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Abstract 16 

Emulsions stabilized by a mixture of emulsifiers may show a tailored functionality depending on the 17 

compatibility of the emulsifiers employed. This was proposed in a previous work dealing with distinct 18 

lipolysis kinetics of citrus pectin (CP) and Tween 80 (TW80) based emulsions. CP provided a fast a high 19 

extent of gastric lipid hydrolysis, TW80 presented negligible digestion and emulsions stabilized with 20 

mixtures presented intermediate lipolysis kinetics. The current research work aimed to investigate the 21 

interfacial mechanisms underlying gastric lipolysis to further understand the encountered behavior on a 22 

fundamental basis. This was achieved by monitoring the interfacial tension kinetics and measuring the 23 

interfacial rheology of interfacial layers during in vitro digestion using a modified pendant drop technique. 24 

This allowed the correlation of emulsions in vitro lipolysis kinetics and interfacial phenomena during 25 

digestion. Two extremely different interfacial tension kinetics were observed when single layers of CP 26 

versus TW80 and intermediate kinetics were observed for the binary interfacial layers, importantly 27 

correlating with results obtained with emulsions. These findings are discussed in detail and confirm that 28 

competitive adsorption between emulsifiers and lipase (e.g. orogenic displacement) is a key factor 29 

determining the lipolysis kinetics of emulsions stabilized by mixed emulsifiers.  30 

Keywords 31 

Gastric lipase; lipid digestion, orogenic displacement; interfacial tension; interfacial rheology, OCTOPUS.  32 
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1. Introduction 33 

Oil-in-water (o/w) emulsions are widely spread among commercial food products such as milk, dressings, 34 

soups, sauces, but also among a range of nutraceutical and pharmaceutical products (Bouyer et al., 2012; 35 

McClements, 2018). Rational emulsion property design to obtain a particular functionality has been a recent 36 

trend in the field. Nutritionally speaking, the emulsion lipid phase contributes with the energy and essential 37 

fatty acids provision for our body. Additionally, emulsions allow the encapsulation, protection and transport 38 

of lipophilic compounds, tailoring the delivery inside the gastrointestinal tract (Corstens et al., 2017). In 39 

this aspect, interfacial engineering of o/w emulsions gained increasing interest in recent years in the food 40 

science and technology field. Their interfacial initial properties often determine their physicochemical 41 

stability and/or susceptibility to enzymatic degradation in the gastrointestinal tract (Troise et al., 2020).  42 

The emulsion interface needs to be thermodynamically stabilized, otherwise the dispersed oil droplets 43 

undergo different instability phenomena (e.g. flocculation, coalescence, Ostwald ripening). For this reason, 44 

emulsifiers are essential emulsion ingredients normally added to stabilize the oil-water interface. These 45 

emulsifiers can be broadly classified as low-molecular-weight surfactants (e.g. Tweens, phospholipids, 46 

monoglycerides, and others) and amphiphilic biopolymers (e.g. β-lactoglobulin, pectin, and others) 47 

(Berton-Carabin & Schroën, 2019). O/w emulsions can be stabilized by a single type of emulsifier. 48 

Nevertheless, the physicochemical stability and digestive functionality of emulsions can be fine-tuned by 49 

combining emulsifiers, instead of using individual ones (Dickinson, 2011; McClements & Jafari, 2018). 50 

Moreover, mixes of emulsifiers are normally employed in more complex emulsified food products.  51 

The emulsion interfacial properties govern the adsorption of lipases to the oil-water interface, and therefore, 52 

determine the lipid digestion kinetics (Berton-Carabin & Schroën, 2019). Three main phenomena are 53 

impacted by the nature of the surface-active compounds adsorbed to the interface: the emulsion physical 54 

stability, competitive adsorption between emulsifiers and lipases, as well as the potential digestion 55 

phenomena taking place at the interface (Singh & Ye, 2013). The first phenomenon is intrinsically related 56 

to the interface. Depending on the nature of the emulsifier stabilizing the interface, this emulsifier may 57 



4 
 

undergo physicochemical changes due to digestive conditions (e.g. acidity, ionic strength) leading to its 58 

desorption from the interface and further emulsion destabilization (Verkempinck, Salvia-Trujillo, Moens, 59 

et al., 2018). This emulsion instability induces changes in the available surface for lipase adsorption which 60 

impacts the kinetics of lipid digestion. The second phenomenon linked to the emulsion interface is the 61 

competitive adsorption between emulsifiers and lipases. If the emulsifiers are strongly adsorbed to the 62 

interface, the access of lipases to the interface can be hindered or even completely inhibited (Scheuble et 63 

al., 2016). In this aspect, there is limited information regarding the impact of emulsions stabilized by a mix 64 

of emulsifiers on their behavior along the gastrointestinal tract. Only few studies assessed the lipid digestion 65 

kinetics of emulsions stabilized by mixed emulsifiers and none of them in the gastric compartment 66 

(Dickinson, 2011; Klinkesorn & McClements, 2009; Li & McClements, 2014; Wulff-Pérez et al., 2010). A 67 

third phenomenon linked to the interfacial composition is the potential hydrolysis of the interfacial layer by 68 

digestion enzymes (Singh et al., 2009). This may occur to surface-active compounds such as proteins, 69 

digestible carbohydrates (e.g. modified starches), and/or digestible lipids (e.g. lecithin, mono- and 70 

diglycerides), but not to other compounds such as tweens or fibers like pectin. The cleavage of these 71 

compounds at the interface mainly affects the emulsion physical stability.  72 

In this aspect, there is a research opportunity to describe lipolysis in the gastric phase. Diverse in vivo 73 

implications may be triggered by gastric lipid digestion. Gastric lipolysis, although limited, has been 74 

suggested to stimulate pancreatic lipid digestion by causing droplet disruption, increasing the solubilization 75 

of digestion products, promoting hormone release and augmenting colipase (coenzyme) binding capacity 76 

of pancreatic lipase (McClements, Decker, and Park 2008). Lipid digestion in the stomach is also highly 77 

relevant for people suffering of exocrine pancreatic insufficiency (low pancreatic enzymes production) 78 

(Layer & Keller, 2005). Moreover, gastric lipase is an essential enzyme for infant lipid digestion since their 79 

pancreas is not yet fully developed at birth, resulting in a relatively low secretion of pancreatic lipase, while 80 

on the contrary, their HGL expression is already fully mature (Bourlieu et al., 2014; Lindquist & Hernell, 81 

2010).  82 
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Lipid digestion is considered an interfacial phenomena as lipases have to adsorb at the oil-water interface 83 

in competition with the emulsifiers in order to access the oil and hydrolyze triacyclglycerols into fatty acids 84 

and monoglycerides. Thus, interfacial changes in emulsion along the gastrointestinal tract play a very 85 

important role during lipid digestion (Maldonado-Valderrama, 2019). Two important interfacial properties 86 

that can be monitored during in vitro digestion are the interfacial tension and interfacial rheology. These 87 

properties are indicators of the interactions between the initially adsorbed emulsifiers, bile salts and lipases. 88 

One important interaction among these elements is the displacement of emulsifiers by bile salts and/or 89 

lipases. Most lipid digestion studies have characterized interfacial layer changes during the small intestinal 90 

phase since it is the compartment where lipids are majorly digested (Aguilera-Garrido et al., 2021; Corstens 91 

et al., 2017; Macierzanka et al., 2009; Maldonado-Valderrama et al., 2013; Wei et al., 2021). This work 92 

shows for the first time, mixed interfacial layers composed of a small surfactant and biopolymer subjected 93 

to in vitro gastric digestion in presence of a relevant substitute of gastric lipase. In the gastric phase, only 94 

one study have monitored the interfacial tension kinetics during in vitro gastric lipid digestion (Scheuble et 95 

al., 2016). Therefore, there are research opportunities to obtain insights on the interactions between 96 

emulsifiers and gastric lipase. 97 

In our previous work, diverse emulsions stabilized by a single emulsifier were subjected to in vitro gastric 98 

digestion (Infantes-Garcia, Verkempinck, Gonzalez-Fuentes, et al., 2021). From these experiments, citrus 99 

pectin (CP)- and Tween 80 (TW80)-based emulsions showed distinct physical stability and lipolysis 100 

kinetics under simulated gastric conditions. Substantial amount of research has demonstrated the interfacial 101 

activity (capacity to adsorb onto oil-water interfaces) of certain types of pectin (Humerez-Flores et al., 102 

2021, 2022; Neckebroeck et al., 2020; Verkempinck, Kyomugasho, et al., 2018; Verkempinck, Salvia-103 

Trujillo, Denis, et al., 2018; Wei et al., 2021). More specifically, the CP-based emulsion exhibited a 104 

moderate physical stability and high lipolysis extent, while the TW80-based emulsion a high stability but 105 

negligible lipolysis extent. For that reason, we mixed these two stabilizing agents with the objective of 106 

forming emulsions with both of them adsorbed to the interface exhibiting a complementary functionality. 107 
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In our most recent work, the in vitro gastric lipolysis behavior was modulated by emulsions with mixed 108 

interfaces (Infantes-Garcia et al., 2022). A competitive adsorption phenomenon was hypothesized to 109 

explain the detected lipolysis kinetics modulation. Accordingly, the objective of this research was to 110 

specifically design and in vitro digest interfaces stabilized by single versus mixed interfaces, and correlate 111 

their interfacial tension behavior with the lipid digestion trends observed in our previous studies. Section 112 

3.1 of the results and discussion part compiles and merges the most interesting findings of our two previous 113 

studies regarding some emulsion physical stability indicators and in vitro gastric lipolysis behavior. Section 114 

3.2 discusses the interfacial characterization of single and mixed interfacial layers during in vitro gastric 115 

digestion in which a correlation with the lipolysis kinetics is also included. These interfacial layers were 116 

characterized in terms of interfacial tension kinetics and interfacial dilatational rheology, which allowed us 117 

to obtain insight into the competitive adsorption phenomenon. These interfacial layers were characterized 118 

in terms of interfacial tension kinetics and interfacial dilatational rheology, which allowed us to obtain new 119 

insight into the composition of the interface and the interfacial interactions. 120 

2. Experimental methods 121 

2.1 Production of o/w emulsions 122 

Triolein (> 99 %, Acros Organics, Geel, Belgium) was utilized as oil phase since different commercial 123 

plant-based oils such as olive, canola or sunflower oil are rich in this triglyceride (Karupaiah & Sundram, 124 

2007). Citrus pectin (CP, degree of methylesterification ≥ 85 %, Sigma-Aldrich, Diegem, Belgium) and 125 

Tween 80 (TW80, Sigma-Aldrich, Diegem, Belgium) were utilized as emulsifying agents. Since one of the 126 

objectives in this research was to form emulsions with mixed interfaces, the difference in surface activity 127 

of CP and TW80 should be considered as interesting rationale for their combined selection. For instance, it 128 

is well known that large molecules, like CP, adsorb at a slower rate than small surfactants such as TW80 129 

(McClements, 2016). For this reason, it was decided to follow a post-homogenization procedure to prepare 130 

the emulsions with mixed interfaces. Firstly, an emulsion stabilized by CP was prepared, and secondly, this 131 
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emulsion was mixed with a TW80 solution. This strategy permitted the formation of mixed interfacial layers 132 

without the total desorption of CP (McClements & Jafari, 2018).  133 

The coarse CP emulsions were produced with a high-shear mixer (Ultra-Turrax T25, IKA, Staufen, 134 

Germany) at 13500 rpm for 5 min, to obtain emulsions consisting of triolein (10 % w/w), CP (2 % w/w) 135 

and ultrapure water (88 % w/w). Afterwards, the coarse emulsions were homogenized in a high-pressure 136 

homogenizer (Stansted Fluid Power, Pressure cell homogenizer, U.K.) at 100 MPa (one cycle). Next to the 137 

homogenization step, each CP emulsion was mixed with one of the two TW80 solutions in a ratio 1:1 138 

resulting in contents of 5% of triolein, 1% of CP, and TW80 concentrations of 0.00625 or 0.1 %. The level 139 

of 1% CP was chosen because it generated a stable emulsion without significantly increasing the bulk 140 

viscosity (Verkempinck, Salvia-Trujillo, Denis, et al., 2018). These mixtures were gently stirred for 1 h. 141 

For the emulsions stabilized by a single emulsifier (CP or TW80), the same mixing and homogenization 142 

conditions explained above were applied. The pH of all emulsions containing CP was around 2.7, while the 143 

TW80 emulsion exhibited a pH around 6.8. On the one hand, the low pH of the emulsions containing CP 144 

was due to the acid extraction process of pectin. On the other hand, TW80 production process does not 145 

require strong acids or alkalis, and thus the pH of the emulsion was close to neutrality. Even if these values 146 

are largely different from each other, during in vitro gastric digestion, the pH is adjusted to 3. At that pH, 147 

CP emulsions present a relatively good physical stability, while TW80 is unaffected by acid pH values. 148 

2.2 In vitro gastric digestion of the generated emulsions  149 

The static in vitro INFOGEST protocol was employed to analyze the kinetics of gastric lipolysis of the 150 

generated emulsions (Brodkorb et al., 2019). In this case, a scaled-down version of the INFOGEST protocol 151 

was employed exactly as described in our previous work (Infantes-Garcia, Verkempinck, Gonzalez-152 

Fuentes, et al., 2021). In this aspect, a gastric lipase activity of 60 U/mL (tributyrin-based) was set in the 153 

gastric phase performed at pH 3 (Grundy et al., 2021). The gastric lipid digestion kinetics were evaluated 154 

by digesting independent samples (tubes) as a function of time (5; 10; 15; 30; 45; 60; 90; 120 min after 155 
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enzyme addition). Lipolysis was stopped through chemical inhibition (10 μL of Orlistat 100 mM in 156 

ethanol). 157 

2.3 Monitoring of oil droplet characteristics during in vitro gastric digestion 158 

Additional chyme samples were generated at 4 different gastric digestion moments (after 15; 30; 60 and 159 

120 min in the gastric phase) in an independent experiment and their oil droplet characteristics were 160 

determined (i.e. particle charge, microstructure, and particle size).  161 

Microstructure: Microstructural visualization of oil droplets was carried out using an optical microscope 162 

(Olympus BX-41) fitted with an Olympus XC-50 digital camera (Olympus, Opticel Co. Ltd., Tokyo, Japan) 163 

at 40x magnification (Infantes-Garcia et al., 2020). 164 

Particle size: The particle size of all samples was determined employing a laser diffraction equipment 165 

(Beckman Coulter Inc., LS 13 320, FL, USA). All equipment parameters were set as explained in our 166 

previous work (Infantes-Garcia, Verkempinck, Gonzalez-Fuentes, et al., 2021). 167 

Particle charge: The ζ-potential of oil droplets was measured using a dynamic light scattering 168 

electrophoresis equipment (Zetasizer NanoZS, Malvern Instruments, Worcestershire, UK). Emulsions or 169 

chyme samples were diluted in a ratio 1:10 with pure ultrapure water or ultrapure water adjusted to pH 3, 170 

respectively (Infantes-Garcia, Verkempinck, Gonzalez-Fuentes, et al., 2021).  171 

2.4 Analysis of lipid digestion products 172 

An HPLC-charged aerosol detector method was employed to quantify triolein (TAG) and its hydrolysis 173 

products diolein (DAG), monoolein (MAG) and oleic acid (FFA). Lipids were extracted and quantified 174 

according to our previous work which is briefly described below (Infantes-Garcia, Verkempinck, Guevara-175 

Zambrano, et al., 2021).  176 

2.4.1 Extraction of lipids 177 
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In sum, 1 mL of sample was placed in a glass tube together with 0.2 mL sulphuric acid (2.5 M), 2 mL 178 

ethanol, and 3 mL diethylether:heptane (DEE:H=1:1). The tube was vortexed for 2 min, followed by an 179 

end-over-end rotation at 15 rpm for 30 min. Afterwards, the upper non-polar layer was collected in a 5 mL 180 

volumetric flask. A second extraction was done by addition of 1 mL of DEE:H into the previous tube, 181 

vortexed for 2 min, and mixed in an end-over-end rotator at 15 rpm for 15 min. The upper layer was 182 

collected in the same volumetric flask, which was brought to 5 mL by adding DEE:H. The lipid extract was 183 

filtered (Chromafil PET filters, 0.20 µL pore size, 25 mm diameter) and stored at −80 °C until analysis. 184 

2.4.2 Chromatographic lipid quantification  185 

The extracted lipids were injected in an HPLC system (Agilent Technologies 1200 Series, Diegem, 186 

Belgium) fitted with a silica column (Chromolith Performance Si, 100–4.6 mm, Merck, Darmstadt, 187 

Germany) preserved with a guard column (Merck, Darmstadt, Germany). An external oven (Chromaster 188 

5310, VWR, Hitachi Ltd., Tokyo, Japan) was used to keep the column temperature at 40 °C. Lipids species 189 

were separated by a quaternary gradient: isooctane (solvent A), acetone:ethyl acetate (2:1 v/v) containing 190 

0.02% (v/v) of acetic acid (solvent B), isopropanol:water (85:15 v/v) containing 0.5% (v/v) of acetic acid 191 

and triethylamine (solvent C), and isopropanol (solvent D). Detection was performed in a charged aerosol 192 

detector (Corona Veo, Thermo Fisher Scientific, Geel, Belgium), operated with a gas pressure of 5.5 bar 193 

and evaporator temperature of 35 °C. Calibration curves were constructed using lipid standards and 194 

employed to quantify lipolysis products. 195 

Glycerol (GLY) and residual triolein were calculated per digestion time as indicated by (Infantes-Garcia et 196 

al., 2020). In sum, a molar balance based on the sequential lipolysis reactions sequential starting from 197 

triolein was performed to calculate the residual triolein and glycerol. 198 

2.5 Interfacial characterization 199 

In a separate experiment, the characterization and in vitro digestion of single versus mixed interfaces 200 

composed of CP and/or TW80 was performed using the OCTOPUS: a pendant drop film balance equipped 201 
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with a multisubphase exchange system which is described in detail elsewhere (JMaldonado-Valderrama et 202 

al., 2013; Maldonado-Valderrama, 2019). In this equipment, a single aqueous solution droplet was formed 203 

at the tip of a double capillary directly immersed in the oil phase, kept in a heated (37 °C) cuvette 204 

(Hellma®). The OCTOPUS allows the online measurement of the interfacial tension kinetics and the 205 

interfacial dilatational rheology as surface-active compounds adsorb onto the oil-water interface. The 206 

software packages DINATEN© and CONTACTO© were employed to measure the interfacial tension and 207 

interfacial dilatational rheology data, respectively. Images of the drop were taken as function of time by a 208 

charge-coupled camera (Pixelink®)Experimetal drop profiles were extracted and fitted to the Young-209 

Laplace equation to determine the volume, surface tension, and the interfacial area of the pendant drop 210 

through Axisymmetric Drop Shape Analysis (ADSA). The equipment uses a fuzzy logic area control to 211 

maintain the interfacial area constant during the experiment. After stabilizing, or in vitro digesting, the 212 

interfacial layer at constant interfacial area (20 mm2), volume oscillations of the drop were applied to 213 

evaluate the dilatational viscoelasticity of the interfacial layer. The dilatational modulus (E) of the 214 

interfacial layer is defined by a real and an imaginary component:  215 

2.6 E = E'+iE'' = 𝜀 + 𝑖𝜂𝜈        (1) 216 

In equation (1), the term E’ is the storage modulus that accounts for the interfacial elasticity (ε), while E’’ 217 

is the loss modulus accounting for the interfacial viscosity (η) of the adsorbed layer and ν is the angular 218 

frequency of the oscillation. The oscillation amplitude was maintained below 5% variation to assure linear 219 

regime and the oscillation frequency was set to 0.1 Hz. At this relatively high frequency (0.1 Hz), the 220 

dilatational rheology will be mainly elastic and the dilatational modulus can be approximated by the storage 221 

modulus or interfacial elasticity as the viscosity or loss modulus can be neglected (results not shown) 222 

(Maldonado-Valderrama et al., 2005). The dilatational elasticity contains information about the inter- and 223 

intramolecular associations at the interfacial layer and provide information on the composition of the 224 

interfacial layer (Aguilera-Garrido et al., 2021). Also, at 0.1 Hz, the dilatational response highlights 225 

differences between proteins, who develop a cohesive layer with high elasticity and surfactants, which 226 
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develop a more mobile and fluid interface with lower E, also allowing comparison with other experimental 227 

works (Maldonado-Valderrama & Patino, 2010). 228 

In the OCTOPUS, the normal capillary is substituted by a double capillary which allows simultaneous 229 

injection and extraction of liquid from the droplet (Cabrerizo-Vıĺchez et al., 1999). This allows a subphase 230 

exchange of the bulk and simulating the digestive process in a single droplet, as explained in detail 231 

elsewhere (Maldonado-Valderrama et al., 2013; Maldonado-Valderrama, 2019). Single and mixed 232 

interfacial layers were formed and subjected to in vitro gastric conditions through subphase exchange of 233 

the droplet bulk solution with gastric media. 234 

The oil phase was high-oleic sunflower oil (~70% oleic acid), kindly donated by Vandemoortele (Ghent, 235 

Belgium). It was employed in this independent experiment due to technical reasons. However, this oil 236 

presents a very high triolein content which makes it suitable as a replacement of pure triolein. This oil was 237 

previously purified with Florisil resins (oil:Florisil 2:1) reaching an interfacial tension of ~30 mN/m in 238 

ultrapure water (Maldonado-Valderrama et al., 2013). In case of the single interfacial layers, either 1% CP 239 

or TW80 solutions were utilized to form drops and allow the adsorption of the surface-active compounds. 240 

For the mixed interfacial layers, a two-step interfacial layer formation was followed by first forming a drop 241 

containing 1% CP, permitting the biopolymer to adsorb. Afterwards, solutions containing 0.00625 or 0.1% 242 

TW80 were pumped and replaced the droplet bulk solution allowing the formation of a mixed interfacial 243 

layer. After stabilization of these single or mixed interfacial layer, they were subjected to in vitro gastric 244 

digestion by replacing again the bulk solution with simulated gastric media by means of subphase exchange. 245 

We intended to simulate the digestive conditions as close as possible as in the in vitro digestion protocol 246 

for o/w emulsions previously described. For this purpose, a simulated gastric fluid (SGF) adjusted to pH 3 247 

containing electrolytes and a rabbit gastric extract (60 U/mL tributyrin-based) was utilized as recommended 248 

by the international network INFOGEST (Brodkorb et al., 2019). The in vitro gastric digestion of the 249 

interfacial layers was carried out for 2 hours at constant interfacial area of 20 mm2 (by slightly varying the 250 

droplet volume). As a final step, the droplet bulk solution is exchanged with water to force desorption of 251 
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emulsifiers and soluble products of digestion. This exchange depletes the bulk solution of material leaving 252 

a mixture of lipophilic digestive products at the interface and undigested emulsifier. In the case of TW80, 253 

the SGF contained also enough concentration of TW80 to avoid spontaneous desorption owing to depletion 254 

of TW80 in the bulk solution. A final desorption step consisting of subphase exchange of droplet bulk 255 

solution by a simulated gastric fluid, which depletes the bulk of soluble products of lipolysis and allows 256 

evaluating the presence of lipolytic digestive products at the interface (Maldonado-Valderrama, 2019).The 257 

interfacial tension was simultaneously monitored throughout the whole simulated digestion and the 258 

interfacial rheology was measured at the end of each adsorption/desorption step. 259 

2.7 Statistical analysis and modeling 260 

2.6.1 One-way ANOVA and comparison test 261 

The oil droplet size, ζ-potential during in vitro gastric digestion and interfacial properties were statistically 262 

compared with one-way ANOVA and Tukey HSD comparison analyses (P < 0.05) using the statistical 263 

software JMP (JMP pro14, SAS Institute Inc., Cary, NC, USA). 264 

2.6.2 Single-response kinetic modeling  265 

Single-response modeling was employed to compare the lipid hydrolysis behavior of emulsions stabilized 266 

by single versus mixed interfaces. The selected response for this analysis was the lipid hydrolysis 267 

percentage (%HYD), which refers to the number of cleaved ester bonds with respect to the total number of 268 

ester bonds available. This response is described in equation (2): 269 

%HYD(𝑡) =  
n 𝐹𝐹𝐴(𝑡) 

(n 𝑇𝐴𝐺(𝑡) ×3+n D𝐴𝐺(𝑡) ×2+n M𝐴𝐺(𝑡) +n 𝐹𝐹𝐴(𝑡) )
   (2) 270 

%HYD(t) is the hydrolysis percentage as a function of gastric digestion time t; nFFA(t), nTAG(t), nDAG(t), and 271 

nMAG(t) are the number of moles of oleic acid, residual triolein; diolein, and monoolein, respectively. 272 
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Data sets were analyzed by means of the software JMP (JMP pro14, SAS Institute Inc., Cary, NC, USA). 273 

After a model discrimination process, the best fit was obtained for the modified Gompertz equation 274 

(Zwietering et al., 1990), which is indicated below in equation (3). 275 

%HYD(𝑡) = HYD𝑓 exp {−exp [
𝑘 exp(1)

𝐻𝑓
(𝑡𝑙𝑎𝑔 − 𝑡) + 1]}    (3) 276 

The parameter %HYD(t) is the percentage hydrolyzed lipids at a time t (min); HYDf (%) is the extent of 277 

the hydrolyzed lipids (t = ∞); k (min-1) is the reaction rate constant; and tlag (min) is the lag time prior lipid 278 

hydrolysis. 279 

3. Results and discussion 280 

3.1 Oil droplet properties and in vitro gastric lipid digestion of emulsions formed 281 

with CP and/or TW80 282 

All prepared emulsions were characterized in terms of oil droplet properties (particle charge, 283 

microstructure, and particle size) and lipolysis product content.  284 

3.1.1. Oil droplet properties 285 

The CP-based emulsion (pH ~2.7) presented an initial negative ζ-potential (-20.1 mV). This negative 286 

magnitude is possibly linked to the presence of ionized carboxylic groups in the CP molecule 287 

(Ngouémazong et al., 2015). The ζ-potential of CP-based emulsion changed to slightly positive values at 288 

the end of gastric digestion. This is possibly due to charge neutralization of pectin and the presence of 289 

ionized fatty acids generated as a result of lipolysis. The CP-based emulsion exhibited an increase in 290 

average particle size from 1.1 to around 4 µm (Figure 1). The micrographs in Figure 1 revealed that a certain 291 

extent of flocculation and coalescence led to this increase in particle size. In case of the TW80-based 292 

emulsion, a neutral particle charge was expected due to the non-ionic nature of TW80. However, it 293 

presented a slightly negative particle charge of -1.4 mV. This magnitude possibly reflected a certain extent 294 
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of contamination by fatty acids impurities (Chang & McClements, 2016). When the TW80-based emulsion 295 

was subjected to in vitro gastric digestion, the ζ-potential did not significantly change which may be an 296 

indication of a limited production of fatty acids. The physical stability of the TW80-based emulsion did not 297 

change during in vitro digestion (Figure 1). 298 

In case of the emulsions stabilized by mixed interfaces, the ζ-potential values laid in between the ones of 299 

emulsions stabilized by CP or TW80 (Table 1). In this aspect, an inverse relation can be observed between 300 

the TW80 concentration and the particle charge. This inverse relation between particle charge and TW80 301 

concentration might be an indication of the increased presence of TW80 at the interface due to CP 302 

displacement. Therefore, interfaces containing both CP and TW80 at different proportions were possibly 303 

created. This latter hypothesis will be further discussed in Section 3.2 (interfacial study). The magnitude of 304 

the ζ-potential for the emulsion containing 0.00625% TW80 retained a more negative value after gastric 305 

lipolysis compared to the one of 0.1% TW80. This could be due to the formation a mixed layer composed 306 

of TW80 compressing the interfacial network formed by CP which remained to a large extent at the 307 

interfacial layer. Conversely, the magnitude of the ζ-potential for the emulsion containing 0.1% TW80 308 

diminished to a similar value to the one obtained after gastric lipolysis of the emulsion stabilized by TW80 309 

only (Table 1). This is indicative for the predominant presence of TW80 at the interface even when mixed 310 

with CP. In this latter case, CP seemed to be largely displaced from the emulsion interface. Emulsions 311 

stabilized by mixed interfaces showed an improved physical stability compared to a CP-based emulsion 312 

(Figure 1). This phenomenon most likely occurred because TW80 is a non-ionic surfactant. Therefore, 313 

TW80 molecules did not present electrostatic interactions with the ionic CP molecules allowing 314 

compatibility between both surface-active compounds (Guzmán et al., 2016).  315 

3.1.2. In vitro gastric lipolysis behavior 316 

The percentage of lipid hydrolysis was utilized to compare the in vitro digestion behavior of the generated 317 

emulsions by means of single-response modeling (modified Gompertz equation). The representation of the 318 

single-response modeling is given in Figure 2, while the estimated parameters are presented in Table 2. 319 
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Single-response modeling was not applied to the TW80 data set because it showed a static trend and very 320 

low extent of lipid hydrolysis. 321 

The lag time tlag is defined as the period before the response starts to significantly increase in magnitude. 322 

For the emulsions stabilized by only CP, and by CP and a 0.00625% TW80; this lag time was limited 323 

(Figure 2) as values between 7.7 and 8.2 min were estimated by single-response modeling (Table 2). This 324 

suggests that the interfaces stabilized by the previous single or combined compounds did not represent a 325 

barrier for the (rapid) adsorption of gastric lipase allowing lipid cleavage from the first minutes of digestion. 326 

In Figure 2, it can be observed that the emulsion containing 1% CP and 0.1% TW80 presented a 327 

considerable lag phase with an estimated duration of 16.8±2.1 min. This finding may be related to the higher 328 

interfacial concentration of TW80. TW80 is known to be a surfactant with a high surface activity, thus 329 

gastric lipase probably competed for the interface with CP molecules. Therefore, we hypothesize that the 330 

lag phase might be correlated to the competitive adsorption phenomenon between lipase and CP molecules 331 

since TW80 molecules cannot be desorbed by gastric lipase. 332 

The reaction rate constant k indicates the maximum rate with which the final extent of digestion is obtained. 333 

In this aspect, there was a clear effect on this kinetic parameter if a high TW80 concentration (0.1%) is used 334 

during emulsion preparation. As observed in Table 2, the k magnitude for this latter emulsion (0.19 min-1) 335 

was significantly lower compared to the other two emulsions (0.86 min-1). The rate constant is highly 336 

influenced by amount of gastric lipase adsorbed to the interface (McClements, 2018). Therefore, the 337 

emulsion containing 0.1% TW80 probably permitted a lower interfacial concentration of gastric lipase as 338 

compared to the other emulsions. As explained above, a higher concentration of TW80 at the emulsion 339 

interface most probably caused a stronger competitive adsorption phenomenon between gastric lipase and 340 

the initial emulsifiers. As a consequence, a lower lipase interfacial concentration was most likely reached 341 

for this emulsion. 342 

Regarding the extent of lipid hydrolysis HYDf, this kinetic parameter was also affected by the TW80 343 

concentration in the initial emulsion. A high concentration of this non-ionic surfactant provoked a lower 344 
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extent of gastric lipid hydrolysis. During gastric digestion, a product inhibition phenomenon can limit the 345 

lipase action through the entrapment of the enzyme by lipolysis products (Pafumi et al., 2002). When a 346 

certain critical concentration of lipolysis products is reached, these products surround gastric lipase and 347 

restrict the access to the triglyceride core. Since the emulsion interface formed with 0.1% TW80 possibly 348 

permitted a low degree of gastric lipase adsorption, gastric lipase was entrapped faster because a lower 349 

concentration of lipolysis products was needed. Therefore, the lipid hydrolysis extent for this emulsion was 350 

much lower compared to the emulsions with no or low amounts of TW80. In case of the TW80-based 351 

emulsion, a negligible extent of digestion was obtained probably because this surfactant formed a compact 352 

interfacial layer which restricted gastric lipase adsorption as also observed by other researchers (Couëdelo 353 

et al., 2015; Infantes-Garcia, Verkempinck, Gonzalez-Fuentes, et al., 2021). 354 

Since particle size was similar for all emulsions containing CP during in vitro gastric digestion, then 355 

emulsion physical stability was not the predominant factor impacting the lipolysis kinetics. Small 356 

differences in initial particle size are there but that these level of differences have not been linked to different 357 

digestion kinetics before (Infantes-Garcia et al., 2022). At this point, we can hypothesize that competitive 358 

adsorption between gastric lipase and the surface-active compounds at the interface possibly played a 359 

crucial role in the modulation of the lipolysis kinetics. Therefore, it is necessary to study the lipid digestion 360 

from an interfacial perspective. This interfacial approach is explored in the following section 3.2 to prove 361 

the intermediate hypotheses established in this section. 362 

3.2 Interfacial study of single versus mixed interfaces during in vitro gastric 363 

digestion 364 

As previously discussed, the lipolysis kinetics during in vitro gastric digestion could be modulated by 365 

designing emulsions stabilized by CP and TW80 at different ratios. This second part aims to obtain insights 366 

into the interfacial phenomena taking place during in vitro gastric digestion. In this aspect, a mixed interface 367 

composed of CP and TW80 has been created and subjected to in vitro gastric digestion. The OCTOPUS 368 

equipment allowed the evaluation of the adsorption kinetics and interfacial rheology by means of a modified 369 
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pendant drop technique. In this equipment, a water drop containing the compound(s) of interest is formed 370 

inside the oil phase. First, interfaces were formed using a similar approach as for the emulsions previously 371 

evaluated: Single interfaces of CP or TW80 were formed in one step. Mixed interfaces in two sequential 372 

steps by saturating the interface with CP and then allowing TW80 adsorption. Second, the formed interfaces 373 

were exposed to in vitro gastric conditions including a relevant gastric lipase source (i.e. rabbit gastric 374 

extract).  375 

3.2.1 Formation of interfaces 376 

This sub-section describes the process of single and mixed interfacial layers formation and its 377 

characterization in terms of interfacial tension and interfacial rheology. 378 

Single interfaces: Figure 3A-B shows the adsorption kinetics of CP (blue experimental points) and TW80 379 

(orange experimental points), respectively. Both compounds were able to decrease the interfacial tension 380 

of the oil-water interface (initial value of 30 mN/m) as depicted in Figure 4A. However, it can be observed 381 

in Figure 3 that the biopolymer CP has a slower adsorption rate compared to the surfactant TW80. In 382 

addition, TW80 reduced the interfacial tension to lower values (6 mN/m) than CP (15 mN/m). These 383 

findings are coherent since the CP (60 kDa) is a larger molecule compared to TW80 (1.2-1.3 kDa) (Gomes 384 

et al., 2018; Ngouémazong et al., 2015). This result can be interpreted as a higher surface activity of the 385 

TW80 molecules as compared to CP, which can be related to the adsorption mechanism of these 386 

compounds. On the one hand, TW80 molecules contain a carbon chain of oleic acid, which may facilitate 387 

the anchoring of this surfactant to the oil phase (Gomes et al., 2018). On the other hand, CP molecules 388 

contain hydrophobic groups, such as protein moieties, which serve as anchor sites to the oil phase, while 389 

the largest part corresponds to the hydrophilic polysaccharide units which orient towards the aqueous phase 390 

(Ngouémazong et al., 2015). A small fraction of proteins chemically bound (~2 %) to pectin is normally 391 

co-extracted as previously quantified in our research unit (Kyomugasho et al., 2017). Other studies showed 392 

comparable interfacial tension kinetics for CP or TW80 at the same concentrations (Gomes et al., 2018; 393 

Verkempinck, Kyomugasho, et al., 2018). The interfacial activity of CP has also been proven in our 394 
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previous work, in which  the interfacial composition of emulsions prepared with 1% CP was determined. 395 

This was possible through the use of a centrifugation step followed by the quantification of CP via a specific 396 

spectrophotometric method (Infantes-Garcia et al., 2022). We proved that pectin was adsorbed to the oil-397 

water interface of emulsions. 398 

An interesting result to highlight is the significantly different viscoelastic behavior of the CP and TW80 399 

interfacial layers as observed in Figure 4B. The interfacial layer composed of CP presented an elastic 400 

modulus of 82 mN/m, while the one stabilized by TW80 a value of 6 mM/m at 0.1 Hz. At this relatively 401 

high frequency the viscous modulus is negligible (E’’=0) and the interfacial layers are mainly elastic where 402 

the dilatational modulus coincides with the elastic modulus (E=E’) (results not shown). This result reflects 403 

the formation of a compact layer of CP, with highly interconnected molecules. This interfacial network is 404 

composed of irreversibly adsorbed CP (data not shown), displaying similar values to globular protein 405 

interfacial layers measured at similar frequency (Maldonado-Valderrama et al., 2013). 406 

Adsorption/desorption steps of interfaces formed by CP without including a digestion step confirmed that 407 

this biopolymer was irreversibly adsorbed (data not shown). The elastic behavior of CP at the interface can 408 

be related to the number of hydrogen bonds that are formed among the CP molecules. Other authors found 409 

a dilatational elastic modulus of 60 mN/m for a CP layer adsorbed to a rapeseed oil-water interface (Schmidt 410 

et al., 2017). This value is slightly lower than obtained in the present study, most probably this is related to 411 

the differences in structural characteristics of CP among the two studies. In case of TW80, the low 412 

dilatational elasticity, obtained even at this high frequency, indicates the formation of a fluent, mobile 413 

interfacial film and is consistent with values of soluble surfactants which reversibly adsorb at the interface 414 

(Mackie et al., 2001). Consequently, CP showing a high viscoelasticity stabilizes emulsions by the 415 

formation of a cohesive viscoelastic network at the interface which resists deformation. The surfactant 416 

TW80 stabilizes emulsions by the Gibbs-Marangoni mechanism based on the formation of fluid and mobile 417 

films with high surface activity. Measurements of dilatational rheology at this frequency of oscillation allow 418 

differentiating between the two types of interfacial layers formed by CP and TW80 and was therefore used 419 
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hereafter to evaluate changes in the interfacial composition of the mixtures (Maldonado-Valderrama & 420 

Patino, 2010).  421 

Mixed interfaces: Figures 3C-D illustrates the interfacial tension kinetics during the formation of mixed 422 

interfaces containing both CP and TW80. This strategy consisted in a sequential adsorption of these two 423 

surface-active agents. As observed in Figures 3C and D, an interfacial layer saturated by CP was first 424 

formed followed by the adsorption of TW80 which was tested at two concentrations (0.00625 versus 0.1%). 425 

Both concentrations were above the critical micellar concentration of TW80 (~0.003%) (Bąk & Podgórska, 426 

2016). However, distinct adsorption kinetics were observed after TW80 was injected into the system at the 427 

concentrations tested. In case of the lower concentration (0.00625%), a gradual adsorption of TW80 428 

molecules was observed leading to a slight decrease in interfacial tension from around 16 to 14 mN/m as 429 

depicted in Figure 4A. The higher TW80 concentration (0.1%) resulted in a faster and significant lower 430 

interfacial tension value (decrease from 16 to 9 mN/m). These different behaviors can be attributed to the 431 

phenomenon known as orogenic displacement, discussed in the following paragraph. 432 

The orogenic displacement mechanism was proposed after studying oil-water mixed interfaces composed 433 

of milk proteins (biopolymer) and Tween 20 (surfactant) by means of atomic force micrographs and surface 434 

tension measurements (Mackie et al., 2000). As explained by Mackie et al. (1999), this phenomenon 435 

consists of three main steps after the formation of a biopolymer interfacial layer. (i) First, minor domains 436 

of surfactant are formed within the interface due to the presence of small defects in the biopolymer film. 437 

This does not affect the original interfacial layer formed by the polymer. (ii) Second, when the surfactant 438 

concentration increases, the domains containing the surfactant grow. This causes a disturbance of the 439 

biopolymer interfacial layer leading to a partial displacement from the interface. (iii) Third, as the surfactant 440 

concentration keeps on increasing, the biopolymer layer collapses and is completely removed from the 441 

interface (Alan R. Mackie et al., 1999). Therefore, the orogenic displacement mechanism suggests that the 442 

disturbance and potential displacement of the biopolymer film by the surfactant depends on the surfactant 443 

concentration.  444 
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Based on our findings, an orogenic displacement phenomenon can also explain the behavior of the mixed 445 

interfaces formed by CP and TW80. For instance, in case of the mixed interfacial layer formed after the 446 

addition of TW80 in low concentrations (0.00625%), TW80 possibly adsorbed onto small defects at the CP 447 

interfacial layer. The presence of low concentrations of the highly surface active TW80 at the interfacial 448 

layer slightly reduces the final interfacial tension (Figure 4A), but drastically affects the dilatational 449 

elasticity as TW80 molecules disrupted the interfacial network and interconnection between adsorbed CP 450 

molecules (Figure 4B). Possibly, the interfacial layer is composed of small spots of TW80 compressing the 451 

interfacial network of CP, which probably remains at a relatively high extent at the interface. As a 452 

consequence, no or limited displacement took place and the interfacial tension decreased only to a slight 453 

extent. The ζ-potential measurement of the emulsion in Table 1 also indicated a similar behavior (no or 454 

limited CP displacement). However, the presence of TW80 at the interfacial layer caused a significant 455 

decrement in the interfacial elastic modulus reaching a magnitude of 37 mN/m (Figure 4B). This means 456 

that the elasticity of the initial CP film (90 mN/m) was diminished as TW80 molecules disturbed the 457 

intermolecular CP interactions, more specifically the hydrogen bonds among CP molecules. It can be 458 

hypothesized that in case of the addition of 0.00625% TW80, only the first phase of orogenic displacement 459 

occurs. As the TW80 concentration increased to 0.1%, the adsorbed TW80 regions probably grew and 460 

provoked displacement of CP from the interface. In this case, the interfacial elastic modulus decreased from 461 

87 to 11 mN/m (Figure 4B), proving that the elastic network of CP at the interface was seriously damaged 462 

and the interfacial layer contained large regions of TW80. It must be noted that a complete displacement of 463 

CP molecules most likely did not occur since the interfacial layer presented a slightly higher elastic behavior 464 

(11 mN/m) as compared to the single TW80 film (6 mN/m). Hence revealing the anchoring of some CP 465 

molecules to the interfacial layer, although incapable of creating an interconnected network. Thus, the 466 

interfacial characterization indicated that mixed interfacial layers were successfully created.  467 

In our previous work, the interfacial composition of emulsions prepared with 1% CP, and 0.1 or 0.00625% 468 

TW80 was determined using a centrifugation step followed by the quantification of CP and TW80 (Infantes-469 
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Garcia et al., 2022). We proved that a mixed interfacial layer could be formed in the emulsion. In addition, 470 

it was observed that higher TW80 concentrations used to prepare the emulsions led to a higher degree of 471 

CP desorption from the interface. In the current research, the formation of these mixed layers using the 472 

pendant drop technique showed that as the concentration of TW80 increased, the interfacial layer of CP 473 

was compressed and/or desorb from the interface. This finding can also be linked to the interfacial 474 

composition determination in our previous work (Infantes-Garcia et al., 2022). The interfacial layer evolved 475 

from a CP dominated cohesive interconnected network to a TW80 dominated fluid film, stabilizing 476 

emulsions by the Gibbs–Marangoni mechanism.  477 

3.2.2 Behavior of interfaces under in vitro gastric digestion 478 

Once the single and mixed interfacial layers formation was achieved, these were subjected to in vitro gastric 479 

lipolysis using the OCTOPUS system and according to the INFOGEST protocol (Brodkorb et al., 2019). 480 

These conditions included an acidic pH (3), the presence of electrolytes, and the inclusion of a relevant 481 

gastric lipase with an activity of 60 U/mL (tributyrin based).  482 

Single interfaces: In Figure 3A-B, the kinetics of interfacial tension are shown after CP and TW80 single 483 

interfaces were subjected to in vitro gastric conditions (yellow triangles). Specifically for the CP interfacial 484 

layer (Figure 3A), a very fast decrease was observed in the first minutes of gastric digestion which can be 485 

linked to the adsorption of gastric lipase at the interface. Gastric lipase quickly adsorbed into the defects 486 

present in the CP interfacial film, compressing the interfacial layer. This was also observed for other 487 

biopolymers, such as milk proteins (Mackie et al., 2001; Maldonado-Valderrama et al., 2013). Additionally, 488 

a competitive adsorption phenomenon could have occurred between CP and gastric lipase resulting in the 489 

desorption of the biopolymer from the interface. Afterwards, a more gradual reduction in interfacial tension 490 

was observed, reflecting the production of surface-active lipolysis products (e.g. FFAs and MAGs). 491 

Regarding the interfacial elastic modulus, this property decreased in magnitude from 82 to around 29 mN/m 492 

indicating a loss of the elasticity (Figure 4B). If this latter value was compared with the elastic modulus 493 

after digesting an oil-water interface without emulsifiers (29 mN/m) (Figure 5), then it can be deduced that 494 
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the interfacial layer at the end of the gastric digestion was mainly composed of lipolysis products. This 495 

means that CP was possibly totally displaced from the interface after 2 hours of in vitro gastric digestion. 496 

The CP removal most likely followed the orogenic displacement mechanism, but in this case, the surfactants 497 

(e.g. FFAs and MAGs) were endogenously produced through the hydrolysis of the oil phase. Gastric lipase 498 

and lipolysis products are more surface-active than CP molecules, and possibly caused their removal from 499 

the interface. The desorption step, showed no changes in interfacial tension and interfacial elastic moduli. 500 

This could be explained by the water insoluble character of the lipolysis products of high-oleic sunflower 501 

oil, which accumulate at the interface (Pafumi et al., 2002). In absence of bile salts, these lipolysis products 502 

cannot be removed from the interface and thus are not solubilized in the form of mixed micelles 503 

(Macierzanka et al., 2019; Maldonado-Valderrama et al., 2011). The digestive behavior of this interface 504 

was also similar as compared to the fast and extensive lipolysis behavior observed for the CP-based 505 

emulsion in Section 3.1.2.  506 

A completely different scenario occurred for the TW80 interfacial layer under in vitro gastric digestion 507 

conditions. As observed in Figure 3B, the TW80 film blocked gastric lipase adsorption, and consequently, 508 

a negligible extent of lipid digestion took place. This behavior was also observed after comparing the final 509 

interfacial tension values of the TW80 interfacial layer before and after in vitro gastric digestion (Figure 510 

4A). Moreover, the change in interfacial elastic modulus of the initial TW80 film was very similar to the 511 

one after the digestion step which confirmed that the fluid nature of the TW80 film was maintained. 512 

Therefore, the more surface active TW80 and highly mobile TW80 film restricted the access of enzymes 513 

possibly by Gibbs-Marangoni effects upon deformation of interfacial films (Mackie et al., 2001). In other 514 

words, gastric lipase was not capable to compete for the interface with the more surface active TW80 515 

molecules which rapidly occupied the available interfacial area. This is the reason why very limited lipid 516 

hydrolysis was observed when in vitro digesting TW80-based emulsions as discussed in Section 3.1.2. The 517 

desorption phase is difficult to interpret as the TW80 should desorb as the interface is depleted. Conversely, 518 

the interfacial tension remains unchanged after subphase exchange with water. This suggests the presence 519 
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of irreversibly adsorbed compounds at the interfacial layer. The composition of this final interface is 520 

difficult to interpret as many phenomena might be overlapping; the forced dilution of bulk solution along 521 

with desorption of TW80, solubilization, residual gastric digestion as gastric lipase occupies available space 522 

at the interface, and others.  523 

Mixed interfaces: Two distinct interfacial tension kinetics and interfacial rheology behaviors during in 524 

vitro gastric digestion were observed for the single interfacial layers of CP or TW80. In case of mixed 525 

interfacial layers, their kinetics of interfacial tension followed an intermediate behavior compared to the 526 

ones of CP and TW80 single interfacial layers. These kinetics highly depended on the TW80 concentration 527 

employed to form the mixed interfaces as observed in Figure 3C-D. In case of the low TW80 concentration 528 

(0.00625%), the interfacial tension kinetics were similar to the kinetics of a single CP film. This finding is 529 

more clear when comparing the decrease in interfacial tension magnitude before and after in vitro digestion 530 

between a single CP film (difference of around 5 mN/m) versus the mixed interface formed with the low 531 

TW80 concentration (difference of around 5 mN/m) (Figure 4A). This differential decrease in interfacial 532 

tension indicates that a similar extent of lipid hydrolysis was reached. However, the more progressive 533 

decrease of interfacial tension during the first minutes of in vitro digestion for the mixed interface compared 534 

to the CP single interface was an interesting difference observed from Figures 3A and 3C. For the mixed 535 

interface, the presence of adsorbed TW80 domains at the CP interface modulated the adsorption of gastric 536 

lipase. In this aspect, there was probably a competitive adsorption phenomenon between gastric lipase and 537 

CP molecules taking place. These latter findings may explain the lag-phase encountered during the in vitro 538 

gastric digestion of the emulsion stabilized by 1% CP and 0.00625% TW80 (Section 3.1.2). Regarding the 539 

interfacial elastic modulus (Figure 4B), this mixed interface became less elastic as the interconnected 540 

interfacial CP film is partially disrupted by TW80 and/or lipolytic products, presenting a lower magnitude 541 

after in vitro digestion (24 mN/m). If the elastic modulus of the single CP and the mixed interface with a 542 

low TW80 concentration after digestion are compared, they were rather similar, yet the one of the mixed 543 

interface was slightly lower. This is possibly because the interface also contained TW80 regions which 544 
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disrupted the elastic network and hence, decreased the interfacial elastic modulus. Moreover, the formation 545 

of these rather complex interfaces could be responsible for the complex trends observed during the ζ-546 

potential measurements for this mixed system (Table 1). The desorption phase reflected the desorption of 547 

TW80 as the interfacial tension slightly increased. The parallel increase in dilatational elasticity revealed 548 

the presence of lipolysis products anchored at the interface already.  549 

The digestion of the mixed interfaced formed using the high TW80 concentration (0.1%) presented a 550 

behavior closer to the one of a single TW80 interface digestion. This is also consistent with findings 551 

regarding the evolution of the ζ-potential (Table 1). As observed in Figure 3D, there was a limited 552 

adsorption of gastric lipase, and consequently, a slow decrease in the interfacial tension which can be 553 

interpreted as a low lipid hydrolysis extent. As mentioned in Section 3.3.1, the mixed interfacial layer 554 

formed with the 0.1% TW80 solution presented large regions of adsorbed surfactant while possibly only 555 

few CP molecules remained anchored at the interface. During in vitro digestion, gastric lipase probably had 556 

limited access to the interface since the defects in the CP film were already largely occupied by TW80 557 

molecules. Thus, the enzyme most likely competed for the interface with the small fraction of remaining 558 

CP. Under these conditions, a small amount of gastric lipase could adsorb onto the interface, eventually 559 

resulting in a low lipolysis extent. This low extent was also evidenced in Figure 4A, where the differential 560 

interfacial tension before and after in vitro digestion was lower than 2 mN/m. With respect to the interfacial 561 

dilatational rheology, Figure 4B shows an elastic modulus of around 15 mN/m, which is somewhat higher 562 

than the one of the interface before in vitro digestion (11 mN/m). This possibly means that the interface 563 

was composed of a significant fraction of TW80 molecules as well as some lipolysis products. In another 564 

interesting interfacial study, an interfacial layer covered by TW80 completely inhibited lipid digestion by 565 

HGL. Only in presence of bile salts that removed TW80 from the interface, HGL could initiate the 566 

hydrolysis process (Gargouri et al., 1986). The desorption phase could also reflect the desorption of TW80 567 

as the interfacial tension slightly raised for the mixed systems. This was accompanied by an increase of the 568 

dilatational elasticity that relates to the presence of lipolysis products anchored at the interface. The values 569 
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reached at this final desorption again serve as prove of the formation of a mixed interfacial layer that 570 

allowed with a fine-tune lipid digestibility.  571 

4. Conclusions 572 

This study presented new insight into emulsions stabilized by binary mixed interfaces and their lipid 573 

digestion kinetics evaluation under in vitro gastric conditions. All emulsions showed a relatively good to 574 

excellent physical stability during in vitro gastric digestion. Therefore, it was hypothesized that lipid 575 

digestion mainly depended on the interfacial composition. The addition of TW80 to CP-based emulsions 576 

permitted the modulation of the lipolysis kinetics as a function of TW80 concentration. A marked lag-phase 577 

was present in the emulsions stabilized by CP and 0.1% TW80. Both the rate and extent of gastric lipid 578 

hydrolysis was decreased by incrementing the TW80 concentration during emulsion preparation. A 579 

competitive adsorption phenomenon was possibly the main driving force for the modulation of lipid 580 

digestion kinetics. Next to this, hypotheses linked to the lipolysis behavior of these emulsions were tested 581 

in a separate experiment consisting of the formation and in vitro gastric digestion of interfacial layers. 582 

Overall, it can be claimed that the in vitro gastric digestion behaviors of single versus mixed interfacial 583 

layers were analogous to the trends observed for the digestions of their respective o/w emulsions. Two very 584 

distinct interfacial tension kinetics during digestion were observed when single layers of CP or TW80 were 585 

exposed to in vitro gastric conditions. When both CP and TW80 were incorporated to form mixed interfacial 586 

layers, intermediate kinetics of gastric lipase adsorption and lipolysis were observed as function of TW80 587 

concentration. This interfacial study confirmed that the competitive adsorption phenomenon (e.g. orogenic 588 

displacement) was the determining factor for lipid hydrolysis of emulsions stabilized by CP and/or TW80, 589 

proving that interfacial design can allow steering of lipolysis kinetics of emulsions. Emulsions stabilized 590 

by mixed interfaces showed a promising tailored lipid digestibility in the gastric phase, but more research 591 

should be conducted to also modulate lipid digestion in the small intestinal phase. 592 
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 792 

Figure 1. Effect of in vitro gastric conditions (GP) on the particle size distribution (PSD), average surface-based 793 

particle size d(3,2) and  microstructure of o/w emulsions stabilized by mixed interfaces composed of citrus pectin 794 

(CP) and/or Tween 80 (TW80). Scale bars in the micrographs represent 100 μm. X-axis and Y-axis of PSD graphs 795 

indicate the oil droplet diameter (µm) and surface fraction (%), respectively. 796 
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 797 

 798 

Figure 2. Modulation of the lipid hydrolysis percentage of emulsions stabilized by single and mixed interfaces 799 

containing citrus pectin (CP) and/or Tween 80 (TW80) and subjected to in vitro gastric digestion: (▲) 1% CP, (●) 1% 800 

CP and  0.00625% TW80, (■) 1% CP and  0.1% TW80, and () 1% TW80. Symbols represent the experimental 801 

analyte concentrations, while solid lines represent model curves fitted with the modified Gompertz equation. 802 
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 804 

Fig. 3. Interfacial tension (γ) kinetics of immersed aqueous phase droplets in high-oleic sunflower oil measured with 805 

the OCTOPUS system (modified pendant drop technique) for single interfaces formed after placing solutions of (A) 806 

1% citrus pectin (CP), (B) 1% Tween 80 (TW80), and mixed interfaces formed after sequentially injecting solutions 807 

of (C) 1% CP and then 0.00625% TW80, and (D) 1% CP and then 0.1% TW80. The formed interfaces were subjected 808 

to in vitro gastric digestion (pH 3, rabbit gastric lipase activity (RGL) of 60 U/mL) followed by a desorption step 809 

(injection of ultrapure water). Oscillatory values (vertical lines) of the interfacial tension at the end of each stage (e.g. 810 

interface formation or digestion) correspond to the interfacial rheology measurement. 811 
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 813 

Figure 4. (A) Interfacial tension (γ) and (B) interfacial dilatational elastic moduli (E) of immersed aqueous phase 814 

droplets in high-oleic sunflower oil at equilibrium measured with the OCTOPUS system (modified pendant drop 815 

technique) for single interfaces formed after injecting solutions of 1% citrus pectin (CP), 1% Tween 80 (TW80), and 816 

mixed interfaces formed after subsequently injecting solutions of 1% CP and 0.00625% TW80, and 1% CP and 0.1% 817 

TW80. The formed interfaces were subjected to in vitro gastric digestion (rabbit gastric lipase activity 60 U/mL) 818 

followed by a desorption step. The oscillation amplitude to determine E was maintained below 5% variation and the 819 

oscillation frequency was set to 0.1 Hz. In graph B, the values represent measurements after each 820 
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adsorption/digestion/desorption step (vertical lines in Figure 3). Different lower case letters indicate significant 821 

differences among each adsorption/digestion/desorption step per interface type using Tukey HSD comparison tests. 822 

  823 
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 824 

 825 

Fig. 5. Interfacial tension (γ) kinetics and interfacial dilatational elastic moduli (E) of an immersed water drop 826 

in high-oleic sunflower oil subjected to in vitro gastric digestion (pH 3, rabbit gastric lipase activity 827 

(RGL) of 60 U/mL) followed by a desorption step, and measured in the OCTOPUS system (modified 828 

pendant drop technique). 829 
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Table 1. ζ-potential of o/w emulsions stabilized by single and mixed interfaces during in vitro gastric digestion (GP). 838 
Different lower case letters indicate significant differences (P < 0.05) between different digestion times from the same 839 
emulsion. 840 

 841 

Emulsifier concentration 

in emulsion 

Initial 

emulsion 
GP 15 min GP 30 min GP 60 min GP 120 min 

1%CP  -20.1 ± 0.8a -0.5 ± 0.1b 1.9 ± 0.2c 1.7 ± 0.2c 1.5 ± 0.2c 

1%CP and 0.00625%TW80 -14.1 ± 0.1a -6.7 ± 0.2b -6.7 ± 1.9b -7.0 ± 0.4b -6.8 ± 0.3b 

1%CP and 0.1 %TW80 -6.8 ± 0.3a -0.8 ± 0.5b -0.4 ± 0.3b -0.8 ± 0.1c -2.0 ± 0.1d 

1%TW80 -1.4 ± 0.1a -2.0 ± 0.2b -1.8 ± 0.2b -1.9 ± 0.2b -1.8 ± 0.6b 

 842 

 843 

Table 2. Estimated parameters of the percentage of lipid hydrolysis using the modified Gompertz equation of 844 
emulsions stabilized by citrus pectin (CP) and/or Tween 80 (TW80) subjected to in vitro gastric digestion. The 845 
parameter t lag is the estimated lag time (min), k is the estimated hydrolysis rate constant (min-1), and Hf is the estimated 846 
final hydrolysis extent (%) as indicated in equation 3. Different lower case letters indicate significant differences 847 
among each parameter estimate according to their confidence intervals (95%).  848 

 849 

 Estimated lipid hydrolysis parameters 

 t lag (min) k (min -1) Hf (%) 

1%CP  8.2 ± 2.3a 0.86 ± 0.09a 39.8 ± 1.5a 

1%CP and 0.00625%TW80 7.7 ± 2.8a 0.86 ± 0.12a 36.9 ± 1.7a 

1%CP and 0.1 %TW80 16.8 ± 2.1b 0.19 ± 0.02b 11.3 ± 0.4b 

 850 

 851 


