI, 0.9975%WPI/0.0025%T80, 0.75%WP1/0.25%T80, 0.5%WPI1/
0.5%T80 or 1%T80: fresh and after gastric and intestinal phases. Scale bar = 10 um.

MgCl,(H,0)e, 0.5 mmol L™! (NH4)»COs3, 0.15 mmol L™! CaCl,(H,0),
and 9.6 mL of fresh pepsin dispersion (25,000 U mL™')). After 2 h of
incubation in SGF, 20 mL of sample was collected for immediate
characterization (Sections 2.3.1, 2.3.2 and 2.3.3). Then, the
sample + SGF was mixed (1:1) with SIF. The temperature was adjusted
to 37 * 1 °C and the pH was adjusted to 7 with 1 M NaOH. The SIF
contained 6.8 mmol L™ ! KCI, 0.8 mmol L™! KH,PO,, 85.0 mmol L™}
NaHCOs5;, 38.42 mmol L~! NaCl, 0.33 mmol L™! MgCl,(H,0)e,
0.6 mmol L™ ! CaCl,(H,0),, 70.72 g L ™! of bile salts and 25 mL of fresh
pancreatin dispersion (800 U mL ™! based on trypsin activity).

During intestinal digestion, the pH was maintained at 7.0 by the

addition of 1 M NaOH, through an automatic titration unit (pH-stat T50
titrator, Metler Toledo, Mississauga, Canada). The volume of NaOH
added to the samples was measured every 1 min and used to calculate
the concentration of free fatty acids (FFA) released in the reaction
vessel. FFA released were calculated using Eq. (2), taking into account
the number of moles of NaOH required to neutralize the FFA that could
be produced from the triacylglycerols if they were completely digested
(assuming the generation of 2 FFAs per triacylglycerol molecule by the
action of lipase) (Li & McClements, 2010). After 2 h of incubation in
SIF, the samples were taken for structural characterization (Sections
2.3.1, 2.3.2 and 2.3.3).
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Fig. 4. Behavior of {-potential of the O/W emulsions, produced with LCT or
MCT as oil phase and stabilized by 1%WPI, 0.9975%WPI/0.0025%T80, 0.75%
WPI1/0.25%T80, 0.5%WPI/0.5%T80 or 1%T80: after preparation (fresh) and
after gastric and intestinal phases. Different letters indicate significant differ-
ence at p < 0.05. Small letters: differences between emulsifier composition (1%
WPI, 0.9975%WPI/0.0025%T80, 0.75%WPI/0.25%T80, 0.5%WPI/0.5%T80 or
1%T80) at the same oil phase. Capital letters: differences between fresh
emulsion and after the gastric and intestinal steps at the same emulsifier
composition.

VNaor X Mnaor X MWiipig
2 X Wipia ()

%FFA =

where Vyqoy is the volume (L) of NaOH, My,op is the molarity of NaOH
(M) , MWjy,q is the average molecular weight of sunflower oil — LCT
(867 g/mol) or MCT oil (492 g/mol) and Wy, is the weight of lipid
initially present in the reaction vessel (g).

The digestion process and the analyzes to characterize the samples
after the stomach and intestinal stages of the GIT model were per-
formed in duplicate. All measurements were performed three times.
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3. Results and discussion
3.1. Evaluation of structural changes during in vitro digestion

The physical stability of the emulsions was evaluated before and
after passing through the simulated gastrointestinal tract (GIT), based
on the analysis of particle size, particle size distribution, {-potential,
microstructure and macroscopic appearance after each stage of the GIT
model. Two factors were examined to understand the destabilization of
emulsions during digestion and how it affects the surface area available
for lipolysis using mixed WPI/Tween 80 emulsions: 1) emulsifier
composition, and 2) oil phase composition.

3.1.1. Fresh emulsions

All evaluated conditions led to the formation of emulsions with
small droplet sizes (D43 < 1.55 pm) and most of them presented
monomodal distribution (Table 1 and Fig. 1). Microscopy images
(Figs. 2 and 3) confirmed the small oil droplets distributed evenly by
the emulsions.

Emulsions formulated with LCT presented a larger D43 than those
stabilized by MCT, except for systems stabilized by 0.9975%WPI/
0.0025%T80 (w/w). This result can be associated with the viscosity and
the hydrophobicity of the dispersed phase. The LCT presents higher
viscosity (around 42.6 mPa.s) than MCT (around 30 mPa.s), hindering
the droplet breakup into smaller sizes in the systems formed by LCT
(Chiplunkar & Pratap, 2016; Walker, Gumus, Decker, & McClements,
2017). The LCT systems also present an initial interfacial tension
slightly higher due to its higher hydrophobicity. Furthermore, the
newly formed interface of LCT droplets needs a higher amount of
emulsifier to be saturated, due to the greater degree of unsaturation of
the LCT fatty acid chains, slowing the formation of the layer around the
droplet. These characteristics result in a higher interfacial pressure for
LCT systems compared to the MCT ones as observed in our previous
study (Gomes et al., 2018). It should be noted that the interfacial
pressure is opposed to droplet deformation and rupture (Gomes et al.,
2018; Qian & McClements, 2011).

The addition of T80 promoted a decrease of D43 value (0.0025%T80
w/w), regardless of the oil used, which could be attributed to differ-
ences in interfacial properties of the emulsifiers (McClements & Gumus,
2016). Proteins are less efficient at forming droplets with reduced
diameter because they form a solid viscoelastic interfacial film which is
more resistant to disruption (Wilde, Mackie, Husband, Gunning, &
Morris, 2004). Furthermore, WPI presents slower adsorption on the
droplet surface than Tween 80 and, therefore, more re-coalescence of
droplets could occur during the homogenization process (Wilde et al.,
2004). Otherwise, T80 has better surface activity property compared to
WPI and forms a fluid adsorbed layer around the droplet. This fluidity
allows the rapid migration of T80 from more concentrated regions to
reduced concentration areas (Gibbs-Marangoni mechanism) facilitating
the production of droplets with small diameters (Kotsmar et al., 2008).
The increase of T80 concentration in the emulsifier mixture (0.25%T80
w/w) resulted in a further decrease of D43 only in MCT systems. The D43
values did not present significative differences to 0.5%WPI/0.5%T80
and 1%T80 LCT/MCT systems, indicating that the increase of the T80
concentration above 0.5% (w/w) is not capable to promote an addi-
tional reduction of the droplet size.

All fresh emulsions presented negative {-potential (pH 6.6 — 6.8),
with the magnitude of their {-potential depending on the composition
of the interfacial layer (Fig. 4). The LCT/MCT emulsions stabilized by
1%T80 or 0.5%T80/0.5%WPI (w/w) presented similar (-potential
(around —33 mV). Although Tween 80 is a nonionic surfactant, some
molecules such as ions OH— coming from the water, and free fatty acids
from the commercial emulsifier, or from the oil, may adsorb on the
interface explaining the negative {-potential of the droplets (Chang &
McClements, 2016; Hsu & Nacu, 2003).

The reduction of T80 in the emulsifier mixture resulted in a decrease
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Fig. 5. Visual aspect of the LCT/MCT emulsions stabilized by 1%WPI, 0.9975%WPI/0.0025%T80, 0.75%WPI/0.25%T80, 0.5%WPI/0.5%T80 or 1%T80: fresh

emulsions (F) and after gastric (G) and intestinal (I) phases.

of the {-potential, which reached similar values, around — 27 mV, in
LCT/MCT systems with 1%WPI and 0.9975%WPI/0.0025%T80 (w/w).
Protein-coated oil droplets showed negative {-potential values because
the solution pH was above the WPI isoelectric point (pI = 5.1) (Park,
Mun, & Kim, 2018).

3.1.2. Emulsions under simulated gastric conditions

The microstructure of fresh emulsions was changed after the gastric
step. Such changes were dependent on the emulsifier and oil compo-
sition.

The droplet size distribution curves of LCT/MCT emulsions stabi-
lized by the prevailed WPI content (1%WPI, 0.9975%WPI/0.0025%T80
and 0.75%WP1/0.25%T80 w/w) became broader and droplet size in-
creased considerably during the gastric phase (Table 1 and Fig. 1).
Microscopy images indicated extensive droplet aggregation and the
presence of some large individual oil droplets for both LCT/MCT sys-
tems (Figs. 2 and 3). The aggregation process was confirmed by the
visual aspect of these emulsions, which showed phase separation after
the stomach phase (Fig. 5). The microscopy image of MCT-0.75%WPI1/
0.25%T80 system showed smaller clusters, and the phase separation
was not observed for this system.

In the stomach phase, the systems were submitted to the environ-
mental conditions of very low pH (pH = 3) and high ionic strength
(=100 mV). During the rapid acidification of the systems, pH values
around the isoelectric point (pI = 5.1) of WPI were reached. In this
condition, the protein layer had no longer enough repulsive forces to
avoid the aggregation of the droplets (Singh & Ye, 2013; Zhang et al.,
2016). However, the droplets remained flocculated even at pH below
the isoelectric point (pH = 3), when the WPI molecules are positively
charged. The high ionic strength of the medium leads to the shielding of
electrical charges on the adsorbed protein molecules because proteins
are capable of binding ions (particularly calcium). The ion protein in-
teractions enhance intermolecular association and, hence, increase the
droplet package (Singh & Ye, 2013). Thus, the emulsions stabilized by
WPI showed extensive droplet flocculation with a densely packed net-
work gel-like structure (Figs. 2 and 3).

In addition to very low pH and high ionic strength, the systems were
exposed to the pepsin action. Proteins undergo conformational changes
(exposition of hydrophobic groups) to adsorb onto the oil-water in-
terface, enhancing the accessibility of pepsin to specific peptide bonds
(Singh & Ye, 2013; Zhang et al., 2016). Hydrolysis of the WPI interfacial
layer produces small peptides that form a weak and more susceptible to
rupture interfacial film (Schroder, Berton-Carabin, Venema, &

Cornacchia, 2017), favoring the coalescence by the proximity of the
aggregated droplets. Therefore, partial WPI hydrolysis may diminish
the protective effect of interfacial layer, predisposing the droplets to a
bridging-flocculation mechanism (van Aken, Bomhof, Zoet, Verbeek, &
Oosterveld, 2011).

The destabilization by coalescence was more intense in MCT dro-
plets (Figs. 2 and 3), which was attributed to the greater susceptibility
of WPI to proteolysis on the MCT droplet surface than on the more
hydrophobic LCT interface. At the more hydrophobic interface, the
protein exposes more hydrophobic residues (Gomes et al., 2018),
however, most of them are embedded in the oil phase hindering the
access of pepsin. Furthermore, the protein molecules are closer to each
other on the LCT interface also making the pepsin action more difficult
(Sakuno, Matsumoto, Kawai, Taihei, & Matsumura, 2008).

The presence of T80, even at low concentration, hampered the
flocculation (Table 1) and coalescence processes of droplets (Figs. 2 and
3). The T80 promoted the displacement of the WPI molecules from the
droplet surface (competitive adsorption) creating a protein/surfactant
mixed interface (Gomes et al., 2018; Maldonado-Valderrama & Patino,
2010). In this way, the presence of T80 in interfacial layer made the
system more resistant to destabilization since non-ionic surfactants are
highly stable under stomach conditions (Espert, Salvador, & Sanz,
2019).

Emulsions stabilized by higher T80 concentrations (= 0.5% w/w)
showed the smallest structural changes after experiencing the simulated
stomach conditions (Table 1 and Figs. 1-3). These systems did not show
changes in the droplet size demonstrating the strong influence of T80
regardless of the oil phase. T80 has a big polyoxyethylene head pro-
viding a high steric repulsion among the oil droplets avoiding their
aggregation and coalescence (Espert et al., 2019).

The LCT systems with concentration of T80 ranging from 1 to 0.5%
(w/w) and the MCT systems ranging from 1 to 0.25%T80 (w/w) did not
present phase separation (Fig. 5). Such results show that the con-
centration of T80 required to avoid phase separation (drastic reduction
of flocculation droplets) was much higher for the LCT emulsions. The
proteins interact more strongly with the LCT interface hampering their
replacement by T80 at the interface (Gomes et al., 2018).

These results show that the replacement of T80 by WPI up to 0.5%
(w/w), for both oils, LCT or MCT, was efficient to avoid the aggregation
of droplets under gastric conditions and produced emulsions with si-
milar characteristics to those stabilized only with T80. This may have
important consequences for designing emulsions that are able to induce
satiety and improve the bioaccessibility of lipophilic functional
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tribution curves after intestinal step: water (control sample) or emulsions sta-
bilized with 1%WPI and produced with A) LCT or B) MCT.

compounds. The gastric stable emulsions have shown slower rate of
gastric emptying and higher lipid hydrolysis rate (Lett et al., 2016).

After the gastric phase, the {-potential was measured to provide
with indirect information about changes in the interfacial composition.
The ¢-potential became less negative after the stomach phase for LCT/
MCT systems stabilized by 1%WPI, 0.9975%WP1/0.0025%T80, 0.75%
WPI/0.25%T80 and for 0.5%WPI/0.5%T80 LCT system.

This effect is attributed to the susceptibility of WPI to strong
changes of environmental conditions (low pH and high ionic strength)
and the adsorption of charged species from gastric fluid on the emul-
sifier layer, resulting in electrostatic screening effects (Chang &
McClements, 2016). Also, the WPI molecules present in the interfacial
layer lose some negatively charged residues as a result of the pepsin
action. The proteolysis facilitates the displacement of some protein
molecules and/or peptides from the interface allowing the adsorption of
other positive charged species, with surface active, coming from the
gastric juice (Schroder et al., 2017). The ¢-potential of MCT-0.5%WPI/
0.5%T80 and LCT/MCT-1%T80 systems remained unchanged, re-
affirming the ability of T80 to maintain emulsion stability in gastric
conditions.
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of the O/W emulsions, produced with LCT or MCT as oil phase and stabilized by
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Table 2

Free fatty acid release (FFA) during the intestinal stage from O/W emulsions
produced with LCT or MCT oil and stabilized by WPI, WPI/Tween80 mixture or
T80.

Oil type Eomposition of emulsifier (w/w) Release of FFAs (%)

LCT 1%WPI 45.56 + 1.05*®
0.9975%WPI1/0.0025%T80 40.39 + 1.89%®
0.75%WPI1/0.25%T80 32.90 * 2.41°8
0.5%WPI /0.5%T80 43.18 * 1.36%
1%T80 30.52 = 1.51"®

MCT 1%WPI 80.06 * 2.46™
0.9975%WP1/0.0025%T80 77.46 + 0.56™
0.75%WPI/0.25%T80 78.70 + 3.65%
0.5%WPI/0.5%T80 77.61 * 2.10*
1%T80 77.98 + 2.68*

Different letters indicate significant difference at p < 0.05. Small letters: dif-
ferences in the same column among different emulsifier composition (1%WPI;
0.9975%WPI1/0.0025%T80; 0.75%WPI/0.25%T80; 0.5%WPI/0.5%T80 or
1%T80) at the same oil phase. Capital letters: differences in the same column
between LCT and MCT samples at the same emulsifier composition.

3.1.3. Emulsions under in vitro intestinal conditions
After being exposed to the simulated intestinal conditions, all
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Fig. 8. Schematic representation of the physicochemical mechanism involved in the in vitro digestion steps of the emulsions composed of LCT or MCT and stabilized
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systems showed changes in the particle size (Figs. 2 and 3) with evi-
dence of smaller and bigger particles in the size distribution curves
(Fig. 1). These results indicate that the emulsions underwent several
physicochemical modifications, as a result of lipid digestion, which
promoted a considerable reduction in their physical stability.

In the intestine, the emulsions were exposed to different environ-
mental conditions, such as high pH (7.0) and ionic strength (=140 mM)
and the presence of bile salts and enzymes (Singh & Ye, 2013). Bile salts
adsorb onto the droplet surface and replace at least part of the emul-
sifier layer, due to their high surface activity (Bellesi, Martinez, Pizones
Ruiz-Henestrosa, & Pilosof, 2016). Once at the oil droplet interface, the
pancreatic lipase is capable to convert the triacylglycerols (LCT or MCT
oils) in free fatty acids (FFAs) and monoacylglycerols (MAGs), which
are also able to replace the emulsifiers from interface (Qian, Decker,
Xiao, & McClements, 2012). On the one hand, the removal of these
digestion products (FFAs and MAGs) from the droplet surface leads to a
reduction of the droplet diameter. On the other hand, the lipid digestion
is an interfacial process capable of changing the composition, micro-
structure and properties of the layer of emulsifiers. Thus, the emulsi-
fying layer is weakened, allowing the droplet size to increase due to
coalescence (Yang & McClements, 2013).

The emulsifier composition was not able to change the particle size

of LCT/MCT systems, however the D3 values were affected by the oil
phase composition. The MCT systems showed larger particles than the
LCT systems. Fig. 1 shows the particle size distribution curves in LCT
systems. The first peak, located in a region of smaller size, corresponds
to the undigested oil droplets and the tail, which is in the region of
larger particle sizes, represents the particles from LCT digestion and
gastrointestinal fluids. The particles formed during MCT digestion
showed multimodal distribution curves, shifted to the right towards
larger sizes. The behavior of the distribution curves indicates that the
MCT hydrolysis was superior to the LCT (Fig. 1). Long chain FFAs
generated from digestion of LCT tend to accumulate at the oil-water
interface due to their major affinity for lipid phase, hampering the li-
pase action by steric hindrance In contrast, medium chain FFAs move
towards the surrounding aqueous phase due to their lower hydro-
phobicity (Qian et al., 2012; Yang & McClements, 2013). The facilitated
lipase access to the MCT oil droplets may have resulted in higher rate of
destabilization of droplets by coalescence.

The high polydispersity of the size distribution curves is attributed
to the complex composition of the intestinal phase (undigested lipid
droplets and colloidal structures such as micelles, vesicles, protein
particles, insoluble bile, and calcium salts). These colloidal structures
which are resulted of the interaction among the ingredients of the
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emulsions and the compounds coming from the gastrointestinal fluids,
may influence the particle size and the particle size distribution (Park
et al., 2018).

The above results provided information on the influence of oil phase
composition on particle size and particle size distribution after the in-
testinal step (digesta). However, a complementary analysis was neces-
sary to deeply understand the contribution of gastrointestinal fluids
(insoluble bile, enzymes, and calcium salts) on these properties.
Therefore, in vitro digestion experiments using water as sample (con-
trol) were performed and particle size distribution curves (volume and
number) obtained were compared with the distribution curves of the
digested emulsion samples. Fig. 6 shows the mode values and number/
volume size distribution curves of the water system (control) compared
to the LCT or MCT systems stabilized by 1%WPI. Interestingly, all WPI/
T80 ratios of LCT or MCT systems presented similar behavior. The
control and 1%WPI-LCT systems showed a different volume and
number size distribution. The size distribution curves of the 1%WPI-
LCT system showed two peaks: one of undigested oil droplets (first
peak) and other of the remaining particles of gastrointestinal fluid
(Table 1). The microscopy images confirmed the presence of undigested
LCT droplets after intestinal step (Fig. 2). Differently, the number/vo-
lume size distribution curves of the control and 1%WPI-MCT systems
were remarkably similar, indicating the extensive lipolysis of the MCT
droplets. The absence of MCT droplets in the microscopy images (Fig. 3)
is aligned with the overlapping distribution curves (control and 1%
WPI-MCT samples). This outcome reveals a predominant contribution
of the particles from gastrointestinal fluid in the distribution curves of
MCT samples, justifying their higher D43 values in comparation to LCT
samples.

The lipid digestion also affected {-potential of samples after being
submitted to the simulated intestinal conditions (Fig. 4). All samples
showed negative values of {-potential, which may be attributed to the
presence of various particles in the digesta (such as undigested oil
droplets, undigested proteins, micelles and vesicles). These particles
contain anionic species coming from the digestion of the original
emulsions (e.g., peptides, free fatty acids, or phospholipids) or from the
gastrointestinal fluids (e.g., bile and calcium salts) (Zhang, Zhang,
Zhang, Decker, & McClements, 2015).

The {-potential magnitude was affected by oil chain length, in the
same way as the droplet size, as resulted of oil droplet hydrolysis.
Emulsions formed by long chain triacylglycerols-LCT showed higher
negative {-potential (from —76.68 * 3.24 to —72.08 * 3.29 mV)
than those containing medium chain triacylglycerols-MCT (from
—29.91 + 4.79to —24.08 *= 2.65 mV), which could be associated to
the hydrophobicity of the free fatty acids from digestion of triacylgly-
cerols. Free fatty acids produced from MCT digestion may migrate ra-
pidly from the droplet surface into surrounding aqueous phase.
However, more hydrophobic FFAs released from LCT digestion tend to
accumulate at the oil-water interface contributing to the increase of the
C-potential of these systems (Zhang et al., 2015).

3.2. Influence of the oil and emulsifier composition on the lipid digestion

The lipid digestion profiles of LCT/MCT emulsions followed similar
trends. In the initial period (first 30 min), a rapid increase in the release
of FFAs was observed, followed by a more gradual increase at longer
times (from 30 to 60 min) until a relatively constant final value was
reached (Fig. 7). However, the lipid hydrolysis kinetics was influenced
by the oil phase type. The LCT systems showed lower release of free
fatty acids that MCT systems (Table 2). At the end of the digestion, the
amount of FFAs released from the LCT and MCT emulsions were
30-45% and 77-45%, respectively. Such behavior could be attributed
to the unsaturation degree, chain length and fatty acid composition of
LCT and MCT oils.

Sunflower oil (LCT) is composed primarily of triacylglycerols-TAGs
(98-99%) with a high concentration of linoleic acid (47.64%), followed
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by oleic acid (41.48%), which are polyunsaturated and mono-
unsaturated fatty acids, respectively (Gomes et al., 2018). The presence
of double bonds in an unsaturated fatty acid produces bends its chain,
causing a steric hindrance effect that protects ester bond (Sun et al.,
2015). Also, as mentioned above, FFAs released from LCT-hydrolysis
have higher affinity for lipid phase tending to remain at the oil-water
interface restricting further lipase activity (Han et al., 2019; Li &
McClements, 2010). Differently, MCT is mainly composed of caprylic
acid — C8:0 (51.41%) and capric acid — C10:0 (47.30%), which are
saturated fatty acids (straight molecule). The lower hydrophobicity of
medium chain FFAs promoted their fast displacement towards the
surrounding aqueous medium. Such characteristics may have facilitated
the access of lipase to MCT droplet surface (Han et al., 2019; Li &
McClements, 2010).

The distinct lipolysis rate of the LCT and MCT systems may be
identified by analyzing the appearance of digesta samples (Fig. 5). The
LCT digestion resulted in more turbid samples indicating an incomplete
lipid hydrolysis. Such samples presumably have the presence of non-
digested droplets, incompletely micellar-solubilized lipids, and the co-
existence of micellar, liquid crystalline and liposomal or vesicular
structures. In a different way, the samples from MCT digestion were
more translucid due to the more intense lipolysis and probably the
micellar solubilization of the medium chain FFAs (Sek, Porter,
Kaukonen, & Charman, 2002).

Some molecules generated by lipolysis may present surface activity
(such as fatty acids or fatty acid salts, monoacylglycerols and dia-
cylglycerols) and may have an adverse effect on the interfacial bioca-
talysis. Molecules formed by fatty acid with long chain and with high
unsaturation degree present more surface activity. Therefore, these
molecules may stay longer at the interface competing with lipase,
which could also contribute to a slower lipolysis of LCT emulsions
compared to the MCT emulsions (Reis et al., 2008; Verkempinck et al.,
2018).

The MCT hydrolysis was not affected by emulsifier composition
(Fig. 7 and Table 2). All MCT systems released a similar amount of
FFAs. As aforementioned, the lower surface activity and hydrophobicity
of fatty acids of MCT favored the hydrolyze process of this oil (Sek
et al., 2002).

In LCT emulsions, the system stabilized by prevailed WPI content
(1% WPI and 0.9975%WPI/0.0025%T80) showed the highest release of
FFAs (45.56-40.39%). During the small intestinal phase, the protein-
interface is exposed to the presence of bile salts and enzymes, such as
proteases and lipases, initiating a series of processes. First, pancreatic
proteases (trypsin and chymotrypsin) promote the further proteolysis of
the adsorbed proteins/peptides on the droplet surface making the in-
terface even weaker (Nik, Corredig, & Wright, 2010). Second, si-
multaneously to protein hydrolysis, the interface is also altered by bile
salts and pancreatic lipases. The high surface activity of bile salts allows
an efficient replacement of proteins/peptides from the interface, espe-
cially B-Lactoglobulin molecules or peptides (Maldonado-Valderrama
et al., 2008; Singh & Sarkar, 2011). Bile salt-rich interface favors the
adsorption of co-lipase and its complexation with lipase. Last, once onto
the interface, the lipase cleaves the lipids molecules forming 2-mono-
glycerides and free fatty acids (Singh & Ye, 2013). Therefore, the hy-
drolyzed protein-interface facilitates the replacement by surface ac-
tivity molecules (bile salts and complex lipase/co-lipase) explaining the
higher release of FFAs in the protein-LCT system (Mat, Le Feunteun,
Michon, & Souchon, 2016). It is important to highlight that lipolysis
could have been more intense. The flocculation and coalescence of
droplets in the gastric step decreased the area to the access to bile salts
and lipase to the lipid phase in the intestine (Figs. 2 and 3), reducing
the extent of lipolysis (Costa et al., 2020; Golding & Wooster, 2010).

The increase of T80 concentration decreased the FFAs release in the
LCT systems. The systems stabilized by 0.75%WPI/0.25%T80 and
1%T80 released around 33% and 31% of FFAs, respectively (Fig. 7 and
Table 2). Small molecule surfactants, such as Tween 80 may inhibit the



A. Gomes, et al.

lipase action, even when the lipase is complexed with co-lipase. T80
molecules, which have higher surface activity than lipase, form a re-
latively dense interfacial layer around the droplets that avoid the direct
contact between this enzyme and the emulsified oils (Yao et al., 2013).
Therefore, besides hindering the adsorption of lipase, T80 in the con-
centration of 0.25% (w/w) did not prevent the flocculation and the
coalescence of droplets in the stomach (Fig. 2). The droplet destabili-
zation promoted the decrease of the interfacial area to lipase action and
consequently contributed to the reduced extent of lipolysis. Further-
more, the free Tween 80 micelles in the aqueous phase interact with the
bile acids and lipase enzyme, avoiding their adsorption onto the oil
droplet surface (Yao et al., 2013).

Interestingly, LCT systems with 0.5%WP1/0.5%T80 and 1%WPI had
a similar free fatty acid release rate (43%). This result suggests that WPI
and T80 worked in cooperation at the 1:1 ratio (0.5%WPI1/0.5%T80
system), obtaining an improved performance. In the 0.5%WPI/
0.5%T80 mixture, T80 promoted the stability of emulsion during the
gastric phase, avoiding a reduction of the interfacial area accessible for
lipase action in the intestinal phase. The WP, in turn, facilitated the
lipase adsorption onto the oil droplet allowing an improved lipid hy-
drolysis. Our results indicate that lipolysis during in vitro digestion was
modulated by both emulsifier/protein and lipid properties, as presented
in the schematic representation shown in Fig. 8. Moreover, 0.5%WPI/
0.5%T80 system showed good stability under environmental changes
(pH, ionic strength) and it was produced with the partial replacement of
the synthetic surfactant by a natural emulsifier, attending the consumer
demand for healthier products.

4. Conclusion

We observed a correlation between the oil and emulsifier compo-
sition and the extent of lipolysis. Our results indicate that lipid diges-
tion could be modulated by the ability of lipase to adsorb on the oil
droplet surface, which is influenced by the droplet interfacial area, the
interfacial composition and the type of emulsified oil. Oil type and
emulsifier composition influenced the droplet size of the fresh emul-
sions and their behavior in the gastric and small intestinal phases.
Emulsions with a higher WPI concentration were more sensitive to the
stomach phase and those with interfaces dominated by T80 were more
resistant to lipase action in the intestine. The hydrolysis of LCT was
influenced by the fatty acid chain length and interfacial layer compo-
sition while only the fatty acid chain length affected the lipolysis of
MCT. In an unexpected way, a beneficial effect, coming from colla-
borative work between WPI and T80, was obtained with 0.5%WPI/
0.5%T80 mixture in LCT system. This system showed the same release
of FFAs than the 1%WPI system, besides presenting a good stability
under changing environmental conditions.

The combination of the surfactant/protein ratio and the oil type
could be used to design emulsions with specific structures. The control
of the emulsions structure seems to be the key point to modulate the
lipid digestion. Thus, our results are an additional tool for the rational
selection of ingredients, with the objective of improving the perfor-
mance of emulsions that, in addition to being used as delivery systems
of bioactive functional compounds, can induce satiety.
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