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Abstract

The functionality of oil-in-water (o/w) emulsions may be modulated by combining emulsifiers rather than
using an individual one. Based on our previous studies, citrus pectin (CP) and tween 80 (TW80) were
selected as their emulsions presented different physical stability and in vitro lipolysis kinetics. Hence, our
objective was to design and evaluate the in vitro lipolysis kinetics in both the gastric and small intestinal
phase of five emulsions containing 5% triolein, 1% CP, and different concentrations of TW80 (0.00625-
0.1%). For the initial emulsions, the interfacial load was quantified in terms of CP and TW80 and confirmed
that both emulsifiers were present at the interface different ratios as a function of TW80 concentration.
These emulsions were subjected to in vitro gastric digestion. Oil droplet characterization (particle size and
microstructure) revealed a good to excellent physical stability. The kinetics of gastric lipid digestion were
modulated by the TW80 concentration in the initial emulsions: higher magnitude of reaction rate constants
(rate at which final extent is reached) and extent of lipolysis for lower TW80 concentrations. In addition,
the kinetics of gastric lipase adsorption were also correlated with the lipolysis kinetics. In the small
intestinal phase, three emulsions were prepared with 1% CP and 0.00625, 0.025 or 0.1% TW80 and in vitro
digested. All emulsions were completely digested but the rate constant depended on the emulsion gastric
stability. Overall, this study proposes an interesting strategy to modulate lipolysis kinetics in the gastric

phase, but further research is needed to find another one to modulate small intestinal phase kinetics.

Keywords

Emulsion; in vitro digestion; interfacial composition; mixed emulsifiers, gastric lipase; competitive

adsorption
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1. Introduction

The increasing demand of health-promoting and functional foods influenced the design of food products,
including o/w emulsions. O/w emulsions can be employed as a reservoir for essential lyophilic compounds
such as polyunsaturated fatty acids, carotenoids and others (McClements, 2018). In addition, emulsions
with a long satiety effect could be designed to control food intake (Maljaars et al., 2008). The above
nutritional and health-related functions are highly influenced by the kinetics (i.e. rate and extent) of lipid
digestion inside the gastrointestinal tract. Lipid digestion is, by nature, an interfacial phenomena. Briefly,
lipase adsorption at the oil-water interface is critical for lipid hydrolysis in the gastrointestinal tract (Reis
etal., 2009). In this aspect, a possible strategy to modulate the kinetics of lipid digestion is, by manipulating
emulsion design properties. For instance, the oil droplet size will govern the available surface area for lipase

adsorption and thus the lipid digestion kinetics.

Another important o/w emulsion property that can be tuned to influence lipolysis is the composition of the
interface, which refers to the nature of the surface active compounds stabilizing this interface. These surface
active compounds can be roughly classified in small surfactants (e.g. tweens, phospholipids or
monoglycerides) and biopolymers (e.g. modified starches, proteins or pectin) (Berton-Carabin et al., 2018).
During digestion, two important phenomena being influenced by the interfacial composition are (i) the
droplet physical stability and (ii) the competitive adsorption between the initially adsorbed compounds and
lipases. The droplet physical stability could be drastically impacted during digestion leading to significant
changes in the surface area available for lipase adsorption (Infantes-Garcia et al., 2020; Verkempinck et al.,
2018). Next to this, if the surface-active compounds present at the interface form a compact layer, it can
block lipase adsorption and hinder/reduce lipid digestion (Muth et al., 2017). This knowledge has been
mainly generated from in vitro studies due to the advantages they offer (e.g. simplicity and high throughput
of samples) (Brodkorb et al., 2019). Nevertheless, most of these studies focused on the evaluation of lipid

digestion of emulsions formulated by only a single type of emulsifier.
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It can be hypothesized that the functionality, and thus digestion kinetics, of emulsions can be modulated by
combining emulsifiers (McClements & Jafari, 2018). In this context, there is limited comprehension of the
effect of emulsions having mixed interfaces on the lipid digestion kinetics. Only few studies attempted to
explore the lipid digestibility of emulsions prepared with a mix of molecular-based emulsifiers (Dickinson,
2011; Klinkesorn & McClements, 2010; Li & McClements, 2014; Wulff-Pérez et al., 2010). However,
these studies did not employ a physiological relevant in vitro model (e.g. including a gastric lipolysis step),
standardize lipase activities, quantify diverse lipolysis species, nor performed a kinetic analysis of lipolysis

based on statistical modeling techniques (especially in the gastric phase).

In two of our previous studies, we evaluated the effect emulsions stabilized by single emulsifiers on the in
vitro lipolysis kinetics in the gastric and small intestinal phase (Infantes-Garcia et al., 2021a; Infantes-
Garcia et al., 2021c). Emulsions stabilized by emulsifiers of different chemical nature showed different
physical stability and lipid digestion behaviors under in vitro conditions. In the gastric phase, for instance,
a citrus pectin (CP) emulsion showed a relatively good stability and the highest extent of lipolysis of all
emulsions considered. Another emulsion, which was stabilized by tween 80 (TW80), presented an excellent
stability under acidic conditions but gastric lipase was hindered by the compact interfacial layer formed by
this small surfactant leading to a negligible extent of lipolysis (Infantes-Garcia et al., 2021a). In the small
intestinal phase, the lipolysis kinetics were highly influenced by the emulsions physical stability status at

the end of the gastric phase (Infantes-Garcia et al., 2021c).

Based on the previously observed distinct physical stability and lipid digestion behaviors of CP and TW80
during in vitro digestion, we hypothesized that these surface-active agents could be combined to generate
specific digestion functionalities (e.g. improved gastric physical stability or tailored lipid digestion
kinetics). Therefore, our aim was to design and in vitro digest five emulsions containing 5% triolein, 1%
CP, and five different concentrations of TW80 (0.00625-0.1%). Initial emulsions were characterized in
terms of oil droplet properties (i.e. particle size, microstructure and particle charge) and interfacial load of

stabilizing agents (CP and TW80). These emulsions were subjected to in vitro gastric digestion where
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independent samples were taken to evaluate their content of lipolysis products and monitor their oil droplet
properties. In addition, the kinetics of gastric lipase adsorption were determined by measuring the interfacial
load of this enzyme. In the small intestinal phase, three emulsions were selected (containing 1% CP and
0.00625, 0.025 or 0.1% TW80) and in vitro digested using a kinetic approach and their lipid digestion

products were determined as well.

2. Materials and methods

2.1 Materials

Triolein (> 99 %) was bought from Acros Organics (Geel, Belgium) and stored at -20 °C with a nitrogen
headspace. This very pure oil did not need any further purification since it does not contain any contaminant.
This triglyceride can generate regioisomers after hydrolysis. Triolein is found in many commercial oils
such as olive, canola and high oleic sunflower oil (Karupaiah & Sundram, 2007). Citrus pectin (CP, degree
of methylesterification > 85 %, Sigma-Aldrich, Diegem, Belgium) and tween 80 (TW80, Sigma-Aldrich,
Diegem, Belgium) were employed to form mixed interfaces during emulsion preparation. The CP used in
this study is a fiber extracted from citrus industry waste streams. Therefore, it can be considered as a
sustainable stabilizing agent. In addition, it has shown interesting surface-active properties (Neckebroeck
et al., 2020; Verkempinck et al., 2018). Rabbit gastric extract was obtained from Lipolytech (Marseille,
France) with measured lipase activity of 12 U/mg (tributyrin as substrate). Pancreatic extract was kindly
donated by Nordmark (Uetersen, Germany) and presented a lipase activity of 125 U/mg (tributyrin-based).
The remaining HPLC or analytical grade reagents were bought from Sigma-Aldrich (Diegem, Belgium),
except for NaHCOj3, NaCl, H,SO., KH,PO., ethanol and trimethylamine (Fisher Scientific, Merelbeke,
Belgium); KCI, MgCl»(H.0)s, acetone, heptane, ethyl acetate and tricholoroacetic acid (Acros Organics,
Geel, Belgium); HCI, diethylether and iso-propanol (VWR, Leuven, Belgium); and lipid standards

(Larodan, Solna, Sweden).
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2.2 Preparation of the emulsions

Our aim was to prepare emulsions containing a mixed interfacial composition with both CP and TW80
adsorbing to the interface. One should consider that biopolymers and small surfactants have different
adsorption rates during emulsion formation due to the higher surface activity of the latter ones. Therefore,
we decided to perform a sequential emulsion preparation: (i) prepare a CP (slower adsorption) emulsion ,
and then, (i) mix the CP emulsion with diluted TW80 solutions, allowing the formation of a mixed interface
without completely removing CP from the interface. The coarse CP emulsion was prepared by mixing
triolein (10 % w/w), CP (2 % w/w) and Milli-Q water (88 % w/w) in a high-shear mixer (Ultra-Turrax T25,
IKA, Staufen, Germany) at 13500 rpm for 5 min. Beforehand, CP was separately dissolved in Milli-Q water
and left overnight under constant stirring before mixing with the oil. Next, the coarse CP emulsion was
homogenized at 100 MPa (one cycle) in a high-pressure homogenizer (Stansted Fluid Power, Pressure cell
homogenizer, U.K.) to form a fine emulsion. After homogenization, the CP emulsion was mixed with one
of the five TW80 solutions in aratio 1:1. These mixtures were left under gentle stirring for 1 h. We finally
obtained five emulsions containing 5% of triolein, 1% of CP, and TW80 concentrations of 0.00625, 0.0125,
0.025, 0.05 or 0.1 %. All emulsions presented an initial volume-based average particle size d(4,3) ranging

between 1.9 and 2.8 um, showing no signs of polydispersity.

2.3 Static in vitro digestion of the emulsions

Our aim was to investigate the impact of emulsions with mixed interfaces on the kinetics of in vitro lipid
digestion. For this purpose, we utilized the updated standardized protocol of the international network
INFOGEST (Brodkorb et al., 2019). The INFOGEST protocol suggests the use of static conditions, which
means all physiological parameters (e.g. pH or lipase activity) should be set at the beginning of each
digestive phase. In multiple studies, static in vitro digestion approaches are proven to be very strong in
investigating the effect of food design parameters on digestion phenomena, because they allow very
efficient standardization of the digestion conditions. Specifically in our study, we aimed to evaluate the

lipid digestion behavior as affected by the interfacial composition. The advantage of static in vitro methods
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is that all physiological conditions are constant, so the digestion behavior of the diverse emulsified systems

could be attributed as a time-dependent phenomena only.

Since the kinetics of lipid digestion were analyzed both in the gastric and small intestinal phase, we carried
out independent experiments for both phases. A scaled-down version of the INFOGEST protocol was
employed as indicated in our previous articles (Infantes-Garcia et al., 2021a; Infantes-Garcia et al., 2021c).
Regarding lipase activities, we set a gastric lipase activity of 60 U/mL (tributyrin-based) in the gastric phase
and pancreatic lipase activity of 2000 U/mL (tributyrin-based) in the small intestinal phase. In order to
analyze the lipolysis kinetics, samples were taken at eight independent digestion moments in each digestion

phase (5; 10; 15; 30; 45; 60; 90; 120 min after enzyme addition).
2.4 Monitoring of oil droplet characteristics during in vitro gastric digestion

In a separate in vitro digestion experiment, fresh samples of initial emulsions and their respective digested
samples (only from gastric phase) at 4 different gastric digestion moments (after 15; 30; 60 and 120 min in
the gastric phase) were taken to be characterized in terms of particle charge, microstructure, and particle
size. These oil droplet properties are important indicators of the emulsion stability during in vitro digestion

(Infantes-Garcia et al., 2020).
2.4.1 Particle charge

The particle charge (C-potential) of oil droplets was measured by means of a dynamic light scattering
electrophoresis equipment (Zetasizer NanoZS, Malvern Instruments, Worcestershire, UK). Samples of
initial emulsions or chyme were diluted (1:10) with pure Milli-Q water or adjusted to pH 3, respectively
before analysis (Infantes-Garcia et al., 2021a). This emulsion property was determined in duplicate per

sample type.

2.4.2 Microstructure
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Initial emulsions and their respective digested samples were visualized with an optical microscope
(Olympus BX-41) fitted with an Olympus XC-50 digital camera (Olympus, Opticel Co. Ltd., Tokyo,

Japan). Samples were observed at 40x magnification.
2.4.3 Particle size

The particle size of samples was determined employing a laser diffraction equipment (Beckman Coulter
Inc., LS 13 320, FL, USA). Each sample was added into a stirring tank filled with demineralized water and
then pumped into the measurement cell. The measurement was based on the intensity and pattern of
scattered light inside the cell, where the laser light had a wavelength main illumination source of 750 nm
and wavelengths halogen light for Polarization Intensity Differential Scattering (PIDS) of 450 nm, 600 nm,
and 900 nm. The Mie model was used to transform the recorded signals into particle size distributions
(triolein refractive index of 1.470), which then reported as the volume-weighted mean diameter d(4,3)

(Infantes-Garcia et al., 2021a).

2.5 Analysis of lipid digestion products

Lipolysis products from triolein (TAG) cleavage were analyzed during in vitro digestion: sn-1,2/2,3-diolein
(sn-1,2/2,3-DAG); sn-1,3-diolein (sn-1,3-DAG); sn-2-monoolein (sn-2-MAG); sn-1/3-monoolein (sn-1/3-
MAG) and oleic acid (FFA). Lipids were extracted and quantified according to our previous work (Infantes-

Garcia et al., 2021b).

Lipid extraction: Briefly, an sample of 1 mL was placed in a glass tube and mixed with 0.2 mL sulphuric
acid (2.5 M), 2 mL ethanol, and 3 mL diethylether:heptane (1:1). The tube was vortexed for 2 min, followed
by an end-over-end rotation at 15 rpm for 30 min. Subsequently, the upper non-polar layer was collected
in a5 mL volumetric flask. A second extraction step was performed by adding 1 mL of diethylether:heptane
(1:1) into the previous tube, vortexed for 2 min, and agitated in an end-over-end rotator at 15 rpm for 15

min. The upper layer was collected in the same volumetric flask, which was brought to 5 mL by adding
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diethylether:heptane (1:1). The lipids extract was filtered (Chromafil PET filters, 0.20 uL pore size, 25 mm

diameter) and then kept at —80 °C until analysis.

HPLC-CAD quantification: The extracted sample was injected into an HPLC system (Agilent
Technologies 1200 Series, Diegem, Belgium) fitted with a silica column (Chromolith Performance Si, 100—
4.6 mm, Merck, Darmstadt, Germany) preserved with a guard column (Merck, Darmstadt, Germany). An
external oven (Chromaster 5310, VWR, Hitachi Ltd., Tokyo, Japan) was used to keep the column
temperature at 40 °C. Lipids species were eluted by using a quaternary gradient: isooctane (solvent A),
acetone:ethyl acetate (2:1 v/v) containing 0.02% (v/v) of acetic acid (solvent B), isopropanol:water (85:15
v/v) containing 7.5% (v/v) of acetic acid and triethylamine (solvent C), and isopropanol (solvent D).
Analytes signals were detected in a CAD (Corona Veo, Thermo Fisher Scientific, Geel, Belgium), operated
with a gas pressure of 5.5 bar and evaporator temperature of 35 °C. Lipid standards were employed to

construct their corresponding calibration curves to identify and quantify each lipolysis product.

The molar concentration of glycerol and residual triolein (TAGresiaual, ONly for gastric phase) was calculated
per digestion moment as explained by Infantes-Garcia et al. (2020). In a nutshell, a molar balance based on
reactions about the sequential hydrolysis of triolein was performed to calculate the residual triolein and

glycerol.

2.6 Quantification of the interfacial load

The interfacial load of the initial emulsions and their digested samples during the gastric phase was
characterized. The interfacial load of CP and TW80 was quantified in the initial emulsions, while the
interfacial load of gastric lipase was determined for chyme samples. To accomplish this latter objective, a
separate in vitro digestion experiment was performed, and samples were taken after 5, 15, 30, and 60 min
of gastric digestion. For the initial emulsions and chyme samples, the creamed oil droplets were separated
from the aqueous phase using a centrifugation step. CP, TW80, and gastric lipase present in the aqueous

phase were quantified (non-adsorbed fraction). The adsorbed fraction (interfacial load) was calculated by

10



213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

subtracting the non-adsorbed fraction from the concentration of each compound in a reference solution
containing the same amount of the compound but not oil. This procedure to determine the interfacial load

using a reference solution has been reported before by Nilsson & Bergenstahl (2007).

2.6.1 Separation of oil droplets from the aqueous phase

Oil droplets were separated from the aqueous phase following the procedure of Yao et al. (2018) with some
modifications. An amount of approximately ‘10 g’ of emulsion or chyme sample was centrifuged at 10000 g
for 30 min at 4 °C (Sigma 4-16KS centrifuge, Sigma, Osterode am Harz, Germany). Afterwards, a creamed
layer containing the oil droplets was observed on top. With the help of a syringe, the lower aqueous phase

was carefully collected and stored at -40 °C until analysis.

2.6.2 Quantification of pectin in initial emulsions

Pectin in the aqueous phase of the initial emulsions was quantified based on the hydrolysis method of
Ahmed & Labavitch (1978), to form galacturonic acid (GalA). Briefly, the hydrolysis was performed by
mixing 0.5 mL of the sample with 8 mL H2SO4 and 2 mL of demineralized water. This mixture was stirred
in an ice bath for 1 hour. Afterwards, the sample was placed inside a 50 mL volumetric flask and an aliquot
of 0.6 mL was transferred into a glass tube cooled in an ice bath and mixed with 3.6 mL of cold 0.0125M
sodium tetraborate in H,SO4. Afterwards, the mixture was vortexed and heated in an oil bath at 100 °C for
5 min. The mixture was immediately cooled down in an ice bath. Once pectin was hydrolyzed into GalA,
the latter was determined using the spectrophotometric procedure of Blumenkrantz & Asboe-Hansen
(1973). An aliquot of 60 pL of a 0.15% m-hydroxydiphenyl solution (in 0.5% NaOH) was incorporated in
the tube and vortexed for 1 min to obtain a pink solution. The optical density at 520nm was measured after
1 min in a spectrophotometer (Genesys 30 Vis, Thermo Fisher, Waltham, MA, USA). In case of the blank,
a 60 pL 0.5% NaOH was used instead. The GalA concentration (mg/mL) was determined using a calibration

curve of monogalacturonic acid standard.
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2.6.3 Quantification of Tween 80 in initial emulsions

TW80 was also quantified in the aqueous phase of the initial emulsions following the HPLC-Evaporative
light scattering detector (ELSD) procedure of Mondal et al. (2020) with some modifications. The surfactant
TW80 is composed by a family of compounds. In this aspect, the above mentioned method is capable of
eluting all these compounds in a single peak. In our case, we followed the reverse phase HPLC separation
procedure by Mondal et al., but the detection was done by a Charged Aerosol Detector (CAD) instead of a
ELSD. First, the aqueous phase of the emulsion was filtered (Chromafil PET filters, 0.20 pm pore size, 25
mm diameter), and then injected into the HPLC system (Agilent Technologies 1200 Series, Diegem,
Belgium) fitted with a C18 column (Agilent InfinityLab Poroshell 120, 250mmx4.6 mm; 4 um). The
separation was performed using the following mobile phases: acetonitrile, water, and tetrahydrofuran, at 1
mL/min flowrate. We employed exactly the same gradient program as in the original method (Mondal et
al., 2020). For the detection and quantification, a CAD was utilized at an evaporator temperature of 50 °C
and gas pressure of 5.5 bar. A chemical standard of TW80 does not exist as such due to the diversity of
chemical species that are generated during the production of this surfactant. Therefore, the quantification
of this compound family in the emulsions was done by constructing a calibration curve using the

commercial TW80.

2.6.4 Quantification of gastric lipase during in vitro gastric digestion

The adsorbed gastric lipase was quantified as a function of gastric digestion time using a sandwich ELISA
kit specific for rabbit gastric lipase (RGL) (MyBiosource, USA). The micro ELISA plate in the kit was pre-
coated with an antibody specific to RGL. Either standards or samples were transferred to the micro ELISA
plate wells reacting with the specific antibody. Subsequently, a biotinylated detection antibody specific for
RGL and Avidin-Horseradish Peroxidase (HRP) conjugate were pipetted into each well and incubated at
37 °C . Then, the substrate solution was pipetted to each well. Only those wells containing RGL,
biotinylated detection antibody, and Avidin-HRP conjugate turned blue. Finally, the enzymatic reaction

was inhibited by adding a stop solution, which was evidenced by a yellow color. The optical density was

12
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measured at 450 nm. The concentration of RGL in the chyme samples was calculated by comparison with

the standard curve.

2.7 Statistical analysis and modeling

2.7.1  One-way ANOVA and comparison test

The volume-weighted mean droplet size and {-potential evolution during in vitro gastric digestion were
statistically compared. Therefore, we performed one-way ANOVA and Tukey HSD comparison analyses
to determine significant differences (P < 0.05) using the statistical software JMP (JMP prol4, SAS Institute

Inc., Cary, NC, USA).

2.7.2  Single-response kinetic modeling

The lipid digestion behavior of the emulsions with mixed interfaces was assessed by single-response
modeling using the software JMP (JMP prol4, SAS Institute Inc., Cary, NC, USA). for both the gastric and
small intestinal phase, the response was the percentage of TAG digested during in vitro digestion.
Specifically for the gastric phase, the model that best fitted the data was the modified Gompertz equation

(Zwietering et al., 1990). This is a sigmoidal model expressed by equation (1).
9%TAG HYD(t) = TAG HYD; exp {— exp ["L"“) (tig —t) + 1]} )
Hy

In equation (1), the parameter % TAG(t) is the percentage of digested TAGs at a time t (min); TAGt (%) is
the asymptotic value of digested TAGs (t = o0); k (min?) is the reaction rate constant; and tiag (min) is the

lag time before the cleavage of TAGs starts increasing.

In case of the small intestinal phase, a fractional conversion model was selected to model the data (Salvia-
Trujillo et al., 2017). The kinetic parameters estimated with this technique are specified in equation (2). In
this case, C (%) is the predicted response at time t during the gastric phase; Cr (%) represents the estimated

plateau value; and k (min) is the estimated reaction rate constant of the evaluated process.
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The estimated kinetic parameters (Cr (%) and k (min™)) were compared by calculating confidence intervals
(95 %). This fractional conversion equation was also applied to model the kinetics of gastric lipase

adsorption (Section 2.7.4).

2.7.3  Multi-response kinetic modeling
A multi-response kinetic approach was used to obtain advanced insight into the reaction mechanisms of
gastric lipolysis. In our recent studies, a reaction scheme was proposed and validated as an in vitro gastric
lipolysis mechanism (Infantes-Garcia et al., 2020, 2021a). This reaction consists of several enzymatic and
interesterification reactions and is shown in Scheme 1. In the present study, the kinetic data sets of the
gastric phase study were fitted with this reaction scheme to validate the model.

k
TAG + H,0 — sn-1,2/2,3-DAG + FFA

k
TAG + H,0 = sn-1,3-DAG + FFA

k
TAG + 2H,0 - sn-2-MAG + 2FFA
ks
sn-1,2/2,3-DAG - sn-1,3-DAG
k
sn-1,3-DAG + H,0 S sn-1/3-MAG + FFA
ke

sn-2-MAG - sn-1/3 MAG

k
sn-1/3-MAG + H,0 = FFA + GLY
Scheme 1: (Bio)chemical reactions postulated to describe the gastric lipolysis mechanism (Infantes-

Garcia et al., 2020).

In order to validate the model with the current data sets, the (bio)chemical reactions postulated in Scheme 1
were transformed into differential equations. The set of differential equations were solved by means of the

‘proc model’ command of the statistical software SAS (version 9.4, SAS Institute Inc., Cary, NC, USA).
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We used a variable order, variable step-size backward difference scheme. Parameters (reaction rate
constants k) were estimated with the full information maximum likelihood (FIML) and the Gauss-Newton
minimization methods. Standard options were used with the ‘fit” statement, indicating the ‘dynamic’ option
with a convergence criterion of 0.01, and number of iterations equal to maximally 500 (Infantes-Garcia et

al., 2020).

3. Results and discussion

3.1 Characterization of oil droplet properties during in vitro gastric digestion

In this study, five emulsions were formulated, containing 5% of triolein, 1% of CP as well as TW80
concentrations of 0.00625, 0.0125, 0.025, 0.05 or 0.1 %. As explained in Section 2.2, a two-phase emulsion
preparation procedure was followed to assure the formation of an interfacial layer containing both CP and
TW80. This section compiles the oil droplet characterization performed for the initial emulsions and during
in vitro gastric digestion as well. Some stability indicators, such as droplet size and (-potential, were
determined since emulsion stability is an important phenomenon influencing the kinetics of lipid digestion

(Infantes-Garcia et al., 2020).

3.1.1 Microstructure and oil droplet size

Initial emulsions: The oil droplet size and microstructure are complementary indicators of emulsion
stability. In this aspect, initial emulsions with mixed interfaces presented a volume-based average particle
size d(4,3) ranging between 1.9 and 2.8 um. The proximity of these last values is advantageous to further
discuss the lipolysis behavior since the main structural difference among emulsions is the interfacial
composition. In Figure 1, it can be seen that all initial emulsions were very similar in terms of microstructure
as no signs of flocculation nor coalescence were observed. A slight decrease in droplet density was observed
for the emulsion stabilized by 1% CP and 0.1% TW80 possibly due to the slightly larger number of sub-

micron droplets (Figure 2A). This means all initial emulsions reached a good stability status after
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preparation, showing no signs of polydispersity. Therefore, no effect of TW80 concentration on the initial

droplet size and microstructure was observed because all emulsions were prepared based on a CP emulsion.

During in vitro gastric digestion: The microstructure was little affected by the acidic conditions of the
gastric phase (Figure 1). The particle size of the emulsions was acid-stable, except for the emulsion
containing 0.0065% TW80 which was the lowest amount of TW80 assessed. This latter emulsion presented
an increase of the average particle size from around 2 pum to around 8 pum after 120 min of gastric digestion,
mainly due to coalescence (Figure 1 and Figure 2F). The particle size distribution also confirmed the high
acid stability of most emulsions (Figures 2A-E). In our previous study, we evaluated the physical stability
of emulsions with different interfacial compositions (Infantes-Garcia et al., 2021a). Among them, two
emulsions individually stabilized by CP and TW80 were monitored during in vitro gastric digestion. The
TW80-based emulsion was completely stable, while the CP-based emulsion showed an average particle
size increase to ~12 pum during gastric digestion. On the one hand, TW80 is known to be unaffected by the
acidic environment in the gastric phase because it is a non-ionic surfactant (VVerkempinck et al., 2018). On
the other hand, the ionic biopolymer CP is susceptible to changes in pH and ionic strength causing changes
in emulsion stability. In the present study, when TW80 at different concentrations was incorporated, the
physical stability under gastric conditions was significantly improved compared to an emulsion stabilized
by only CP. CP stabilization mechanism is based on electrostatic repulsion (Ngouémazong et al., 2015).
Under in vitro gastric conditions, CP is susceptible to instability due to the acid pH and ionic strength
because the gastric pH is close to CP pKa. Therefore, we anticipate that the incorporation of TW80 to the
CP interfacial film progressively shifted the stabilization mechanism towards steric repulsion. In other
words, a synergistic effect between CP and TW80 seemed to take place. This was possible because TW80
is a non-ionic surfactant, so it did not electrostatically interact with the ionic CP molecules at the oil-water

interface (Guzman et al., 2016).
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3.1.2 Oil droplet electrical charge
The C-potential of freshly prepared emulsions and during in vitro gastric digestion was evaluated, and is
depicted in Figure 2G. The particle charge measurement is an important stability indicator for emulsions

stabilized by ionic stabilizing agents, such as CP.

Initial emulsions: All emulsions with mixed interfaces presented negative {-potential magnitudes since CP
was adsorbed at the oil-water interface. Even though the carboxylic groups in the CP employed in this study
were mostly esterified, it still contained a certain number of free carboxylic groups which can be ionized
and exhibit a negative charge (Ngouémazong et al., 2015). In addition, there is a clear inverse relation
between the concentration of TW80 added to the emulsion and the particle charge. In other words, the
higher the TW80 concentration, the less negative the particle charge was. In our previous study (Infantes-
Garcia et al., 2021a), we also determined the {-potential of emulsions individually stabilized by TW80 and
CP. The TW80-based emulsion presented a {-potential very close to zero, while the CP-based emulsion
presented a value of -20 mV (Infantes-Garcia et al., 2021a). Therefore, these intermediate values of (-
potential for the emulsions with mixed interfaces may reflect the partial displacement of CP molecules from
the oil-water interface, specifically for TW80 concentrations of 0.05 and 0.1%. This probably means that
the use of TW80 concentration higher than 0.05% in the emulsion led to a higher amount of CP being
removed from the interface. Therefore, the {-potential was less negative as a function of increasing TW80

concentration.

During in vitro gastric digestion: The (-potential of emulsions with mixed interfaces under simulated
gastric conditions showed a similar decreasing trend. At low TW80 concentrations (<0.025 %), the (-
potential first increased upon addition of positive ions in the simulated gastric fluid, when the pH was
reduced. The droplet charge rapidly decreased after 15 min of digestion, then it presented a slight decrease
over digestion time. This is due to a fast production of fatty acids after 15 min of digestion followed by a
more progressive release of this compound later on. For higher TW80 concentration emulsions (0.05 and

0.1 %), the {-potential was closer to zero because a little amount of CP was most likely still adsorbed at the
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interface. Then, the droplet charge progressively decreased because the release of fatty acids probably
occurred more gradually. Something interesting to notice is the extent to which the particle charge was
decreased. This may be an indicator of the lipolysis extent taking place during in vitro gastric digestion.
For example, the emulsion containing 0.00625% TW80 reached a more negative {-potential after 120 min
of digestion compared to the emulsions with 0.1% TW80 and could be directly related to the amount of

fatty acids formed (39 compared to 12 umol oleic acid/mL, respectively).

3.2 Interfacial load of initial emulsions and during in vitro gastric digestion

The interfacial concentration of emulsifiers in the initial emulsions and adsorbed gastric lipase during in
vitro gastric digestion was evaluated. To reach these aims, oil droplets in the initial emulsions or chyme
samples were first separated from the aqueous phase by means of centrifugation (Yao et al., 2018).
Afterwards, an aliquot of the aqueous phase containing the non-adsorbed compounds was taken. CP, TW80
or rabbit gastric lipase were then quantified in the aqueous phase and compared to solutions containing
these compounds at the same concentration. By difference, the adsorbed compounds were determined either

in the initial emulsions or during in vitro gastric digestion.

3.2.1 Adsorbed CP and TW8O0 in initial emulsions

The interfacial load of the stabilizing agents employed during emulsion preparation was determined to
know the final interfacial composition for each of the five CP and TW80 containing emulsions. Figure 3A
shows the interfacial load of CP and TW80 (y-axes) in emulsions prepared with 1% CP and different
concentrations of TW80 (x-axis). The interfacial load of CP was close to the values determined for other
carbohydrates employed as stabilizing agents such as hydrophobized starch (Nilsson & Bergenstahl, 2007),
galactoglucomannans, corn fiber gum, and gum Arabic (Mikkonen et al., 2016). The experimental data
shown in this Figure 3A confirmed that all five emulsions contained CP and TW80 at the interface, yet at
different proportions. As anticipated, it can be observed that as the concentration of TW80 increased during
emulsion preparation, the interfacial load of TW80 increased and the one of CP decreased. This is a logic

finding since TW80 is considered a higher surface active emulsifier compared to the CP biopolymer
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(McClements & Jafari, 2018). Therefore, partial displacement of CP from the oil-water was anticipated by

TW80 molecules resulting in an interface composed by both compounds.

This phenomenon discussed above, is called orogenic displacement and has been observed before in oil-
water interfaces composed of milk proteins and tween 20 (Mackie et al., 2000). In the study by Mackie et
al., atomic force micrographs and surface tension measurements revealed that the displacement mechanism
consisted of three steps. In the first step, small regions of adsorbed surfactant are formed into small defects
of the polymer film, without affecting the interfacial layer formed by the polymer. In the second stage, the
surfactant domains grow, while it displaces the polymer from the interface. In the third and final step, the
polymer layer collapses and is totally removed from the interface if the surfactant concentration is high
enough (Mackie et al., 1999). In sum, the disturbance of the polymer film by the surfactant strongly depends
on the amount of surfactant present in the system. This mechanism could also explain the trend observed
in Figure 3A for the emulsions formed by CP and TW80 since CP is also a surface-active biopolymer. In
the present study, a total displacement of CP molecules from the interface did not occur as the TW80
concentration added was never high enough to induce this complete removal. It can be hypothesized that
only small regions of surfactant were formed for the emulsions containing TW80 concentrations ranging
from 0.00625 until 0.025%. This statement is based on the proportions of TW80 and CP for these three
emulsions, and the very similar interfacial load of CP found in these emulsions versus the emulsion
stabilized by only CP. When the TW80 concentration increased (0.05 and 0.1%), adsorbed TW80 regions
grew, initiating the partial removal of CP. Displacement of sugar beet pectin from the air-water interface
by Tween 20 was also reported in a previous study (Gromer et al., 2009). This study employed atomic force
microscopy to observe the ‘holes’ located over the pectin interfacial film in which the surfactant was
adsorbed. However, only one Tween 20 concentration was utilized to perform this analysis in the cited

work.
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3.2.2 Adsorbed gastric lipase during in vitro gastric digestion
The interfacial load of rabbit gastric lipase (RGL) was determined for the emulsions stabilized by only CP
and mixed interfaces, so containing both CP and TW80. To the best of our knowledge, this is the first time

this type of experiment was performed at the level of the gastric phase in an in vitro study.

In Figure 3B, the evolution of gastric lipase interfacial load over gastric digestion time is depict for the
different emulsions. There is a clear effect of the interfacial composition on the Kinetics of RGL adsorption.
If one compares the adsorption kinetics of the emulsion stabilized by only CP with the ones having a mixed
interface, it can be observed that the former one allowed a very fast adsorption of RGL, almost immediately
reaching a plateau value after 5 min of gastric digestion. In a previous study, it has been claimed that other
biopolymers (e.g. proteins) did not represent a barrier for pancreatic lipase adsorption based on interfacial
tension experiments (Maldonado-Valderrama et al., 2013). As mentioned in Section 3.2.1, interfacial films
composed of biopolymers contain small defects that can allow adsorption of surface-active compounds with
smaller molecular size, such as RGL. Hence, a similar behavior can be expected as compared to the

interfacial layer formed by only CP.

The comparison can also be done based on the variable TW80 concentrations. When the TW80
concentration in the emulsion is higher, the adsorption kinetics of RGL slowed down and reached a lower
extent of lipase adsorption. Nevertheless, the RGL adsorption kinetics seemed not to be significantly
affected when concentrations lower than 0.0125% TW80 or higher than 0.05% TW80 were employed to
prepare emulsions. After comparing Figures 3A and 3B, it can be deduced that the main factor modulating
RGL adsorption was the interfacial load of TW80 and CP. In this aspect, a low but similar interfacial load
was determined in emulsions containing 0.00625 versus 0.0125% TW80, and a higher but rather similar
interfacial load was quantified for the emulsions including 0.05 versus 0.1% TW80. This could explain the
comparable RGL adsorption behavior in both cases. We found that different TW80 concentrations effected
the adsorption kinetics of gastric lipase. An explanation for this phenomena is the competitive adsorption

between gastric lipase , CP and TW80. A property that could be used to compare the surface activity of
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these compounds is the equilibrium surface pressure (), which is measured at the water-air interface. The
higher magnitude of &, the higher surface-active is the compound. In this case, gastric lipase (= ~ 20 mN/m,
Bourlieu et al., (2016)) presents a similar surface activity compared to CP (z= 19-20 mN/m, Baldino et al.
(2018)), but lower than TW80 (n=25- 28 mN/m, Rabe et al. (2020)). Since TW8O0 is a high surface-active
molecule with the capacity to hinder gastric lipase adsorption, a higher interfacial load of this surfactant
restricts more the access of the enzyme to the interface. Therefore, the competitive adsorption most likely
took place between CP and gastric lipase. Similar findings were reported a previous study in which the
adsorption of pancreatic lipase was influenced by the concentration of TW80 in emulsions subjected to in

vitro small intestinal digestion (Yao et al., 2018).

3.3Kinetic modeling of in vitro lipid digestion: Gastric phase

Triolein (TAG) and its hydrolysis products sn-1,2/2,3-diolein (sn-1,2/2,3-DAG); sn-1,3-diolein (sn-1,3-
DAG); sn-2-monoolein (sn-2-MAG); sn-1/3-monoolein (sn-1/3-MAG) and oleic acid (FFA) were
guantified during in vitro gastric digestion (Figure 4A-G). Our HPLC-CAD technique permitted the
separation of regioisomers of MAGs and DAGs (Infantes-Garcia et al., 2021). As a first kinetic approach,
we employed single-response modeling to evaluate the lipid digestion behavior of the emulsions stabilized
by mixed interfaces (Section 3.3.1). A second kinetic modeling technique used, was the multi-response
modeling which allowed to validate the lipolysis mechanism proposed in our previous work (Infantes-
Garcia et al., 2020). Additionally, further explanation on the trends observed for the lipolysis products is

given in combination with the multi-response modeling description (Section 3.3.2).

3.3.1 Single-response modeling

This empirical modeling approach was utilized to evaluate the effect of the mixed interfacial composition
on the gastric lipolysis behavior. The selected response for this modeling process was the % of triolein
digested since these molecules are the main substrate for lipases. For this purpose, the model used was the
modified Gompertz equation (Eg. 2), in which three parameters were estimated: the lag time (tig, min), the

maximum reaction rate constant (k, min), and the asymptotic value of digested TAG (TAGy, %). This
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equation was chosen after a model discrimination process, selecting the simplest model giving the best fit
and allowing relevant parameter interpretation. The results of this single response modeling approach, are

represented in Figure 4H, while the estimated parameters are presented in Table 1.

Figure 4H shows a lag phase taking place (tiag) during the early phase of the in vitro gastric digestion. This
lag phase indicates the period before the % of digested TAG begins to rise. It can be observed that the
magnitude of ti,g is higher for increasing TW80 concentrations in the emulsions. This relation can be
guantitatively compared in Table 1, where ti,q appears in magnitudes ranging between 5.81 and 16.45 min.
The reason behind this behavior can be explained by the interfacial load of CP and TW80. In our previous
study, a emulsion stabilized by only CP presented very fast kinetics of TAG cleavage while a TW80-based
emulsion showed a very limited digestion (~2 %) during an in vitro experiment with the same gastric
conditions (Infantes-Garcia et al., 2021a). In this previous research, no lag phase was observed for the
kinetic curve of the CP-based emulsion. However, in the present study, the presence of TW80 at the
interface modulated the adsorption of gastric lipase (Section 3.2.2). Therefore, limited TAG hydrolysis
occurred during the first minutes of in vitro gastric digestion, especially for the emulsions prepared with
higher TW80 concentrations (> 0.025% TW80). For these latter emulsions, a stronger competitive
adsorption effect between gastric lipase, CP, and TW80 probably took place leading to a lower initial
enzyme adsorption. The surfactant TW80 exhibits a higher surface activity compared to gastric lipase, thus

modulating its adsorption.

The reaction rate constant (k, min*) of TAG digestion indicates the rate with which the final extent of
digestion was reached. This parameter was also influenced by the TW80 concentration present at the oil-
water interface. As observed in Table 1, the magnitudes of k varied between 0.32 and 1.64 min for the
different emulsions. There is a clear inverse relation between this kinetic parameter and the TW80
concentration in the emulsions. In other words, the emulsion containing the lowest TW80 concentration
showed the highest rate of TAG cleavage and vice versa. In this case, the kinetics of gastric lipase adsorption

also played a critical role since the interfacial load of this enzyme determined the rate with which the
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substrate TAG was hydrolyzed. In emulsions with higher concentrations of TW80, there was a higher
competitive adsorption effect as compared to emulsions with lower load of TW80 at the interface. The
amount of TW80 present at the interface determined the interfacial load of gastric lipase which modulated

the lipid digestion reaction rate constant during the gastric phase (cfr. Section 3.2.2)..

The extent of gastric lipolysis (TAG HYD ) was evidently modulated by the load of TW8O0 at the interface.
This Kinetic parameter is an indication for the termination of the lipid digestion process. In the gastric phase,
the leveling off of TAG HYDs happened due to the entrapment of gastric lipase at the interface. This
phenomenon has been reported before and occurs because lipolysis products, mainly fatty acids, accumulate
at the interface and entrap gastric lipase (Pafumi et al., 2002). The absence of bile salts in the gastric phase
provokes this fatty acids accumulation at the interface. The different extents of TAG cleavage shown in
Table 1 are directly linked to the Kinetics of gastric lipase adsorption, specifically to the final interfacial
load of this enzyme (Section 3.2.2). If Figures 3B and 4H are compared, the kinetics of lipase adsorption
and digested TAG are very similar. The explanation for this similarity is related to the extent of gastric
lipase adsorption. For instance, when this extent was lower, it led to a faster entrapment of this enzyme
because a lower interfacial concentration of fatty acids was needed to entrap it (Pafumi et al., 2002). Thus,

a faster entrapment of gastric lipase caused a lower final extent of TAG digestion in the gastric phase.

The single-response approach used in this section permitted the comparison of the lipolysis behaviors of
emulsions stabilized by mixed interfaces. However, the trends followed by the lipolysis products shown in
Figure 4A-G are an indication that more complex interrelated reactions are taking place. Then, a more
powerful statistical technique, multi-response modeling, was utilized in the next section to validate the

gastric lipolysis mechanism that our research group proposed before.

3.3.2  Multi-response modeling
Multiple lipid digestion species were quantified as shown in Figure 4A-G. These lipolysis products included
a substrate (TAG), intermediate products (DAGs and MAGS), and final products (FFA and GLY). These

compounds can be treated as responses which are part of a common network of (bio)chemical reactions. In
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order to elucidate the mechanism behind these reactions, a more advance modeling technique is needed. In
one of our recent studies, multi-response modeling was employed to describe the lipid hydrolysis
mechanism during in vitro gastric digestion (Scheme 1, Infantes-Garcia et al. (2020)). This proposed model
was further validated with independent data sets in another recent study form our research group (Infantes-
Garcia et al., 2021a). In our two previous studies, the model was applied in emulsions stabilized by a single
emulsifier and were in vitro digested under the same gastric conditions. In the present research, we aimed
to prove whether the multi-response model can be also applied when emulsions stabilized by mixed

interfaces are subjected to in vitro gastric digestion.

The first step followed during the modeling process was to translate the chemical reactions from Scheme 1
into differential equations. These equations included the reaction rate constants (ki-7) and the extent of TAG
cleavage (TAGy) (Figure A, Supplementary material). Afterwards, the kinetic parameters were estimated
by solving the differential equations using the software SAS. The model output was evaluated following
these criteria: convergence of the model, the adjusted determination coefficient (R%g), the standardized
residual plots, and the parameter estimates error. The five data sets obtained in this study were subjected to
the modeling process, resulting in the convergence of the model for all of them. The R%; and residual plots
showed a good to excellent goodness of fit (Table A and Figure B in Supplementary material, respectively).
Something important to highlight is that the whole set of experimental data (i.e. starting from 0 min) was
not included in the analysis due to the presence of a lag phase. This lag phase caused either lack of
convergence or bad fit for some responses. Therefore, it was decided that the data sets corresponding to
emulsions containing 0.00625 and 0.0125% TW80 included experimental points only from 5 min of gastric

digestion, while the analysis of other three data sets started after 10 min.

Figure 5 shows the representation of the multi-response modeling performed for the five data sets generated
in this work. It can be observed that the hydrolysis of TAG molecules first led to the formation of
intermediate products (i.e. DAG and MAGS). Since gastric lipase is stereospecific for the sn-3 position, the

main intermediate product was sn-1,2/2,3-diolein (racemic mixture). We anticipate that this racemic

24



549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

mixture majorly contains the stereoisomer sn-1,2-diolein as reported before in an in vitro study involving
rabbit gastric lipase (Rodriguez et al., 2008). From Scheme 1, the reactions describing the formation of
intermediate products are the ones linked to ki.3. More specifically, the kinetic parameters ki and ks are
biochemical reactions related to the hydrolysis of the sn-1/3 positions, while k; is related to the cleavage of
the sn-2 position. Therefore, gastric lipase activity over the sn-2 position was detected through the multi-
response approach used in this study. This finding has also been reported before by Carriére et al. (1997).
If one compares ki and kz, the magnitude of the sn-1/3 position cleavage is higher compared to the one of
the sn-2 position. This is a logic finding based on the regioselectivity of gastric lipase (Table 2) (Rogalska
et al., 1990). However, the magnitude of ks is much lower in comparison to the first two rate constants
because TAG hydrolysis is a two-step reaction indicating the preference of gastric lipase for hydrolyzing
the extreme positions. An interesting result to highlight is the effect of the TW80 concentration used on the
rate constant magnitudes, especially ki. As explained in Section 3.3.1, the interfacial load of TW80 in the
different emulsions modulated the adsorption of gastric lipase, and therefore, the kinetics of gastric lipid
digestion including the reaction rate constants. This effect can also be observed in Figure 5, where the trends
of TAG hydrolysis and intermediate product formation (until ~60 min of digestion) is clearly influenced by

the binary interfacial composition.

In most cases, the hydrolysis of TAG stopped after 60 min of gastric digestion which also halted the
production of intermediate products. At this point, gastric lipase was probably (almost) completely
entrapped by the lipolysis products formed during the first hour of gastric digestion. After this point,
intermediate products started to be cleaved to further form the final products, FFA and GLY. The
explanation for this phenomenon can be that the lipolysis products surrounding gastric lipase restrict the
access to the lipid core containing TAGs (Pafumi et al., 2002). However, these products are still accessible
to the enzyme so the hydrolysis is slowed down but still occurred. From Scheme 1, it can be observed that
the reactions related to ks and k; describe the degradation of intermediate products. Similarly as for the

hydrolysis of TAGs, the interfacial load of TW80 is influencing the magnitude of the rate constants related
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to the intermediate products cleavage, especially on ks (Table 2). The reactions related to ks and ke refer to
interesterification reactions which have been reported before (Serdarevich, 1967). Fatty acids located at the
sn-2 position tend to migrate to the outer ones due to the chemically instability of this central position.
These latter reactions are the slowest ones compared to the enzymatic conversions but still contribute to the
formation of final products. From Table 2, we found that the magnitude of the rate constants related to the
isomerization reactions are not significantly different among each other. This is coherent since emulsion
properties should not affect the rate of this type of reactions. The last kinetic parameter in Table 2 is the
TAG concentration present at the end of gastric digestion (TAGy). Similarly as observed in Section 3.3.1,

this parameter was significantly influenced by the TW80 concentration present in the initial emulsions.

In sum, a mechanistic insight into the lipolysis reactions was obtained under in vitro gastric conditions. We
proved that the mechanistic model was valid for data sets generated with emulsions having different design
properties. It was also evidenced that the kinetic parameters were modulated by interfaces composed of CP

and TWB80 at different ratios.

3.4 Kinetic modeling of in vitro lipid digestion: Small intestinal phase

Following the kinetic analysis of the gastric phase, a kinetic approach was also applied in the small intestinal
phase. In this case, we selected three data sets corresponding to the digestion of emulsions showing the
most distinct lipid digestion behaviors in the gastric phase: emulsions stabilized by 1% CP and 0.00625,
0.025 or 0.1% TW80. For these three data sets, only an emperical model was applied and is discussed in
this section. We intended to apply the mechanistic approach as well, but unfortunately the data sets did not
converge for any reaction scheme tested (data not shown). The reason for this lack of convergence was the
very fast kinetics occurring in the first minutes of small intestinal digestion which did not allow a good

parameter estimation.

Figure 6A-G shows the evolution of the diverse lipolysis products quantified during the in vitro small

intestinal digestion of emulsions containing both CP and TW8O0 at different ratios. As expected, the main
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intermediate product of lipid digestion from TAG hydrolysis was sn-2-monoolein. The stereoselectivity of
pancreatic lipase over the outer positions of the glycerol moiety generated this compound. Even though
pancreatic lipase was the main lipase in this digestion phase, gastric lipase was also still active. It has been
claimed that this latter enzyme contributes to around 7.5% of digestion in the small intestinal phase
(Carriere et al., 1993). This could be the reason why a significant concentration of glycerol was produced
by the sn-2 activity of gastric lipase. After comparing the formation/degradation of these compounds, it can
be claimed that these followed different trends during the first 45 min of small intestinal digestion. This
discrepancy can be attributed to the distinct final extents of gastric lipid digestion and probably the slightly
different particles sizes reached by the emulsions at the end of the previous gastric phase. The latter
hypothesis is further discussed in the following paragraphs where single-response modeling is applied.
After 45 min of digestion, the trends followed by the lipolysis products were quite similar because at this
point the digestion reached its final stage. In our previous study, lipid digestion product formation of
emulsions stabilized by single emulsifiers showed a comparable behavior as in the present study (Infantes-
Garcia et al., 2021a). In other words, the lipolysis species followed different behaviors during the first half

of the in vitro digestion, while later their concentrations were closer to each other.

As previously mentioned, single-response modeling was utilized to quantitatively analyze the Kinetics of in
vitro small intestinal digestion of the three emulsions at issue. The selected response was again the % of
TAGs digested, but a three-parameter fractional conversion model was employed this time because it
presented the best fit after model discrimination. Figure 7A shows the representation of this kinetic
modeling, while Table 3 contains the estimated parameters. The estimated initial concentrations of TAGs
(Co) confirmed that the gastric pre-lipolysis was significantly different for the three emulsions. About the
reaction rate constants k, one would expect that the emulsion containing 0.00625% TW80 was the fastest
in reaching the final extent of digestion because more than 60% of TAGs were already cleaved during the
gastric phase. However, this latter emulsion presented the lowest magnitude of k, while the other emulsions

presented higher magnitudes for the k value. An explanation for this phenomenon could be partially related

27



623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

to the particle size of the emulsions at the beginning of the small intestinal phase. Figure 7B illustrates the
correlation between this emulsion property and the rate constants for the three emulsions. There is a clear
inverse relation between them indicating that the particle size had a significant influence on the kinetics of
TAGs digestion during the first term of in vitro small intestinal digestion. Of course, the attribution of the
lipolysis behavior to a single emulsion property is an oversimplification of the phenomenon, but this
correlation is a first step towards a better understanding of this enzymatic reaction. Table 3 also shows the
extent of digestion Cr which resulted in similar values for the three emulsions. We hypothesize that bile
salts easily removed the surface-active compounds present at the interface leading to a fast lipolysis kinetics
(TAGs digested in less than 30 min) and complete lipid digestion. This efficient displacement of molecular-
based interfacial layers by bile salts is probably a mammal evolutionary feature developed to fully digest
lipids (Bai et al., 2019). Therefore, the use of emulsions stabilized by mixed interfaces seemed not to have

a significant modulation of the small intestine lipid digestion kinetics.

4. Conclusions

This study evaluated the Kinetics of in vitro lipid digestion in both the gastric and small intestinal phase as
impacted by emulsion mixed interfaces. Five emulsions prepared with CP and TW80 were subjected to in
vitro digestion. We proved that both stabilizing agents were initially present at the interface as determined
by the measurement of the interfacial load. The ratio of CP and TW80 at the interface depended on the
TW80 amount added during emulsion preparation, resulting into a certain degree of CP displacement from
the interface by the surfactant. In the gastric phase, all emulsions presented good physical stability so the
lipid digestion behavior could be mainly attributed to the interfacial composition. The kinetic analysis
showed that the reaction rate constant and extent of in vitro gastric digestion was modulated as a function
of the TW80 concentration used to prepare the emulsion. This phenomenon was attributed to the
experimentally determined kinetics of gastric lipase adsorption which probably exhibited a stronger
competitive adsorption for increasing TW80 concentrations. A mechanistic insight was also obtained

through the validation of a multi-response model previously proposed by our research group. The kinetic
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parameters of this mechanistic model confirmed previous findings. In the gastric compartment, The
contribution of gastric lipolysis on the overall lipid digestion is of major importance for specific population
groups (e.g. infants or patients with pancreatic disorders) or to trigger some physiological responses (e.g.
satiety signals). In the small intestinal phase, however, lipid digestion kinetics were not influenced by the
ratio of CP and TW8O0 at the interface. Very fast kinetics of lipolysis were observed meaning that single
layers composed of CP and TW80 did not hinder the activity of the lipolytic system in the small intestine.
These kinetics were partially influenced by the stability status of the oil droplets, more specifically by the
oil droplet size at the beginning of the small intestinal phase. Therefore, emulsions with mixed molecular-
based emulsifiers were not able to modulate in vitro small intestinal lipolysis kinetics. Further research is
needed to better understand the modulation of lipid digestion in this digestive phase from an interfacial
design perspective. In this aspect, more complex interfaces are probably required to regulate the adsorption

of bile salts and pancreatic lipases (e.g. multilayers, particle-based or conjugated interfaces).
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Fig. 2. Time dependency of the (A-E) particle size distribution (PSD), and (F) average volume-based particle size
d(4,3) of O/W emulsions stabilized by mixed interfaces composed of 1% of citrus pectin (CP) and different
concentrations of tween 80 (TW80) during in vitro gastric digestion (GP). (G) Evolution of the {-potential of o/w
emulsions stabilized by CP and/or TW80 during in vitro gastric digestion (GP). For graph G, different lower case
letters indicate significant differences (P < 0.05) between different digestion times from the same emulsion. *Particle
charge values shown in graph G for emulsions individually stabilized by TW80 and CP were taken from our previous

study with the permission of Elsevier (Infantes-Garcia et al., 2021).
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Fig. 4. Molar concentration evolution of (A) triolein and (B, C, D, E, F, G) diverse lipolysis products during in vitro
gastric digestion, and (H) percentage of digested triolein of emulsions stabilized by mixed interfaces composed of 1%
CP and (A) 0.00625%, (o) 0.0125%, (#) 0.025%, (=) 0.05%, or (e) 0.1% TW80. Triolein and glycerol were
calculated based on the quantified lipid digestion products. Symbols in all graphs represent the experimental analyte

concentrations, while solid lines in graph H represent model curves fitted with the modified Gompertz equation.
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854 Fig. 6. Molar concentration evolution of (A) triolein and (B, C, D, E, F, G) diverse lipolysis products during in vitro
855 small intestinal digestion of emulsions stabilized by mixed interfaces composed of 1% CP and (A) 0.00625%,

856 (@) 0.025%, or (®) 0.1% TWS80. Glycerol was calculated based on the quantified lipid digestion products. Symbols

857 in all graphs represent the experimental analytes concentration for the emulsions.
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Fig. 7. (A) Percentage of digested triolein of emulsions stabilized by mixed interfaces composed of 1% CP and
(A) 0.00625%, (®) 0.025%, and (®) 0.1% TWS80. (B) Correlation between the average particle size d(4,3) value at
the beginning of the intestinal phase and the reaction rate constant k (min™) of digested triolein for emulsions
formulated with different mixed emulsifiers. Symbols in graph A represent the experimental analytes concentration
for the emulsions while solid lines represent model curves fitted with the fractional conversion equation. In graph B,
from left to right, data points correspond to the emulsions prepared with 0.1%, 0.025%, and 0.00625% TW80,

respectively.
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Table 1. Single-response model parameter estimates of the percentage of digested triolein during in vitro gastric
digestion of emulsions stabilized by 1% CP and different concentrations of tween 80 (TW80). Different lower case
letters indicate significant differences among each parameter estimate according to their confidence intervals (95%).
The parameter Cy is the estimated initial concentration, k is the estimated lipolysis rate constant, and C is the estimated
final extent of TAG hydrolysis.

% Digested triolein

t 1ag (Min) k (min 1) Hs (%0)
1%CP 0.1%TW80 165+1.72 0.32 £ 0.022 16.3 +0.42
1%CP 0.05%TW80 14.1+3.82 0.53 £0.10° 21.7+1.2°
1%CP 0.025%TW80 143 +2.82 0.89 £0.14¢ 300+1.2°
1%CP 0.0125%TW80 8.4+1.2° 1.62 +£0.13¢ 543 +1.1¢
1%CP 0.00625%TW80 5.8+2.2° 1.64 +0.24¢ 56.1 +2.2¢

Table 2. Kinetic parameters estimated through multi-response modeling of the data sets generated after in vitro
digesting emulsions stabilized by mixed interfaces under gastric conditions. The reaction rate constants for a certain
(bio)chemical conversion is represented by knumber (Min), and the final extent of triolein concentration is TAGt
(uM/mL of emulsion). Data sets presented in the table correspond emulsions containing 1% of citrus pectin and
different concentrations of tween 80 (TW80). Different lower case letters indicate significant differences among each
parameter estimate according to their confidence intervals (95%).

0.0065% TW80  0.0125% TW80  0.025% TW80 0.05% TW80 0.1% TW80
ki 0.017 + 0.0022 0.015 + 0.0022 0.016 + 0.0022 0.014 £0.002¢  0.005 + 0.001°
ka 0.013 + 0.0022 0.013 + 0.0022 0.010 + 0.002% 0.008 £0.002°  0.011 +0.0022
ks 0.005 + 0.0012 0.004 + 0.0012 0.005 + 0.0012 0.004 £0.0012  0.004 +0.0012
ka 0.002 + 0.0012 0.002 + 0.0012 0.004 + 0.0012 0.002 £0.0012  0.002 +0.0012
ks 0.118 + 0.0522 0.098 + 0.0382 0.092 + 0.039° 0.094 £0.053¢  0.072 +0.0252
ke 0.002 + 0.0012 0.002 + 0.0012 0.001 + 0.0012 0.002 £0.0012  0.002 +0.0012
k7 0.168 + 0.0382 0.185 + 0.0372 0.139 +0.015° 0.177+0.0512  0.131 +0.028°
TAGt 13.6 +0.62 13.8 +0.62 24.4 0.4 28.4 +0.4° 29.4 + 0.4
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Table 3. Single-response model parameter estimates of the percentage of digested triolein during in vitro small
intestinal digestion of emulsions stabilized by 1% CP and different concentrations of tween 80 (TW80). Different
lower case letters indicate significant differences among each parameter estimate according to their confidence
intervals (95%). The parameter Co is the estimated initial concentration, k is the estimated lipolysis rate constant, and
Ct is the estimated final extent of TAG hydrolysis.

% Digested triolein
Co (%) k (min) Cr (%)
0.00625% TW80 62.5+1.12 0.06 £0.012 98.4+0.72
0.025% TW80 334£27° 0.19 £0.02° 96.8+1.22
0.1% TW80 158+1.0¢ 0.45+0.03°¢ 98.2+0.4¢2

48



894

895

49



