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Abstract 23 

This work aims to design gastric-stable emulsions with food-grade biopolymers, using a novel 24 

multi-scale approach. The adsorption layer formation at the oil-water interface was based on 25 

opposite charge interactions between whey proteins and pectin (with different esterification 26 

levels) at pH 3.0 by a sequential adsorption method. The interfacial assembly and disassembly 27 

(interfacial complexation, proteolysis, and lipolysis) during in vitro gastric digestion were 28 

evaluated by quartz crystal microbalance with dissipation monitoring, zeta potential, dynamic 29 

surface tension, and interfacial dilatational rheology. Besides, the evolution of the particle size 30 

and microstructure of bulk emulsions during the digestion was investigated by static light 31 

scattering and light microscopy. As compared with WPI-stabilized emulsions, the presence of 32 

an additional pectin layer can prevent or at least largely delay gastric destabilization (giving 33 

rise to coalescence or/and oiling off). Especially, the esterification degree of the pectin used 34 

was found to largely affect the emulsion stability upon gastric digestion. 35 
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1. Introduction 47 

Oil-in-water (O/W) emulsions are overwhelmingly present in foods, pharmaceuticals, and 48 

personal care products, where they are frequently used as delivery systems for lipophilic 49 

ingredients.1,2 As an ideal delivery system, it is required that the encapsulated functional 50 

ingredients can be released from the lipid droplets on demand during the life cycle of the 51 

emulsions (e.g. from food processing to after ingestion). 52 

In emulsion systems, oil and water phases are separated by a narrow region, the oil-water 53 

interface, which is dominated by emulsifiers to ensure the metastability of the system. Despite 54 

the fact that this interface is very thin (in the nanometer range), it represents a large surface 55 

area and controls to a great extent the physicochemical stability of emulsions.3 Thus, 56 

interfacial design is a promising way to tailor the functional properties of emulsion systems. 57 

The purpose of this study was to design gastric stable adsorption layers using food 58 

biopolymers that would enable lipid droplets to survive in harsh gastric digestion conditions 59 

(e.g. acid pH, pepsin, gastric lipase), and ultimately be released in the small intestine. 60 

Food proteins exhibit an excellent surface activity in the stabilization of the oil-water interface, 61 

whereby submicron or even nano- emulsions can be easily produced. However, the protein 62 

layer at the O/W interface is usually vulnerable to pepsin proteolysis. For instance, β-63 

lactoglobulin, a primary protein fraction in milk whey, is resistant to pepsin in bulk solution but 64 

can be easily broken down by pepsin once adsorbed onto the oil-water interface due to protein 65 

unfolding.4 66 

Besides, lipolysis by gastric lipase produces free fatty acids, which are highly surface active 67 

and may displace proteins from the O/W interface.5 The role of gastric lipase has long been 68 

neglected for in vitro digestion experiments since human gastric lipase is not commercially 69 

available. Sassene et al compared different gastric lipase alternatives for in vitro models of 70 

gastric digestion.6 More recent studies (including the INFOGEST protocol) have suggested 71 

that rabbit gastric lipase could be a suitable alternative.7,8 In fact, in vivo studies have 72 

suggested that there is a significant amount of lipolysis that may occur in the stomach, which 73 

can account for 10% to 30% of the total amount of lipids that are cleaved in the digestive 74 

tract.9,10 The rupture of the interfacial membrane and lipolysis will affect the stability of 75 

emulsions (leading to flocculation/coalescence) and may impact the stability and release of 76 

encapsulated bioactive ingredients11,12 In some cases, insoluble fatty acids produced by 77 

gastric lipolysis could also build up at the interface of the emulsion droplets.13 Furthermore, 78 

the work of Golding et al demonstrated that the nature of the interfacial membrane dictates if 79 



the emulsion undergoes simple aggregation or gastric coalescence in both in vitro and in vivo 80 

studies.14,15 81 

The combination of polysaccharides with proteins could be an effective strategy to modify and 82 

extend the functional performance of proteins.16 Here, it is hypothesized that the indigestibility 83 

of polysaccharides could protect the protein-coated droplets during gastric digestion so that a 84 

gastric stable emulsion can be made. Since most polysaccharides are not effectively surface 85 

active, we used a layer-by-layer technique to allow the adsorption of anionic pectin onto a 86 

previously formed protein layer.   87 

The formation of bilayer or multilayer onto emulsion droplets using proteins and 88 

polysaccharides has been extensively reported to improve the colloidal stability of the droplets 89 

against pH (e.g. around isoelectric point) and ionic strength variations and to retard lipid 90 

oxidation during storage.17,18 However, concerning their gastric stability, the role of an 91 

additional polysaccharide layer is still not fully elucidated. Despite the fact that some relevant 92 

studies already existed,19–21 most of them evaluated the gastric stability of multiplayer 93 

emulsions using only particle size analysis (e.g. light scattering, microscopy). Emulsion 94 

digestion is actually a complicated interface phenomenon.22 The obtained information from 95 

these previous studies may be speculative since it cannot be excluded that the claimed 96 

stability or functionalities originate from the bulk coacervation or/and depletion. No more 97 

detailed information (e.g. proteolysis kinetics, leakage of the oil core) can be acquired. More 98 

importantly, the role of gastric lipase was not taken into account in their in vitro digestion 99 

protocols, although gastric lipase has been demonstrated to exhibit a synergistic effect with 100 

pepsin on the gastric stability of protein emulsion.14 Accordingly, the formulation design 101 

(especially the choice of polysaccharide) for gastric-stable emulsions remains empirical.  102 

This work aims to elucidate the influence of pectin adsorption on the gastric stability of WPI-103 

coated droplets. Simulated gastric fluids were prepared according to the well-recognized 104 

INFOGEST protocol. The digestive enzymes were derived from rabbit gastric extracts so that 105 

the combined effect of pepsin and gastric lipase could be evaluated. Since the degree of 106 

esterification in pectins can largely influence their physiochemical properties (e.g. electrical 107 

properties, gelation properties), both high- and low-methoxy pectin were investigated. 108 

A novel multiscale approach was used to provide insights into the gastric digestion of 109 

protein/polysaccharide emulsions. Firstly, the in-situ interfacial assembly of WPI and pectin 110 

was investigated by quartz crystal microbalance with dissipation monitoring and zeta-potential 111 

analysis. Secondly, the real-time proteolysis and lipolysis at the O/W interface were studied 112 

on a single droplet via a modified drop shape tensiometer equipped with a subphase exchange 113 

setup. This technique has been demonstrated to study the digestion of a single protein layer 114 



at the oil-water interface,22 and it is extended to study the properties of the bilayer structures. 115 

Besides, the drop tensiometer is able to determine the lipolysis kinetics of triglycerides.5,23 116 

Finally, the evolution of the particle size, zeta potential, and microstructure of a bulk emulsion 117 

during gastric digestion was monitored and quantified.  118 

2. Materials and methods 119 

Whey protein isolate was obtained from Davisco Foods International, Inc. (BiPro, Le Sueur, 120 

MN, USA). According to the manufacturer, it contains 92.6% of protein, of which around 85% 121 

of the total protein consists of β-lactoglobulin. LMP with a degree of esterification (DE) 122 

between 33 and 38% (average molecular weight 45.6 kDa) and HMP with a DE of 68% 123 

(average molecular weight 55.8 kDa) were received from Cargill (Ghent, Belgium). They were 124 

used without further purification. Medium-chain triglycerides (MCT) were obtained from Go-125 

Keto, containing 60% of C8 and 40% of C10. Florisil® (60–100 mesh for chromatography) 126 

was purchased from VWR (Ghent, Belgium). Rabbit gastric extracts (RGE15) were purchased 127 

from Lipolytech (Marseille, France), including around 15 U/mg gastric lipase and 500 U/mg 128 

pepsin. Curcumin (95%, B21573) was obtained from Alfa Aesar (Germany). Deionized water 129 

was used for all experiments. All other chemicals were of analytical grade. 130 

2.1 Dynamic interfacial tension and dilatational rheology 131 

2.1.1 Stock solution preparation 132 

WPI was dissolved in 20 mM sodium phosphate buffer (pH 7.0; ionic strength= 43 mM) at a 133 

concentration of 0.1% (w/w). After stirring for 2 h at room temperature and overnight hydration 134 

at 4 °C, the WPI dispersion was passed through a 0.45 μm mixed cellulose ester (MCE) 135 

membrane filter to remove any insoluble materials. LMP was dissolved in deionized water at 136 

a concentration of 0.1% (w/w) after overnight stirring. 0.02% (w/w) of NaN3 was added into the 137 

biopolymer solutions. They were diluted 10-fold by buffers at the tested pHs before using. 138 

The simulated gastric fluid (SGF) used for subphase exchange was prepared according to the 139 

INFOGEST protocol, including 0.257 g/L KCl, 0.063 g/L KH2PO4, 1.05 g/L NaHCO3, 1.379 g/L 140 

NaCl, 0.012 g/L MgCl2, 0.024 g/L (NH4)2CO3, 0.011 g/L CaCl2(H2O)2, and 1g/L RGE (i.e. 141 

containing 15 U/mL lipase and 500 U/mL pepsin). This amount of enzymes was lower than 142 

applied during bulk emulsion digestion, but was more than sufficient for observing digestion 143 

on a single droplet; it was chosen to avoid a high solution turbidity.  144 

MCT oil mixed with 5% (w/w) Florisil was mildly stirred overnight at room temperature to 145 

remove surface active ingredients, and the supernatant was collected and stored at 4 °C for 146 



further use. The density of the MCT oil and various solutions was measured at 37 °C by an 147 

Anton Paar DMA 5000 M density meter. 148 

2.1.2 In vitro digestion at the oil-water interface 149 

The dynamic surface tension was measured with a modified drop tensiometer allowing 150 

external phase exchange (Teclis, Tracker, France), using a 50 mL thermostatted optical glass 151 

cuvette containing one or two magnetic stirrers, in combination with the Windrop software 152 

(Teclis, France). The temperature was controlled at 37 °C by a Julabo circulator. 153 

A rising MCT oil drop (20 μL) was formed at the tip of a U-shaped needle with a diameter of 154 

1.61 mm, which was surrounded by 40 mL of 0.01 wt.% WPI solution (pH 7.0). The surface 155 

tension was recorded every 5 s. The WPI was allowed to adsorb from the bulk to the interface 156 

for around 15,000s before the area deformation was applied and the continuous phase was 157 

changed. A peristaltic pump (Ismatec, Germany) with two Teflon tubes was used to perform 158 

the exchange of the continuous phase in the cuvette at a flow rate of 11 mL/min. Hereby, the 159 

continuous phase was replaced by a 5-fold volume of protein-free pH 7.0 buffer (i.e. about 200 160 

mL) and subsequently by a 5-fold volume of fresh pH 3.0 phosphate buffer (20 mM) .  161 

To prepare a WPI-pectin bilayer film, the continuous phase was further exchanged with 150 162 

mL of 0.01 wt.% LMP or HMP solution in pH 3.0 buffer, followed by 1 hour of equilibration to 163 

allow pectin adsorption.  164 

Similar protocols were also used to prepare the adsorption layers at pH 5.0. 165 

To investigate the role of SGF on the properties of the pre-formed WPI layer or bilayer, the 166 

continuous phase was exchanged with 200 mL of SGF (without RGE), followed by 0.5 hour of 167 

equilibration. Finally, 40 mL of 1 mg/mL RGE in SGF was introduced to study gastric digestion 168 

at the oil-water interface. 169 

The dilatational moduli of the interfacial film at the end of each stage were determined at 0.05 170 

Hz (i.e. by increasing or decreasing the volume of the oil drop sinusoidally) at an area 171 

amplitude of 5%.  172 

2.2 QCM-D and zeta-potential 173 

The sequential adsorption of WPI and pectin at a hydrophobic surface was investigated at pH 174 

3.0 by a Q-sense E4 system (Biolin Scientific, Sweden).The QCM-D protocol was according 175 

to Li and Van der Meeren (2022).24 In brief, prior to the measurements, the tubing and chamber 176 

were cleaned with a 2% Hellmanex II solution for 40 min at a flow rate of 0.5 mL/min and 177 

afterwards rinsed with deionized water overnight at a flow rate of 0.1 mL/min. The temperature 178 

during running samples was set at 25.0 °C. Gold-coated crystal sensors (4.95 MHz, QSX 301) 179 



were modified with 2 mM 1-hexadecanethiol in absolute ethanol for at least 20 h to 180 

hydrophobize the surface at 30 °C. The hydrated mass of the adsorbed layer was estimated 181 

by fitting the frequency and dissipation shifts (based on the 3rd to 11th overtones) with the 182 

viscoelastic Kevin-Voigt model using QTools software 30.15.553 (Biolin Scientific). The 183 

dynamic viscosity and density of the continuous phase are input parameters for the fitting and 184 

were determined to be 0.915 mPa.s and 999.5 at 25.0 °C, respectively. 185 

The zeta-potential of WPI (1 wt.%) and LMP or HMP (0.1 wt.%) as a function of pH was 186 

measured with a Zetasizer 3000 (Malvern Panalytical Ltd, Malvern, U.K.) 187 

2.3 Emulsion preparation and characterization 188 

2.3.1 Emulsion preparation 189 

1 wt.% WPI solution was prepared in 10 mM sodium phosphate at  pH 3.0. 5 g of MCT oil was 190 

added into 45 g of 1 wt.% WPI solution. Subsequently, the mixture was homogenized at 191 

24,000 RPM for 4 min to prepare the WPI emulsion. To remove the excess of non-adsorbed 192 

protein, the emulsion was centrifuged at 70 g for 1 hour. The obtained subnatant was removed 193 

by a syringe equipped with a long needle, and then replaced with the same amount of the pH 194 

3.0 buffer. Subsequently, the cream layer was dispersed in the buffer by inverting the 195 

centrifuge tubes several times. Since some large droplets emerged after the centrifugation 196 

step, the WPI-stabilized emulsion was further homogenized at 24,000 RPM for 4 min. 197 

To prepare WPI/pectin bilayer emulsions, 10 g of the washed WPI emulsion was added 198 

dropwise into 15 g of 0.5 wt.% pectin solution (adjusted to pH 3.0) under continuous stirring. 199 

The excess pectin was also removed by the centrifugation/redispersion steps: the cream layer 200 

was dispersed in 19 g of the pH 3.0 buffer. Hence, the final emulsion contained ca. 5 wt.% of 201 

MCT oil. 202 

2.3.2  In vitro gastric digestion of emulsion 203 

The in vitro gastric digestion of emulsions was performed according to the INFOGEST method, 204 

which is a standardized digestion protocol with international consensus presented by Brodkorb, 205 

et al. (2019). The prepared SGF contained 0.514 g/L KCl, 0.126 g/L KH2PO4, 2.10 g/L NaHCO3, 206 

2.758 g/L NaCl, 0.024 g MgCl2, 0.048 g (NH4)2CO3, 0.022 g/L CaCl2(H2O)2, and 8g/L RGEs 207 

(i.e. containing 120 U/mL rabbit gastric lipase and 4000 U/mL rabbit pepsin). The SGF was 208 

adjusted to pH 3.0 with 6 M HCl at 37 °C. 3 mL of the emulsions was mixed with 3 mL of the 209 

SGF (i.e. both in the presence and absence of RGE) in a 15 mL falcon tube. The mixtures 210 

were incubated at 37 °C in a water bath under mild orbital shaking. The particle size, zeta-211 

potential, microstructure and interfacial composition of the emulsion droplets as a function of 212 



time (i.e. after 0 min, 10 min, 30 min, 60 min, and 120 min) during digestion were determined 213 

according to the following protocols. 214 

2.3.3 Particle size and zeta-potential of emulsion droplets 215 

The particle size of the emulsion droplets was measured before and after in vitro gastric 216 

digestion using static light scattering by a MasterSizer 3000 equipped with a Hydro MV unit 217 

(Malvern, U.K.). The obscuration value was fixed between 5 and 10% with a stirring speed of 218 

2600 rpm in mixtures of the pH 3.0 phosphate buffer and the SGF (i.e. mixed in an equal 219 

volume). The zeta-potential of the emulsion droplets was determined using a Zetasizer 3000 220 

(Malvern Panalytical Ltd, Malvern, U.K.) after 1,000 times dilution by the buffer-SGF mixtures 221 

mentioned above. Each individual measurement was an average of three runs. 222 

2.3.4 Microscopy observation 223 

The microstructure of the emulsions before and after in vitro gastric digestion was observed 224 

by a CX40 optical microscope (Olympus GmbH, Hamburg, Germany) equipped with an 225 

Axiocam ERc5s camera (ZEISS, Germany). The observation was done at a magnification of 226 

100X (i.e. 10X ocular lens and 10X objective lens). Briefly, one drop of the emulsions was 227 

placed on a glass slide and covered with a round cover slide to prevent the flow of droplets 228 

during observation. 229 

2.4 Migration of encapsulated curcumin 230 

Curcumin-loaded emulsions were prepared according to the protocol described in section 2.2. 231 

Curcumin was dissolved in MCT oil at a concentration of 0.05 wt.% by incubation in a water 232 

bath at 50˚C for 10 min and subsequent 1 min of ultrasound treatment at room temperature 233 

(ca. 20 ˚C). The standard curve of curcumin was set as absorbance values at 425 nm of 234 

curcumin diluted in MCT oil in the concentration range from 0.0000625 to 0.0005 wt.%.  235 

The migration of curcumin from emulsion droplets was determined by using a membrane-free 236 

model and MCT oil was used as an acceptor medium.25,26 5 mL of MCT oil was gently placed 237 

on top of 2 mL digestion samples (i.e. already adjusted to pH 7 with NaOH to deactivate the 238 

enzymes) in 15 ml falcon tubes. The lower phase but not the upper phase was mildly stirred 239 

for 5 min, followed by centrifugation at 1,000 g for 12 min. Subsequently, the curcumin amount 240 

in the upper phase was quantified. The migration rate of curcumin (%) was expressed as the 241 

amount of migrated curcumin relative to the total curcumin input during emulsion preparation. 242 



2.5 Data analysis 243 

Data were presented as the mean ± standard deviation of at least three independent 244 

experiments. The difference between samples was evaluated using one-way ANOVA using 245 

GraphPad Prism 9.3 software (San Diego, USA). In some figures regarding interfacial 246 

dilatational moduli, the error bars are too small to be visible.  247 

3. Results and discussion 248 

3.1 Interfacial assembly of WPI and LMP/HMP 249 

 250 

 251 

Fig.1 Normalised frequency (blue) and dissipation shifts (red) of the 3rd, 5th, 7th, and 9th 252 

overtones (with fading colors for increasing overtones) as a function of time during the 253 

sequential adsorption of WPI and HMP (A) or LMP (B) at pH 3.0; ∆D/∆f/n plot at the 7th 254 

overtone (C); Zeta-potential as a function of pH (D).  255 

The interfacial assembly of WPI and pectin was tested at pH 3.0 by QCM-D. The alkyl-256 

terminated hydrophobic surface exhibited a water contact angle of 105±2˚ and was used to 257 

mimic the oil-water interface. Initially, the WPI solution was introduced to allow adsorption. 258 

After removing excess or loosely bound proteins by a rinsing step, the pectin solution was fed 259 

to interact with the pre-formed protein layer and afterwards a rinsing step was carried out. 260 



Figs. 1A and B depicts the frequency (∆f/n) and dissipation shifts (∆D) as a function of time 261 

during the sequential adsorption. WPI led to decreased frequency and increased dissipation. 262 

Taking the 5th overtone as an example, the values reached  -28±1 Hz and (1.9±0.1)E-6 after 263 

rinsing, resp., suggesting a mass uptake (due to WPI adsorption) onto the hydrophobic surface.  264 

By fitting the experimental data with the Voigt model,27 a wet mass of 6.3±0.8 mg/m2 was 265 

obtained for the WPI layer after a rinsing step at pH 3.0. Note that there should be only a 266 

monolayer of whey proteins left on the hydrophobic surface upon the rinsing step (i.e. until a 267 

relatively constant frequency and dissipation shifts).28 Moreover, this value was much higher 268 

than the typical surface load (dry mass) of a WPI monolayer (ca. 2 mg/m2),29 which implied 269 

that the WPI layer at pH 3.0 could entrap about 70 wt.% of water. Comparable hydration 270 

degrees were also reported for other globular proteins (e.g. lysozyme and albumin).30 Upon 271 

the introduction of 0.1 wt.% pectin, it can be observed that two types of pectin caused 272 

enhanced ∆f/n and ∆D shifts both before and after the rinsing step, suggesting the adsorption 273 

of pectin onto the protein layer. Besides, the HMP caused more pronounced shifts than the 274 

LMP. 275 

Before the rinsing step, the absolute values of these shifts initially increased to a peak value 276 

and then decreased gradually, which was thought to be due to slow rearrangements within 277 

the interfacial layer and the removal of water molecules. These rearrangements were more 278 

obvious in the ∆D-∆f/n plot (which was based on the 7th overtone in Fig. 1C), in which the 279 

time effect is eliminated. Upon rinsing, the ∆f/n and ∆D shifts for WPI-LMP reached -61.5±2.5 280 

Hz and (8.0±0.5)E-6 at the 3rd overtone, -55.1±1.0 Hz and (7.9±1.0)E-6 at the 5th overtone, 281 

and -51.0±0.5 Hz and (7.7±0.3)E-6 at the 7th overtone. In contrast, the values for WPI/HMP 282 

at the three overtones were -77.5±1.5 Hz and (9.6±0.6)E-6, -71.0±0.5 Hz and (8.1±0.1)E-6, 283 

and -67.0±0.2 Hz and (7.0±0.1)E-6, respectively. This also corresponded to a higher hydrated 284 

mass for the WPI/HMP bilayer, i.e. about 30 wt.% higher relative to the WPI/LMP case (in 285 

Table 1). Especially, it was observed that the response of ∆D was more overtone-dependent 286 

for WPI/HMP, which indicates more liquid-like characteristics. 287 

This different behaviors can be explained from the zeta-potential as a function of pH, as 288 

illustrated in Fig. 1D: as compared with HMP, the LMP used had more anionic groups and 289 

thus could more strongly (electrostatically) interact with the oppositely charged protein 290 

molecules. As a further consequence, the LMP formed a denser composite layer, whereas the 291 

adsorbed HMP most probably adopted a more extended conformation (e.g. neutral chains) 292 

into the aqueous phase. Besides, the higher adsorbed mass of HMP may be also partly 293 

explained by the higher average molecular weight of the HMP compared to the LMP. 294 

 295 



Table 1 Hydrated mass of the adsorbed WPI and WPI/pectin layers at pH 3.0. 296 

Samples Hydrated mass (mg/m2) 

WPI layer 6.3±0.8c 

WPI/LMP bilayer 15.2±1.0b 

WPI/HMP bilayer 20.4±0.6a 

                        Note: different letters indicate a significant difference. 297 

3.2  In vitro gastric digestion at the O/W interface 298 

 299 

Fig. 2 Interfacial tension as a function of time for the sequential adsorption of 0.01% WPI (at 300 

pH 7.0) and 0.01% pectin (at pH 3.0) onto a MCT oil droplet, followed by successive rinsing 301 

steps of SGF (with or without RGE), showing the adsorption and digestion of an interfacial 302 

WPI layer (A,B), a WPI/HMP bilayer (C,D), and a WPI/LMP bilayer (E,F). Panels B, D, and F 303 



are zoom-in windows of their left counterparts, focusing on the digestion phase. All 304 

measurements were performed at 37˚C. 305 

 306 

Fig. 3 Interfacial dilatational rheology of the pre-adsorbed WPI layer (at pH 7.0) upon 307 

exposure to different environmental conditions, including no pectin (A), HMP (B) or LMP (C), 308 

measured at an area amplitude of 5% and a frequency of 0.05 Hz, and represented as the 309 

interfacial elastic modulus Ed’ (squares) and the interfacial viscous modulus Ed’’ (circles). All 310 

measurements were performed at 37˚C and pH 3.0.  311 

The evolution of interfacial layer during the simulated gastric digestion was evaluated by 312 

interfacial tension and dilatational rheology. In Fig. 2, the WPI interfacial layer was prepared 313 

after 3 h of adsorption for equilibrium,24 followed by a rinsing step to remove excess proteins 314 

in the bulk. The protein adsorption lowered the interfacial tension of MCT/water from 25.8±0.4 315 

to 13.6±0.5 mN/m. Subsequently, the subphase phase was adjusted to pH 3.0, which did not 316 

affect the interfacial tension.  317 

In order to prepare WPI/pectin bilayers, an LMP or HMP solution was introduced to the pre-318 

formed WPI layer at pH 3.0, followed by a rinsing step to remove loosely bound or/and excess 319 

pectin. The interfacial tension was only slightly reduced (around 1mN/m) for both LMP and 320 

HMP, which is expected since the pectin is less (or not) surface active relative to the proteins. 321 

In contrast, the interfacial elastic modulus (Ed’) was apparently enhanced, where the Ed’ 322 

increased from 30.4±0.6 mN/m (for the WPI only) to 42.2±0.2 mN/m for WPI/HMP and to 323 

50.8±1.7 mN/m for WPI/LMP.  324 

As a result of electrostatic attraction, the anionic pectin adsorbs on top of the positively 325 

charged protein layer at pH 3.0, thus neutralizing positive charges and facilitating intra-/inter 326 

protein interactions, resembling the role of a cross-linker. As discussed above, LMP contained 327 

more negative charges, and hence could interact with the protein layer more strongly, forming 328 

a more compact composite layer than HMP, in line with the QCM-D results in Section 3.1. 329 

Upon exposure to SGF, the interfacial tension was essentially constant for both WPI and  330 

WPI/pectin layers in the absence of rabbit gastric extract (RGE). Additionally, the Ed’ was 331 



slightly enhanced (e.g. for the WPI layer and WPI/HMP layer), which may be due to the 332 

electrostatic screening effect because of the enhanced ionic strength. This also implied that 333 

most pectins remained adsorbed. In contrast, in the presence of RGE (i.e. including pepsin 334 

and gastric lipase), for the experiments on WPI, there was a progressive increase in interfacial 335 

tension from 13.6±0.5 to 17.5±0.2 mN/m over 10 min. The interfacial tension was then 336 

decreased slowly during the rest of the digestion. A similar pattern in interfacial tension was 337 

observed for the WPI/HMP and WPI/LMP bilayers, but the first increase was slower and with 338 

a smaller magnitude, e.g. from 12.5±0.2 to 15.5±0.2 mN/m in 23 min for WPI/HMP but in 38 339 

min for WPI/LMP. The increase in interfacial tension was mainly ascribed to the proteolysis by 340 

pepsin, corresponding to a partial break-up of interfacial protein networks. In the meantime, 341 

the gastric lipase may also adsorb onto the O/W interface and lead to lipolysis, as discussed 342 

below (digestion at pH 5.0). 343 

As the WPI layer is highly positively charged at pH 3.0, the adsorption of pepsin to the oil-344 

water interface is favored since pepsin exhibits a net negative charge at this pH.31 With respect 345 

to the bilayer structures, it seems that the pepsin still hydrolyzed interfacial proteins, but to a 346 

lesser extent since the pepsin adsorption is not favored due to charge inversion upon anionic 347 

pectin adsorption. Besides, the steric hindrance effect of the adsorbed pectin chains might 348 

play a crucial role as well since a thicker hydrated layer was formed. 349 

Moving now to the interfacial dilatational moduli (Fig. 3), for the WPI layer, the Ed’ was only 350 

slightly decreased after 30 min, but remained basically constant around 30 mN/m during the 351 

rest of the digestion phase. For WPI/pectin bilayers, the Ed’ gradually decreased over 60 min 352 

and then fluctuated between 32 and 35 mN/m, and the Ed’’ increased with the digestion, 353 

suggesting the break-down of the interfacial protein networks by pepsin. Note that this effect 354 

was not due to the desorption of pectins, as discussed below in bulk experiments.  355 

For the individual WPI layer, it is expected that the breakdown of the interfacial film leads to 356 

an apparently reduced Ed’, whereby the observed phenomena can be due to the adsorption 357 

of hydrolyzed peptides and enzymes onto the MCT/water interface. 358 

To further elucidate this process, similar protocols were also performed at pH 5.0. Here, the 359 

WPI layer is close to its IEP (i.e. around 5.2 in Fig. 1) The pepsin exhibits a much smaller 360 

enzyme activity but the activity of gastric lipase becomes much stronger.32,33 This pH can also 361 

simulate the early stage of gastric emptying depending on the meal type.34–36  362 



 363 

Fig. 4 Interfacial tension as a function of time for pre-adsorbed WPI layer (A) and WPI/LMP 364 

bilayer (C) upon exposure to SGF (before or after RGE addition) at pH 5.0 and 37 ˚C; Panels 365 

B and D are zoom-in windows of their left counterparts, focusing on the digestion phase; 366 

Interfacial dilatational rheology of the pre-adsorbed WPI layer (at pH 7.0) upon exposure to 367 

different environmental conditions, including no pectin (E) and in the presence of LMP (F), 368 

measured at an area amplitude of 5% and a frequency of 0.05 Hz, and represented as the 369 

interfacial elastic modulus Ed’ (squares) and the interfacial viscous modulus Ed’’ (circles). 370 

 371 

 372 



In Fig. 4, it can be seen that the pepsin still hydrolyzed the interfacial proteins at pH 5.0 but in 373 

a slower way than at pH 3.0. The Interfacial tension gradually went up to 16.4±0.2 mN/m in 374 

30 min and then decreased. Meanwhile, Ed’ largely decreased from 35.1±0.7 mN/m to 375 

13.1±1.0 mN/m in 30 min and then increased with time. This confirmed our hypothesis of the 376 

initial breakdown of the interfacial network and the subsequent re-formation of the interfacial 377 

network by the adsorption of digestive products and enzymes. With respect to the digestion of 378 

the WPI-LMP bilayer at pH 5.0, its interfacial tension went up to a maximum value in a slightly 379 

slower way than that of the WPI layer, but the magnitude of their maxima was comparable. 380 

The Ed’ values also supported the delayed interfacial proteolysis in the presence of LMP at pH 381 

5.0. Our previous studies have demonstrated that the LMP adsorption onto the pre-formed 382 

layer WPI is more favorable upon lowering the pH from 7.0 to 3.0.24,28 In pH 3.0-4.0, the WPI 383 

and LMP carry opposite charges and the interfacial complexation is most favorable.24 In pH 384 

5.0-6.5, there is a net electrostatic attraction between the positive patches of whey proteins 385 

and anionic LMP, and the LMP adsorption still occurs. However, at pH above 6.5, there is no 386 

LMP adsorption on the WPI layer. Additionally, in Fig. 4, the maximum interfacial tension was 387 

around 1 mN/m greater than that of the bilayer at pH 3.0 during the digestion. These results 388 

pointed to that the protective effect of the additional pectin layer at pH 5.0 on the primary WPI 389 

layer was weaker than that at pH 3.0, most probably due to the weaker WPI-pectin interactions 390 

and a lower amount of pectin adsorption in the former case.37 391 

Therefore, the WPI-pectin bilayer emulsions may only be appropriate for acidic food products 392 

with a pH range of 3.0 and 4.0 (i.e. in the presence of strong interfacial complexation) in order 393 

to maximize their stabilization performance. In this scenario, consumption of these products 394 

(e.g. in a fasted state) does not raise the gastric fluid pH to 5 and higher. 395 

Since the interfacial layer is mainly solid-like, the viscous modulus is not discussed in detail. 396 

For all cases, the Ed’’ slightly increased with digestion, and then decreased. 397 

In addition to the adsorption of surface-active peptides and enzymes, the gradually reduced 398 

surface tension can also be due to the adsorption of free fatty acids (which are more surface 399 

active than proteins) at the oil-water interface to some extent.38 The lipolysis of triglycerides 400 

by gastric lipase will indeed produce surface-active free fatty acids, which are expected to 401 

displace some proteins from the interface and reduce the interfacial tension and interfacial 402 

elasticity. This effect has been proven pronounced for long-chain polyunsaturated fatty 403 

acids.23,39 However, for medium-chain fatty acids, most lipolysis products at the oil-water 404 

interface could be released in the aqueous phase instead of being dissolved in the oil core 405 

and subsequently adsorbed onto the O/W interface. 406 



In a nutshell, the introduction of pectin (with different degrees of esterification) increased the 407 

mechanical strength of the pre-formed protein layer at pH 3.0, which was due to electrostatic 408 

attraction-driven interfacial complexation. Furthermore, during simulated gastric digestion, the 409 

additional pectin layer apparently delayed the breakdown of the interfacial protein network by 410 

pepsin and reduced the extent of proteolysis, possibly due to the combined effect of charge 411 

inversion and steric hindrance of pectin chains. The interfacial events relevant to gastric lipase 412 

could be overlapped with complex adsorption/desorption phenomena and are complicated to 413 

be evaluated by interfacial tension/rheology. 414 

To further evaluate the role of pectin, in vitro gastric digestion was also performed for bulk 415 

emulsions. 416 

 417 

3.3 In vitro gastric digestion of bulk emulsions 418 

 419 

Fig. 5 Evolution of the zeta potential of WPI, WPI/LMP, and WPI/HMP coated droplets 420 

before and after in vitro gastric digestion (at pH 3.0). Note: PBS is 10mM phosphate buffer 421 

solution at pH 3.0.   422 



 423 

Fig. 6 Evolution of the volume-weighted particle size distribution (A-C) and average size (D43 424 

and D32; D-F) of WPI (A,D), WPI/LMP (B,E), and WPI/HMP (C,F) coated droplets before and 425 

after in vitro gastric digestion 426 

In Fig. 5, the charge inversion of WPI-coated droplets (from positive to negative) upon pectin 427 

addition at pH 3.0 clearly suggested forming an additional pectin layer. As expected, the 428 

adsorbed LMP layer contained more negative charges than the HMP layer. 429 

The evolution of particle size (distribution) for emulsion droplets stabilized by a WPI layer or a 430 

WPI/pectin bilayer was recorded during the simulated gastric digestion (Fig. 6). The particle 431 

size distribution (PSD) of WPI-coated lipid droplets was characterized by an increasing 432 

contribution of larger particles during gastric digestion. In addition to the emulsion droplet 433 

flocculation caused by the increased ionic strength in SGF, the increased D4,3 and D3,2 were 434 

primarily due to the proteolysis by pepsin, whereby the broken interfacial film caused droplet 435 

coalescence and oiling off. Large oil droplets (i.e. transparent oil phase) were indeed observed 436 

after 120 min of gastric digestion, as visualized in the microscopic images in Fig. 7. 437 

In contrast, for WPI/LMP-coated droplets, the PSD only slightly shifted to larger size classes. 438 

The D4,3 and D3,2 increased from 13 to 17 µm and from 7.3 to 9.2 µm, respectively, after 10 439 

min of gastric digestion. Subsequently, the particle size essentially kept unchanged. For 440 

WPI/HMP bilayer-coated droplets, the particle size distribution remained basically unchanged 441 

within the first 60 min. After 120 min of gastric digestion, the D4,3 and D3,2 increased from 13 442 

and 7.7 µm to 15 and 8.2 µm, resp. 443 

Besides, the microscopic images in Fig. 7 showed that the WPI/LMP-coated droplets 444 

underwent severe droplet flocculation in SGF, whereas this phenomenon was less obvious for 445 



the WPI/HMP-coated droplets. This discrepancy can be due to the fact that the LMP had a 446 

higher level of free carboxyl groups, which can be cross-linked by Ca2+ or Mg2+ (through the 447 

“egg-box” model) present in the SGF, thus forming droplet clusters.40 In this scenario, the lipid 448 

droplets can be very weakly bound with each other within these clusters, which can be easily 449 

broken down by the continuous stirring applied during particle size analysis by static light 450 

scattering. Furthermore, the flocculation became more pronounced in the presence of RGE.  451 

With respect to the zeta-potential (Fig. 5), the WPI-coated droplets and bilayer-coated droplets 452 

still kept their charge sign but with a smaller absolute value, as compared with the initial 453 

droplets. The variation in the ionic strength, binding of counter-ions to the droplet surface, 454 

protein displacement by other substances, hydrolysis of protein, and the presence of enzymes 455 

(pepsin, gastric lipase) can all be relevant with respect to the reduced magnitude of the zeta-456 

potential. 457 

Overall, there is only limited droplet coalescence occurring in the bilayer emulsion systems 458 

(either LMP or HMP) after 120 min of digestion. 459 

 460 

Fig. 7 Microscopic images of WPI-, WPI/LMP-, and WPI/HMP-coated emulsion droplets 461 

before (0 min) and after in vitro gastric digestion (120 min). Note: no enzymes were added at 462 

0 min. Scale bar: 20 μm 463 



 464 

Fig. 8 Migration rate (%) of curcumin from the oil core to an external MCT oil acceptor 465 

medium upon in vitro gastric digestion. 466 

In order to quantitively evaluate the protective effect of adsorbed LMP or HMP on the 467 

encapsulated oil core, a certain amount of fresh MCT oil was used as an acceptor medium to 468 

quantify the migration rate of encapsulated curcumin from the oil core, which can be a facile 469 

way to evaluate the quality of emulsions during the digestion process. 470 

In the control group, no RGE and physical centrifugation were present, and the encapsulation 471 

efficiency of curcumin was around 95%. At the start of the digestion (0 min), the centrifugation 472 

caused the migration of more than 20% of the entrapped curcumin for WPI-coated droplets. 473 

After adding RGE, significantly more curcumin migrated during the digestion, reaching 50% 474 

after 30 min and over 80% after 120 min. 475 

In contrast, the bilayer emulsions were basically unaffected by the centrifugation step, which 476 

can be ascribed to the better mechanical strength of their interfacial layer. During the initial 30 477 

min of digestion, no obvious curcumin migration was observed for either WPI/LMP or 478 

WPI/HMP. However, at the end of 120 min digestion, around 25 % of curcumin migrated for 479 

WPI/HMP emulsions, whereas this value was only about 12% for WPI/LMP emulsions.  480 

These results suggest that the additional pectin layer can greatly retard the destabilization of 481 

protein-coated droplets during gastric digestion. The better performance of WPI/LMP than 482 

WPI/HMP can be ascribed to the more rigid interfacial layer, as was also seen from the lower 483 

dissipation in QCM-D measurements, as well as the higher interfacial elasticity as observed 484 

in interfacial dilatational rheology. Besides, it was reported that pepsin exhibits a net negative 485 

charge in the pH range 1.08 to 4.57.31 The WPI/LMP bilayer has more negative surface 486 



charges, which should electrostatically repel pepsin. These more rigid characteristics may be 487 

due to the stronger electrostatic interaction between WPI and LMP (as compared to HMP), as 488 

well as to the divalent cations (Ca2+ or/and Mg2+) induced cross-linking of LMP chains in SGF.  489 

The different emulsion qualities may impact gastric emptying as well as the release of lipophilic 490 

ingredients.12 Besides, it should be noted that in vivo studies have shown that the coarse, 491 

gastric-unstable emulsions could undergo re-emulsification during antral-pyloric transit.12  492 

In summary, we investigated the influence of pectin adsorption on the gastric stability of WPI-493 

coated droplets. Both LMP and HMP were able to adsorb onto the WPI layer at pH 3.0 through 494 

electrostatic interactions, leading to charge inversion and increased viscoelasticity of the 495 

interfacial layer. For the obtained bilayer structures, WPI/HMP adopted a more extended 496 

conformation into the aqueous phase, whereas the WPI/LMP formed a compact composite 497 

layer. This was primarily due to the different degrees of esterification of the pectins, 498 

corresponding to varying charge densities. Interfacial proteolysis led to the break-down of the 499 

interfacial protein network, as evidenced by the increased interfacial tension and decreased 500 

interfacial dilatational elasticity. In the presence of pectin, the proteolysis was largely delayed 501 

(especially for LMP) and its magnitude was reduced. In a later phase, the adsorption of 502 

digestive products (e.g. peptides, fatty acids) led to a decreased interfacial tension. 503 

During the gastric digestion of emulsions, extensive coalescence and oiling-off occurred for 504 

the WPI-stabilised emulsion. For the WPI/pectin bilayer emulsions (containing either LMP or 505 

HMP), no apparent coalescence was observed. However, severe droplet flocculation was 506 

observed for the WPI/LMP emulsion, which was thought to be due to the presence of divalent 507 

cations in SGF. The WPI/HMP emulsion was essentially stable to flocculation during simulated 508 

gastric digestion. 509 

This work may provide useful insights into the formulation design of gastric-stable emulsions 510 

with food-grade biopolymers. As our recent studies have demonstrated that the adsorbed 511 

pectin exhibits pH-responsive desorption at pH 7, it follows that WPI/pectin bilayer 512 

emulsions/microcapsules may be ideal delivery systems to the small intestine.24 Last but not 513 

least, since both protein-polysaccharide electrostatic interactions and gastric enzyme activity 514 

are highly pH-dependent, it is of great interest in future studies to employ dynamic in vitro 515 

digestion models or in vivo studies to further investigate this type of system.  516 

 517 
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