
eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk

Universities of Leeds, Sheffield and York

Deposited via The University of Leeds.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/id/eprint/242906/

Version: Accepted Version

Article:

Nimaming, N., Sadeghpour, A., Murray, B.S. et al. (2026) Interfacial properties of plant 
protein–flavonoid hybrid particles: towards influencing in vitro gastric digestion of 
emulsions. Food Chemistry, 525 (Part 1). 150307. ISSN: 0308-8146 

https://doi.org/10.1016/j.foodchem.2026.150307

This is an author produced version of an article published in Food Chemistry, made 
available via the University of Leeds Research Outputs Policy under the terms of the 
Creative Commons Attribution License (CC-BY), which permits unrestricted use, 
distribution and reproduction in any medium, provided the original work is properly cited.

Reuse 

This article is distributed under the terms of the Creative Commons Attribution (CC BY) licence. This licence 
allows you to distribute, remix, tweak, and build upon the work, even commercially, as long as you credit the 
authors for the original work. More information and the full terms of the licence here: 
https://creativecommons.org/licenses/ 

Takedown 

If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 

mailto:eprints@whiterose.ac.uk
https://doi.org/10.1016/j.foodchem.2026.150307
https://eprints.whiterose.ac.uk/id/eprint/242906/
https://eprints.whiterose.ac.uk/


Interfacial properties of plant protein–flavonoid hybrid 1 

particles: Towards influencing in vitro gastric digestion 2 

of emulsions 3 

 4 

 5 

Nisufyan Nimaming1, 2, Amin Sadeghpour1, Brent S. Murray1, 3, Anwesha Sarkar1, 3* 6 

 7 

 
8 

1Food Colloids and Bioprocessing Group, School of Food Science and Nutrition,  9 

University of Leeds, Leeds, LS2 9JT, United Kingdom. 10 

2Food and Nutrition, Faculty of Home Economics Technology,  11 

Rajamangala University of Technology Krungthep, Bangkok, 10120, Thailand 12 

3National Alternative Protein Innovation Centre (NAPIC), UK 13 

 14 

 15 

 16 

 17 

Corresponding author:  18 

*Prof. Anwesha Sarkar  19 

1 Food Colloids and Bioprocessing Group, School of Food Science and Nutrition, 20 

University of Leeds, Leeds LS2 9JT, UK.  21 

3 National Alternative Protein Innovation Centre (NAPIC), UK 22 

E-mail address: A.Sarkar@leeds.ac.uk   23 

mailto:A.Sarkar@leeds.ac.uk


Highlights 24 

• The hybrid particles (PoPQC) shows minimal pH-dependent changes in size 25 

• In low pH, PoPQC yields more viscoelastic films than non-hybrid counterparts 26 

• High ionic strengths markedly strengthen PoPQC interfacial films  27 

• PoPQC-stabilised emulsions are resistant to proteolysis during gastric digestion 28 

• PoPQC at the interface prevents droplet coalescence during gastric digestion 29 

Abstract 30 

This study evaluated the interfacial performance of potato protein-quercetin hybrid particles 31 

(PoPQC) at oil-water interfaces and how such hybrid particle-laden interface provides 32 

stability to Pickering emulsions droplets during in vitro gastric digestion. Dynamic adsorption 33 

and interfacial shear rheology of PoPQC dispersions as a function of pH 3.0–9.0 and 100–34 

250 mM NaCl (pH 7.0) and the microstructural evolution of the emulsions stabilized by these 35 

plant protein-hybrid particles were examined under in vitro gastric digestion. Remarkably, 36 

PoPQC dispersions exhibited limited pH-dependent size changes, showing resistance to 37 

isoelectric precipitation unlike the non-hybrid potato protein (PoP). Complexation with QC 38 

reduced hydrophobic PoP–PoP interaction and promoted the formation of elastic interfacial 39 

layers which strengthened with increased ionic strengths. The robustness of the PoPQC 40 

interfacial structure offered microstructural stability to the emulsified lipids unlike those 41 

emulsions stabilized by PoP in the gastric phase, highlighting the potential of hybrid particles 42 

for controlling gastric coalescence. 43 

 44 

Keywords: potato protein; quercetin; interfacial shear rheology; Pickering emulsion; 45 

alternative protein; interfacial tension  46 



1. Introduction 47 

Plant proteins either alone or in combination with other natural materials are increasingly 48 

becoming common in various food emulsions as emulsifiers for making sustainable food 49 

formulations (Nimaming, Sadeghpour, Murray, & Sarkar, 2024; Sarkar & Dickinson, 2020). 50 

Proteins play an important role in the stabilization of emulsions and foams (Sarkar & Singh, 51 

2016). Proteins adsorb strongly at oil–water (O–W) and air–water (A–W) interfaces owing 52 

to their mixed hydrophilic/hydrophobic nature and their ability to self-assemble into two-53 

dimensional viscoelastic layers upon adsorption (Bergfreund, Bertsch, & Fischer, 2021a; 54 

Bergfreund et al., 2021b; Dickinson, 1999) that enhances the corresponding colloidal 55 

stability (Murray, 2002, 2011; Murray & Dickinson, 1996). Stability is enhanced not just via 56 

the mechanical strength of these films but also by electrostatic and steric repulsions by the 57 

interfacial materials, minimizing close approach of droplets limiting aggregation and 58 

coalescence.  59 

Several studies indicate that interfacial films by proteins or their complexes exhibiting 60 

greater elasticity tend to effectively protect emulsion droplets against film rupture, and 61 

disproportionation, as well as restrict or delay lipolysis of droplets stabilized by the proteins/ 62 

their complex in the upper gastrointestinal phase (Miquelim, Lannes, & Mezzenga, 2010; 63 

Romoscanu & Mezzenga, 2005; Scheuble, Geue, Windhab, & Fischer, 2014). Notably, the 64 

physical properties of proteins are especially susceptible to environmental factors, such as 65 

pH, ionic strength, and temperature, which can compromise their stabilizing abilities (Chen, 66 

Yi, Zhang, Ding, Li, & Luo, 2022). Therefore, the formation of complexes between proteins 67 

and other food ingredients in order to modulate protein adsorption and stabilizing properties 68 

has been investigated in the literature (Araiza-Calahorra, Glover, Akhtar, & Sarkar, 2020; 69 

Araiza-Calahorra & Sarkar, 2019; Dai et al., 2018; Eichhorn, Thorenz, & Drusch, 2025; Hu 70 

& Xiong, 2022; Qin et al., 2022; Sarkar et al., 2018; Zhang, Murray, Suriyachay, Holmes, 71 

Ettelaie, & Sarkar, 2021a).  72 



Recently, one combination of interfacial material that has become increasingly 73 

prevalent is plant-derived proteins + polyphenols, partly due to their ecologically friendliness 74 

and potential health-promoting properties (as well as their emulsifying capabilities) (Chen et 75 

al., 2022; Dai et al., 2020; Du et al., 2022; Han et al., 2022; Nimaming et al., 2024). As the 76 

trend advances towards greater use of plant-based materials, improving the functional 77 

properties of plant proteins by combining them with polyphenols seems particularly 78 

attractive.  79 

Polyphenols can display interfacial activity on their own (Luo, Murray, Ross, Povey, 80 

Morgan, & Day, 2012; Luo, Murray, Yusoff, Morgan, Povey, & Day, 2011; Shishikura, 81 

Khokhar, & Murray, 2006; Zembyla, Murray, & Sarkar, 2018) and are recognized for their 82 

capacity to interact with proteins (either non–covalently or covalently) influencing the 83 

interfacial properties of the latter and therefore protein physicochemical behavior, including 84 

their emulsifying properties (Cheng et al., 2023; Nayak, Genot, Meynier, Dorlando, & 85 

Capron, 2022; Nimaming et al., 2024; Zembyla, Lazidis, Murray, & Sarkar, 2020; Zembyla, 86 

Murray, Radford, & Sarkar, 2019).  Several investigations have shown that formation of 87 

hybrid particles between proteins and phenolic compounds via non-covalent interactions 88 

considerably enhances their capacity to stabilize oil droplets (Dai et al., 2020; Du et al., 89 

2022; Ju et al., 2020; Li et al., 2020), although in most of these cases the complexes are 90 

presented as occurring between protein aggregate particles and polyphenol molecules, not 91 

polyphenol crystals. In our earlier work, spontaneous complex formation between potato 92 

protein (PoP) and quercetin crystals (QC) was demonstrated, building so-called hybrid 93 

PoPQC particles for the stabilization of Pickering emulsions (PE). The presence of QC-94 

induced conformational changes in the PoP and PoPQC-stabilized PEs, resulting in 95 

outstanding long-term stability for several months (Nimaming et al., 2024).  96 

Compared to pure protein adsorption, in such complexes, often part of the protein’s 97 

hydrophobic regions that initiate adsorption are masked by the polyphenols, so that only 98 



through structural rearrangement the proteins are expected to access the interface.  In 99 

addition, interactions between the proteins and the polyphenols may enhance the 100 

viscoelastic interfacial film properties compared to those of the protein alone.  At the same 101 

time, preservation of some of the ‘particle-character’ of the complexes may confer some of 102 

the natural advantages of Pickering stabilization, in terms of a high barrier to particle 103 

desorption and so high resistance to coalescence, Ostwald ripening and disproportionation 104 

unlike a molecularly adsorbed protein(Bock, Kieserling, Rohn, Steinhäuser, & Drusch, 2022; 105 

Cai et al., 2023; Hinderink, Sagis, Schroën, & Berton-Carabin, 2021; Ntone, van Wesel, 106 

Sagis, Meinders, Bitter, & Nikiforidis, 2021).   107 

One key technique for examining structural re-arrangement and bond formation at 108 

interfaces is interfacial rheology, in particular interfacial shear rheology (Murray, 2002, 2011; 109 

Murray et al., 1996). The technique is frequently performed using a Couette rheometer fitted 110 

with bi-conical disk or double-wall ring geometries at the interface (Bertsch & Fischer, 2019; 111 

Chen et al., 2022; Eichhorn et al., 2025; Ikenaga & Sagis, 2024; Qin, Gao, & Luo, 2021; Su, 112 

Guo, Chen, Mao, Gao, & Yuan, 2020). A wide variety of interfacial and rheological 113 

investigations have been performed on various proteins over wide ranges of protein 114 

concentration, ionic strength, pH, temperature, and protein pretreatment, but relatively few 115 

on hybrid protein-flavonoid particles such as those discussed here.  Overall, any factor that 116 

tends to decrease repulsion between the adsorbed entities tends to promote interfacial 117 

cross-linking and increase the film viscoelasticity. These factors may include changing the 118 

pH closer to the isoelectric pH (pI) of the proteins and/or increasing ionic strength 119 

(decreasing electrostatic repulsion). On the other hand, such changes may act in reverse 120 

by inhibiting the rearrangement of the different components adsorbed. Consequently, there 121 

is a need for further work on the understanding the behavior of protein–polyphenol 122 

complexes at interfaces, which this study seeks to address, specifically the case of PoPQC 123 

complexes. Also on consumption, the emulsions in the stomach encounter a significant 124 



change in pH due to the extremely acidic gastric environment (pH 1–3) and are subjected 125 

to the action of the proteolytic enzyme pepsin by displaying the sites for peptic digestion as 126 

well as varying ionic conditions (Cao, Wang, & Xiong, 2025; Li, Ye, Lee, & Singh, 2012; 127 

Maldonado-Valderrama, Terriza, Torcello-Gómez, & Cabrerizo-Vílchez, 2013; Zhao et al., 128 

2023). Hence, it was important to examine how understanding of interfacial properties of 129 

hybrid particles can be extrapolated to understand gastric digestion behavior of emulsions 130 

stabilized by PoPQC. 131 

Therefore, the aim of this study was to understand the interfacial performance of plant 132 

protein-flavonoid hybrid particles under environmental conditions, as well as understand 133 

how those interfacial behavior translate into microstructural evolution of the emulsion 134 

droplets  under in vitro gastric model. We used combination of tensiometry, interfacial shear 135 

rheology, emulsion sizing, microscopy and static digestion at varying pH and ionic conditions 136 

to compare the behavior of hybrid PoPQC particles versus non-hybrid PoP. Our hypothesis 137 

was PoPQC forms an elastic film at the interface and resilient to environmental conditions 138 

and therefore prevents the gastric coalescence of droplets stabilised by PoPQC. 139 

 140 

2. Materials and methods 141 

2.1 Materials 142 

Potato protein isolate powder (PoP) from Sosa (“Potatowhip”) containing 90.5% protein 143 

which has been confirmed to be patatin-rich (Kew, Holmes, Stieger, & Sarkar, 2021), was 144 

purchased from Henley Bridge (Lewes, UK). Quercetin hydrate (Molecular weight (Mw) = 145 

302.2 g/mol) in the form of crystalline, yellow-colored powder, was purchased from 146 

Fluorochem, Hadfield, UK. Sunflower oil (density and refractive index were 0.915 g/cm3 at 147 

25 oC and 1.470, respectively) was purchased from a local store (Tesco supermarket, UK). 148 

Florisil was used for oil purification (Fisher Scientific UK Ltd, UK). Pepsin from porcine 149 

gastric mucosa (P7000, activity of 371 U/mg) was purchased from Sigma-Aldrich Company 150 



Ltd, Dorset, UK. The solvents used were of analytical grade. Milli-Q water (purified using 151 

Milli-Q apparatus refractive index = 1.333) with a resistivity of 18.2 MΩ cm at 25 °C (Millipore 152 

Corp., Bedford, UK) was used for preparation of the HEPES buffer (pH 7.0) and 0.1 M 153 

hydrochloric acid (HCl) or sodium hydroxide (NaOH) was used to adjust the pH. Sodium 154 

azide (SigmaAldrich, UK) at 0.02 wt% was employed as an antimicrobial agent.  155 

 156 

2.2 Formation of potato protein (PoP) and hybrid potato protein-quercetin (PoPQC) 157 

particles 158 

PoP and hybrid PoPQC solutions were prepared as described previously by Nimaming et 159 

al. (2024). Briefly, PoP powder (5.0 wt% total protein) was rehydrated with 20 mM HEPES 160 

buffer (pH 7.0) and stirred continuously for a minimum of 2 h to ensure complete dissolution 161 

of the protein. The crystalline QC powder was dissolved in pure ethanol (1.0 wt%) as a stock 162 

solution. In all hybrid samples, the mass ratio of PoP: QC in the PoPQC particles is depicted 163 

via abbreviations of the form PoPQCx: y, where x: y is the mass ratio between PoP and QC 164 

(w/w). Two ratios of hybrid PoPQC particles (PoPQC10: 1, and 10: 1.5) were prepared by 165 

slowly adding different volumes of the QC solution to 5.0 wt% of PoP solution at pH 7.0 166 

under magnetic stirring, and ethanol was further evaporated. Sodium azide (0.02 wt%) was 167 

added as an antimicrobial agent. 168 

 169 

2.3 pH and ionic strength treatments  170 

PoP and both hybrid PoPQC particles were examined under various pH values and ionic 171 

strengths to investigate their interfacial behavior. The pH of samples (initially at pH 7.0) was 172 

adjusted between 3.0 to 9.0 by the addition of either 1.0 M HCl or 1.0 M NaOH (without any 173 

salt addition). For ionic strength variations, 20 mM HEPES + different NaCl concentrations 174 



varying from 100 to 250 mM were prepared, and if necessary, the pH of solution was 175 

adjusted to 7.0. 176 

 177 

2.4 Dynamic light scattering  178 

Dynamic light scattering (DLS) was employed via a Malven Zetasizer Nano-ZS (Malvern 179 

Instruments, Malvern, UK) to measure the mean hydrodynamic diameter (dH) of the PoP 180 

and hybrid PoPQC particles diluted to 1 mg/mL in standard disposable cuvettes. The 181 

absorption coefficient of the PoP and PoPQC was set as 0.001.  The mean value of dH, and 182 

the particle size distributions (PSD) are reported. 183 

2.5 Oil purification 184 

Sunflower oil was mixed with 5% (w/w) of Florisil® (60-100 mesh, Thermo Scientific 185 

Chemicals) and stirred overnight at room temperature to remove any surface-active 186 

impurities. The oil mixture was then centrifuged at 5,000×g for 15 min to remove the Florisil 187 

and the purified sunflower oil was collected and kept in the dark before further use.  188 

 189 

2.6 Interfacial tension (γ) measurements  190 

The interfacial tensions (γ) of PoP and hybrid PoPQC solutions/ dispersions at the purified 191 

sunflower oil-water (O/W) interface was measured via the pendant drop method at 25 oC 192 

using a DataPhysics OCA tensiometer (DataPhysics Instruments, Germany), following 193 

previous methodology (Akgonullu et al., 2024). Briefly, the needle was filled with samples 194 

(at a fixed total protein concentration of 0.5 wt%) before being immersed in a cuvette 195 

containing the purified sunflower oil. A 24 μL drop of the aqueous phase was formed at the 196 

tip of the needle and the drop profile was captured and evaluated via a CCD camera 197 



connected to a computer running the SCA 20 program to extract and analyze the drop 198 

shape, which is then fitted to the Young-Laplace equation (equation (1)) to compute γ.  199 

 200 

∆𝑃 =  𝛾 ( 1𝑅1 +  1𝑅2)       (1) 201 

 202 

where ΔP (Pin – Pout) is the Laplace pressure across the interface, γ is the interfacial 203 

tension, and R1 and R2 are the principal radii of curvature, respectively. 204 

The kinetics of adsorption was evaluated by measuring the initial slope of γ versus 205 

time (t), which corresponds to the diffusion-limited stage of adsorption. The plots of γ versus 206 

t1/2 in this region exhibited linearity with the slope representing the diffusion rate constant 207 

(Kdiff). A first-order rate equation can be calculated from equation (2) (Zhang et al., 2021b) 208 

to evaluate the rates of penetration/ adsorption and rearrangement of adsorbed material at 209 

the interface, represented as Kads and Krear, respectively: 210 

 211 

ln [(πf  - πt ) / (πf - π0)]  =  - kiT     (2) 212 

where, πf, π0, and πt were the interfacial pressures at the final adsorption time, beginning 213 

time, and at any time throughout each stage, respectively, and ki is the first-order rate 214 

constant.  Surface pressure, π = γ0 – γ, where γ0 is the value of γ in the absence of any 215 

adsorbing material. 216 

 217 

2.7 Interfacial shear rheology 218 

Oscillatory interfacial shear rheology was performed with a modular compact rheometer 219 

(MCR-302, Anton Paar, Austria) fitted with biconical disk geometry (BiC68-5) at 25 °C 220 



following the methodology of Akgonullu et al. (2024). The lower aqueous phase contained 221 

0.1 wt% total protein, i.e., considering whether the protein was on its own or as part of a 222 

PoPQC complexes. The bicone was lowered and positioned at the surface of the aqueous 223 

phase. Purified sunflower oil was then gently poured to form the upper oil layer to cover the 224 

lower aqueous phase. For time sweep measurements, the samples were observed over 16 225 

h (57,600 s) at the constant angular frequency and strain of 6.283 rad/s, and 1%, 226 

respectively. Subsequently, amplitude sweeps were conducted at strains ranging from 227 

0.01% to 100%, maintaining a constant angular frequency of 6.283 rad/s. 228 

 229 

2.8 Pickering oil-in-water (O/W) and conventional emulsion preparation 230 

Pickering emulsions stabilized by PoPQC10: 1 (E-PoPQC) and conventional emulsions 231 

stabilized by potato protein (E-PoP) as a control were prepared. The commercial sunflower 232 

oil was mixed with PoP or PoPQC dispersions at the ratio of 1: 4 (v/v), which in the final 233 

protein concentration of 1.0 wt% in emulsions. The mixtures were primarily produced by 234 

homogenization using an Ultra Turrax T25 homogenizer (IKA-Werke GmbH & Co., Staufen 235 

Germany) at 10,000 rpm for 1 min. The coarse emulsions were subsequently passed twice 236 

via the Leeds Jet Homogenizer (Two-chamber homogenizer, School of Food Science and 237 

Nutrition, University of Leeds, UK) at 300 bars pressure to produce fine emulsion droplets. 238 

 239 

2.9 In vitro simulated gastric digestion 240 

The static INFOGEST model for in vitro gastric digestion developed by Minekus et al. (2014) 241 

was applied. The procedure bypassed the oral phase owing to the absence of carbohydrates 242 

in the system. The behavior of the digested samples was determined by observing changes 243 

in droplet size (digested emulsion), and microstructure during digestion. The E-PoP or E-244 

PoPQC (10 mL) at 37 oC was mixed with 10 mL of simulated gastric fluid (SGF) which 245 



composed of 0.257 g/L of KCl, 0.061 g/L of KH2PO4, 1.05 g/L of NaHCO3, 1.38 g/L of NaCl, 246 

0.0122 g/L of MgCl2(H2O)6, and 0.024 g/L of (NH4)2CO3. The gastric digestion was simulated 247 

by adding the freshly prepared of pepsin (2000 U/mL), 5 μL of 0.3 M CaCl2, and HCl for pH 248 

adjustment to pH 3.0. The simulated samples were incubated at 37 oC for 2 h using shaking 249 

incubator (400 rpm). The digested emulsions were systematically taken from the digested-250 

SGF mixture at 5, 30, 60, 90, and 120 min to evaluate the droplet size, and microscopy 251 

analysis.  252 

 253 

2.10 Droplet sizing 254 

The droplet size of SGF-digested E-PoP and E-PoPQC as  a function of gastric digestion 255 

time was measured using static light scattering using a Mastersizer (3000S series, Malvern 256 

Instruments Ltd, Malvern, UK). The average droplet size was reported as the volume mean 257 

diameter (d4,3), and the full particle size distribution (PSD).  258 

 259 

2.11 Confocal laser scanning microscopy (CLSM) 260 

The Zeiss LSM 880 inverted confocal microscope (Carl Zeiss MicroImaging GmbH, Jena, 261 

Germany) was applied to evaluate the microstructure of in vitro gastric-digested           E-262 

PoP and E-PoPQC. The digested emulsions were stained using a Nile Red solution (1 263 

mg/mL) for the oil phase, whereas Fast Green solution (1 mg/mL) was used to stain the 264 

protein phase. Nile Red and Fast Green were excited at wavelengths of 488 nm and 633 265 

nm, respectively, while the excitation wavelength of autofluorescence of QC was at 405 nm. 266 

The stained emulsion samples were mixed with xanthan gum (1.0 wt%) to minimize the 267 

Brownian movement of oil droplets. Emulsion samples were dropped into a laboratory-268 

fabricated well slide and thereafter gently covered with a coverslip (0.17 mm thickness) to 269 

avoid the entrapment of air bubbles. An oil immersion 63× objective lens was used to 270 

examine the emulsions. 271 



 272 

2.12 Statistical analysis 273 

Data are reported as means and standard deviations of either duplicate or triplicate samples 274 

prepared on independent days. The statistical analyses were conducted using one-way 275 

ANOVA and multiple comparison tests using SPSS software (IBM, SPSS statistics, version 276 

24) and the significant difference between samples were considered when p < 0.05.  277 



3. Results and discussion 278 

3.1 Particle size 279 

Influence of pH. We first examine the effect of pH (3, 5, 7 and 9) on the mean 280 

hydrodynamic particle diameter (dH) of the PoP and hybrid PoPQC particles. Note that for 281 

all the particles, the particle size distribution (PSD) is quite broad (see Fig. S1).  PoP exhibits 282 

the largest dH of all, at pH 5 (Fig. A1), which can be attributed to this pH being close to 283 

isoelectric point of the main constituent, patatin, with isoelectric pH = 4.5 (Andlinger, 284 

Röscheisen, Hengst, & Kulozik, 2021; Bevan, Barker, Goldsbrough, Jarvis, Kavanagh, & 285 

Iturriaga, 1986; Guha, Majumder, & Mine, 2019).  However, at all other pH values (3.0, 7.0 286 

and 9.0) dH for PoPQC10:1.5 >> dH for PoPQC10:1 > dH for PoP (p < 0.05). Thus, the 287 

interaction with QC seems to promote the creation of larger hybrid particles. Since our 288 

previous measurements have shown that the net zeta potential of these hybrid particles is 289 

greater than that of the PoP or QC alone (-26.17 mV for PoPQC10: 1, and -24.7 mV for 290 

PoPQC10: 1.5) (Nimaming et al., 2024), this suggests that QC somehow masks the net 291 

electrostatic repulsion between protein residues that keeps the PoP more separated when 292 

the pH is further away from the isoelectric point (pI) (~4.5-5.2), so that the proteins have a 293 

higher net charge.  Additionally, it can be suggested that QC enhances hybrid particle 294 

formation via other forces, like hydrophobic interactions between QC at the surface of the 295 

particles, or QC-induced unfolded PoP (Nimaming et al., 2024), although some more 296 

specific interactions between particular functional groups on the protein or QC cannot be 297 

ruled out. 298 

The PDI of PoP and hybrid PoPQC particles are broad, indicating considerable 299 

variation across all systems (see Fig. A2). For larger aggregates, particularly in the 300 

PoPQC10:1.5 where dH exceeds 1 μm, DLS measurements may be influenced by 301 

sedimentation and multiple scattering effects. Therefore, the reported dH is interpreted 302 

primarily as indicative of relative trends in aggregation behavior.  303 



  

  

 304 

Fig. 1.  Mean hydrodynamic diameter (dH), and polydispersity index (PDI) of PoP (■), PoPQC10: 1 (■), and 305 

PoPQC10: 1.5 (■) as function of pH (pH 3.0, 5.0, 7.0 and 9.0) (A1-A2), and ionic strength [NaCl] = 100, 150, 306 

200 and 250 mM (B1-B2). Bars labelled with different lower-case letters are statistically different (p < 0.05) 307 

based on Duncan’s multiple range test. Data represents mean and error bars represent standard deviations 308 

based on repeat measurements on three independent experiments (n = 3 × 3).  309 



Influence of ionic strength. The effect of four different NaCl concentrations ([NaCl]= 310 

100, 150 200 and 250 mM) on dH of the particles at pH 7.0 was shown in Fig. 1B.  Fig. 1B 311 

should be compared with Fig. 1A, particularly at pH 7.0 where no additional salts were 312 

included (Fig. S2 gives the full PSDs and it is clear that these particle dispersions are very 313 

polydisperse).  Nevertheless, for PoP, there is an increase in dH with increasing [NaCl]. 314 

Since the PoP is charged, this is hardly surprising since increasing ionic strength screens 315 

electrostatic repulsion between protein molecules (Felix, Romero, Carrera-Sanchez, & 316 

Guerrero, 2019; Qin, Luo, Peng, Lu, & Zou, 2018; Zheng et al., 2023). What is noteworthy 317 

is that for the PoPQC10:1, dH seems largely independent of [NaCl], considerably lower than 318 

for PoP alone and Fig. S2B shows that for these particles, there is only a single peak in the 319 

distribution, unlike for the PoP and PoPQC10:1.5 particles. The values of dH for the other 320 

(PoPQC10:1.5) hybrid system are also relatively unaffected by [NaCl] but their dH values 321 

are already very high (> 1 µm) and the PSDs are ‘noisy’, indicating that high aggregation 322 

states have been reached. Thus, the PoPQC10:1ratio appears to protect the PoP from 323 

excessive aggregation, yet remain insensitive to varying [NaCl]  (Alghamdi, Birch, 324 

Vyshemirsky, & Rolinski, 2022; Yin et al., 2025; Zaplatic, Bule, Shah, Uddin, & Niaz, 2019).  325 

This again points the differences in the surface composition and/ or structure of the two 326 

types of hybrid particles and also the PoP aggregates themselves (i.e, alone), possibly due 327 

to hydrophobic interactions between QC at the surface of the particles, or QC-induced 328 

unfolding of PoP, as indicated earlier for the dH results without added salt but as a function 329 

of pH.  330 

The PDI of particles under varying ionic strengths showed broad size distributions 331 

(Fig. B2). The PoP showed significant aggregation at NaCl higher than 200 mM, while the 332 

hybrid PoPQC particles demonstrated greater stability, maintaining the most consistent 333 

profile across all ionic strengths.  334 



3.2  Influence of pH on interfacial dynamics and shear rheology  335 

Firstly, we wanted to clarify the dynamic reduction in tension followed by interfacial 336 

shear rheology as a function of pH and ionic strength both in POpQC as well as PoP. This 337 

will enable us to understand mechanistically the behavior of the interfacial film under gastric 338 

conditions.  339 

Interfacial tension. Fig. 2 (A1, B1 and C1) shows the dynamic interfacial (γ) data 340 

plotted versus time (t1/2) for PoP, PoPQC10:1 and 10:1.5, respectively, for analysis of the 341 

diffusive adsorption kinetic at shorter time scale  (t = 100 s) (see Fig. S3 for the raw γ versus 342 

time (t) data for PoP and the hybrid PoPQC particles at pH 3.0, 5.0, 7.0 and 9.0 up to ca. 343 

2000 s adsorption time). Fig. 2A2-C2 shows ln [(πf – πt ) / (πf  – π0)] versus t for PoP, 344 

PoPQC10:1 and PoPQC10:1.5, respectively, for analysis of the longer time adsorption and 345 

re-arrangement kinetics (see eq. (1)).  The general shape of the curves in Fig. 2A1-C2 and 346 

S3 are similar whilst Fig. 2A3-C3 shows the fitted Kdiff, Kads and Krear values as a function 347 

pH for the three types of particles – PoP (Fig. 2A3), PoPQC10:1 (Fig. 2B3) and 348 

PoPQC10:1.5 (Fig. 2C3). All values of Kdiff, Kads, Krear and γ2000 are also given in Table S1. 349 

For all three particles, Kdiff and Krear are similar at all the tested pH values, in other words 350 

there seems to be no significant effect of the different dH on the initial kinetics of adsorption 351 

as monitored by the fall in γ.  352 

The only noticeable variation in kinetics seems to be reflected in the long-time re-353 

arrangement constant Krear. The Krear seems overall lowest for PoPQC10:1, whilst for Kdiff of 354 

PoP starts at similar values at pH 3.0 and 5.0 but then seems to increase somewhat at pH 355 

7.0 and 9.0, indicating slightly slower rearrangement kinetics. For PoPQC10:1.5, Kdiff is 356 

mostly higher than for PoPQC10:1 or PoP, except at pH 9.0 for PoP.  It is difficult to interpret 357 

these differences other than to say that the main difference in the adsorption properties of 358 

the hybrid particles is that they seem to exhibit a difference in the longer-term re-359 

arrangement of the species at the interfaces.  360 



   

   

   

 361 



Fig. 2.  Interfacial tension (γ) versus t1/2 (where t = adsorption time) (1) of PoP (A), PoPQC10:1 (B), and 362 

PoPQC10:1.5 (C) at different pH values: pH 3.0: ●, pH 5.0: ●, pH 7.0: ● and pH 9.0: ●. The dashed line shows 363 

a linear fit of γ versus t1/2, with a slope = Kdiff and corresponding γ versus t over 2000s (2) with fitted values of 364 

Kads and Krear, respectively. Mean γ at t = 2000 s (γ2000) (●), Kdiff (●), Kads (●), and Krear (●) (3) as a function of 365 

pH for PoP (A), PoPQC10:1 (B) and PoPQC10:1.5 (3), extracted from Figs. 2A1-C2. The shading represents 366 

standard deviations based on repeat measurements on three independent experiments (n = 3 × 3). 367 

 368 

This is somewhat in agreement with the γ2000 values, which are almost the same at 369 

all pH values but slightly lower for PoP, particularly at the high pH values (7.0 and 9.0) where 370 

Krear is highest, i.e., the particles continue to rearrange for longer time to lower γ further, 371 

which is expected primarily due to their larger size (Fig. 1A). Nevertheless, other effects 372 

such as charge distribution, hydrophobicity, which are further impacted by pH changes 373 

cannot be ignored in the interfacial dynamics. 374 

  375 

Interfacial shear rheology. Fig. 3 shows the dynamic interfacial storage modulus 376 

Gi' versus t (Figs. 3A1, B1 and C1) for the three particle types at pH 3.0, 5.0, 7.0 and 9.0, 377 

for comparison with γ results discussed above. Corresponding Gi' versus interfacial shear 378 

strain (si) plot are shown in Figs. 3A2, B2 and C2 for the films at t = 30 min.  As with the γ 379 

results, the general shape of all the Gi' versus t curves is the same, Gi' showing a rapid 380 

increase followed by a smooth slowing down and almost levelling off to a constant value 381 

after ca. 900 s. Similarly, all the Gi' versus si curves have the same sort of trend, with Gi' 382 

constant up to ca. si = 1 %, followed by a sharp drop in Gi', indicating significant weakening 383 

or fracture of the interfacial films.  By analogy with Fig. 2A3-C3, it is easier to highlight 384 

differences between the systems in terms of a summary plot – this case Fig. 3A3-C3. The 385 

Figs. 3A3-C3 show the values of Gi' after 960 min and the values of the critical strain, γcrit, 386 

at pH 3.0 and 5.0, where noticeable yielding of the films was considered to occur. These γcrit 387 

values were obtained by averaging the Gi' data between γ = 0.01 and 1 in each case and 388 



taking γcrit as the first value of γ at which Gi' had dropped to 90% of this value (Lavoisier, 389 

Vilgis, & Aguilera, 2019). Again, these values for the three different particles and the four 390 

different pH values are also tabulated in Table S2. 391 

Figs. 3A3-C3 show that the Gi' values after 960 mins at pH 3.0 and 5.0 are different. 392 

The Gi' value for PoP, PoPQC10:1 and PoPQC10:1.5 always peaked at pH 5, i.e., closest 393 

to the pI of PoP, as mentioned earlier (Gi' increases from pH 3.0 to 5.0). It is well known that 394 

interfacial shear viscoelasticity for proteins tends to be highest at around the pI, when 395 

intermolecular repulsion is lowest and therefore intermolecular cross-linking is more likely 396 

(Dickinson, 1998; Kieserling, Pankow, Keppler, Wagemans, & Drusch, 2021; Murray, 2002; 397 

Rühs, Scheuble, Windhab, Mezzenga, & Fischer, 2012).  However, the highest Gi' values at 398 

pH 5.0 (and pH 3.0) are seen for the PoPQC10:1 (Fig. 3B3), not for pure PoP (Fig. 3A3). 399 

This suggests that the formation of the complex with QC induces conformational changes in 400 

the PoP as evidenced by previously through small angle X-ray scattering, circular dichroism 401 

(Nimaming et al., 2024), which can lead to reduced interactions close to pI. It is also 402 

noticeable that the PoP system shows the largest variation (decrease) in γcrit, whilst the 403 

corresponding values of Gi' slightly increase from pH 3.0 to pH 5.0.  Weaker interfacial films 404 

are often seen to be more deformable before they break, by analogy with bulk material that 405 

is very rigid but brittle. For PoPQC10:1, γcrit stays constant between pH 3.0 and 5.0, 406 

however, γcrit of PoPQC10:1.5 decrease from pH 3.0 same as PoP system. At present we 407 

cannot find a obvious link between this trend and the other measured characteristics of the 408 

adsorbed films, though it should be noted that the definition of γcrit is necessarily arbitrary. 409 

These results are in line with the findings of interfacial properties of patatin-rich potato 410 

protein (neutral pH), and protease inhibitor-rich potato protein (pH 3.6), and other plant 411 

proteins investigated by Ikenaga et al. (2024). The increased and reduced Gi' of PoP 412 

obtained from low and high pH values (5.0 and 9.0) also corresponded with the observation 413 



of hazelnut protein (Gul, Gul, Baskıncı, Parlak, & Saricaoglu, 2023), and faba bean protein 414 

(Felix et al., 2019). 415 

To conclude this section, it is obvious that pH is crucial in determining the interfacial 416 

strength of the films formed from the different particles. This si is in contrast to the γ results, 417 

which were relatively insensitive to the particle type and conditions.  However, this is not 418 

surprising since it is well known that interfacial shear rheology is much more sensitive to the 419 

interactions between the adsorbed film components, whereas γ is more a measure of 420 

interfacial coverage. 421 



 
 

  

  
 422 

Fig. 3.  Interfacial storage modulus (Gi') versus adsorption time (t) (1) and shear strain (2) of PoP (A), hybrid 423 

PoPQC10:1 (B), and PoPQC10:1.5 particles (C) at pH 3.0 (●), pH 5.0 (●), pH 7.0 (●) and pH 9.0 (●).  Interfacial 424 

storage modulus (Gi'; ■) at 960 min, and critical strain (%) (■), measured at 1 Hz (3) of PoP (A), hybrid 425 

PoPQC10: 1 (B), and PoPQC10:1.5 (C) particles at pH 3.0 and 5.0 extracted from A1-C2. Bars labelled (3) 426 

with different lower-case letters (a-b) are statistically different (p < 0.05), and ns indicates mean values are non-427 

significant differences (p > 0.05) based on Duncan’s multiple range test. Error bars represent standard 428 

deviations based on repeat measurements on three independent experiments (n = 2 × 2). 429 

  430 



3.3 Influence of ionic strengths on interfacial dynamics and shear rheology  431 

Interfacial tension. Figs. 4A1-C1 shows the γ data plotted versus t1/2 for PoP, 432 

PoPQC10: 1 and PoPQC10:1.5, respectively, for analysis of the diffusive adsorption kinetic 433 

at short time (t = 100 s) (Fig. S4 shows the raw γ versus time (t) data for PoP and the hybrid 434 

particles at pH 7.0 with the four different added [NaCl] as in Fig. S3 for the four different pH 435 

values without additional NaCl).  Figs. 4A2-C2 show ln [(πf – πt ) / (πf – π0)] versus t for PoP, 436 

PoPQC10:1 and PoPQC10:1.5, respectively, for analysis of the longer time adsorption and 437 

re-arrangement kinetics (see eq. (1)). Figs. 4A1-C2 can therefore be compared with Figs. 438 

2A1-C2, whilst Figs. 4A3-C3 show the Kdiff, Kads and Krear values fitted to the curves in Figs. 439 

4A1-C2, for comparison with the same parameters plotted in Figs. 2A3-C3 as a function of 440 

pH.  Once again, we have tabulated all these values in the Supplementary Information (see 441 

Table S3). Also shown are the ‘final’ values of γ after t = 2000 s.   442 

Comparing Figs. 4A3-C3 with Figs. 3A3-C3, none of the fitted rate constants or γ2000 443 

values differ much across systems, i.e., in particular Kdiff, Kads and γ2000 seem rather 444 

insensitive to pH and [NaCl] for all the three systems i.e. hybrid particles versus non-hybrid 445 

PoP.  There is a slight decrease in γ2000 with increasing [NaCl] for all three samples which 446 

might indicate reduced electrostatic screening, aiding adsorption by reducing mutual 447 

repulsion between species that have already adsorbed and between these and species 448 

trying to adsorb, which is a well-known effect. The Krear shows the largest variation with 449 

[NaCl] for any particle type but again it is hard to draw any form of connections between the 450 

slight increases and decreases as a function of [NaCl] for the different particle and any other 451 

measured characteristics of the adsorbed films, other than that it is the longer term 452 

rearrangement that are more sensitive to the different ionic strength. 453 



   

   

   

454 



Fig. 4. Interfacial tension (γ) versus t1/2 (where t = adsorption time) (1) of PoP (A), PoPQC10:1 (B), and 455 

PoPQC10:1.5 (C) at different [NaCl]: 100 mM (●), 150 mM (●), 200 mM (●) and 250 mM (●). Also shown is the 456 

fit to γ versus t1/2, the slope = Kdiff and corresponding γ versus t over 2000s (2) with fitted values of Kads and 457 

Krear, respectively. Mean γ at t = 2000 s (γ2000) (1) (●), Kdiff (●), Kads (●), and Krear (●) as a function of [NaCl] for 458 

PoP (A), PoPQC10:1 (B) and PoPQC10:1.5 (C), extracted from Fig. 4A1-C2. The shading in slightly light color 459 

represents standard deviations based on repeat measurements on three independent experiments (n = 3 × 3). 460 

 461 

Interfacial shear rheology. Fig. 5 shows the dynamic interfacial storage modulus 462 

Gi' versus t (Figs. 5A1-C1) for the three particle types at [NaCl] = 100–250 mM, for 463 

comparison with γ results discussed above.  Also shown (in Figs. 5A2-C2) are the 464 

corresponding Gi' versus interfacial shear strain (si) plot for the films at t = 30 min. Thus 465 

Figs. 5A1-C2 can be compared with Fig. 3A1-C2 earlier, which shows the same parameters 466 

with no added NaCl.  Overall, the shapes of Gi' vs t and Gi' vs si plots look very similar, 467 

except that the curves for the different [NaCl] are somewhat closer together. Again, it is 468 

easier to analyze any trends with a summary plot, so Figs. 5A3-C3 plot the values of Gi' 469 

after 960 min and the values of the critical strain γcrit at which significant yielding or fracture 470 

of the films is considered to occur, obtained from the raw data in Figs. 5A2–C2, for 471 

comparison with Figs. 3A3-C3.  472 

It can be seen in Figs. 5A3-C3 that Gi' after 960 min for PoP was effectively between 473 

[NaCl] = 100 to 200 mM, within experimental error, although all these values were slightly 474 

lower than without adding NaCl at pH 7.0 (see Fig. 5A3). On the other hand, the value of 475 

γcrit at 100 is somewhat lower than the value without salt (i.e. the interfacial films were more 476 

brittle) but at 200 mM, this γcrit value increases back to almost the same value as zero added 477 

NaCl.  This variation in γcrit is in marked variation to the behavior with the PoPQC10:1 and 478 

PoPQC10:1.5 hybrid particles, which show virtually no change in γcrit with increasing [NaCl]. 479 

In addition, the hybrid PoPQC10:1 and PoPQC10:1.5 particles show an increase in Gi' as 480 

[NaCl] increases from 100 mM higher [NaCl], peaking at 200 mM for both PoPQC10:1 and 481 



PoPQC10:1.5 particles. Remarkably, the Gi' values for the hybrid particles are higher at 482 

[NaCl] > 100 mM, which is higher than with no added salt.  Thus, overall, the higher ionic 483 

strengths at pH 7.0 appears to strengthen the adsorbed films of the hybrid particles, but not 484 

the PoP aggregates. In general, increasing ionic strength tends to strengthen interfacial films 485 

up to a point (Feng, Wang, Wang, Xia, & Huang, 2021), unless the ionic strength becomes 486 

so high that protein solubility start to become compromised (Murray, 2011). Whether the 487 

increase observed here is due to enhanced screening of the electrostatic repulsion between 488 

the adsorbed species or enhanced re-arrangement within the adsorbed films, promoting 489 

interfacial cross-linking, is not clear at present, but it again indicates more complex 490 

interactions between the adsorbed hybrid particles that are more easily detected in the 491 

interfacial rheology measurements than the interfacial tension measurements.  Certainly, 492 

this corresponds to the larger dH of the PoPQC10:1.5 particles (Fig. 1), indicating greater 493 

aggregation in the bulk, but not the PoPQC10: 1 particle, which apparently remains more or 494 

less the same size, at least in the bulk phase.  495 



  

  

  
 496 

Fig. 5. Interfacial storage modulus (Gi') versus adsorption time (t) (1) of PoP (A), hybrid PoPQC10:1 (B), and 497 

PoPQC10:1.5 (C) hybrid particles at different [NaCl]: 100 mM (●), 150 mM (●), 200 mM (●) and 250 mM (●) at 498 

pH 7.0 and corresponding plots of Gi' versus shear strain (si) measured at 1 Hz (2). Interfacial storage modulus 499 

(Gi'; ■) at 960 min, and critical strain (%) (■), measured at 1 Hz at pH 7.0 (3) for PoP (A), hybrid PoPQC10:1 500 

(B) and PoPQC10:1.5 (C) particles at 0, 100, and 200 mM NaCl extracted from Figs. 5A1-C2. Bars labelled 501 

(3) with different lower-case letters (a-b) are statistically different (p < 0.05), and ns indicates mean values are 502 

non-significant differences (p > 0.05) based on Duncan’s multiple range test. The shading in slightly light color 503 

represents standard deviations based on repeat measurements on three independent experiments (n = 2 × 2).  504 



3.4 In vitro gastric digestion of emulsions  505 

Having understood the interfacial behaviour of the hybrid particular verusus PoP film, 506 

we now examined the behavior of Pickering emulsions stabilized by hybrid PoPQC particles, 507 

particularly under harsh environments such as in vitro gastric conditions. Prior to gastric 508 

digestion, the volume-average mean diameter (d4,3) of the emulsion stabilized by PoP (E-509 

PoP) and the emulsion stabilized by PoPQC (E-PoPQC) was about 2 μm and 9 μm (Table 510 

1.), respectively, which was comparable in sizes to previous study (Nimaming et al., 2024). 511 

The initial droplet size distribution of E-PoP at pH 7.0 was monomodal with a main peak 512 

lying between 3 to 50 μm (Fig. 6A), while E-PoPQC exhibited polymodal distributions, with 513 

the primary peak in the range of 3 to 100 μm and the smaller peaks below 3 μm (Fig. 6B). 514 

The presence of those small peaks was evident in CLSM micrographs as seen in Fig. 7B, 515 

indicating some small droplet and unabsorbed PoPQC. The CLSM images also showed 516 

flocculated oil droplets, those stabilized by PoPQC. The incubation in SGF without pepsin 517 

had a slight impact causing increase in d4,3 of E-PoP, and decrease in d4,3 of E-PoPQC (p < 518 

0.05).  519 

In the presence of SGF containing pepsin, the main peak of size distributions of E-520 

PoP shifted to larger droplet size indicating droplet coalescence, and the d4,3 values of E-521 

PoP increased considerably (p < 0.05) (Table 1.). The small peaks appeared below 1 μm 522 

(Fig. 6A), which might be attributed to the smaller size of digested and/ or proteolysis of the 523 

unabsorbed proteins. Several factors could be attributed to droplet coalescence or 524 

flocculation, but primarily (i) the interfacial protein-coated oil droplets were entirely or partly 525 

hydrolyzed by pepsin that were not of sufficient film thickness and viscoelasticity to offer 526 

resistance against coalescence (Yang, Zhi, W., Paul, Harjinder, & and Ye, 2025; Zhou, Lin, 527 

Xu, Meng, & Dong, 2020); whilst other minor factors could be (ii) the charge of proteins at 528 

droplet surfaces were modified at low pH; and (iii) the ion screening effects caused by ionic 529 

strengths in the gastric conditions (Sarkar, Goh, Singh, & Singh, 2009; Sarkar, Zhang, 530 



Holmes, & Ettelaie, 2019; Singh & Sarkar, 2011; Singh, Ye, & Ferrua, 2015; Singh, Ye, & 531 

Horne, 2009). The evidence of flocculation and coalescence of droplets were also detectable 532 

in the CLSM images (Fig. 7A) at 60 min and prolonged digestion time as observed in 533 

previous studies (Li et al., 2020; Liu et al., 2021; Zou et al., 2017). It had been reported 534 

previously that extending digestion time with the presence of pepsin promotes the rapid 535 

hydrolysis of absorbed PoP at the droplet interface into small molecule polypeptides, 536 

resulting in relatively intact PoP remaining on the emulsion interfaces after 10 minutes of 537 

digestion (Li et al., 2012). Interestingly, the E-PoP size distributions between 60 and 120 538 

min exhibited no significant difference (p > 0.05), implying that proteins were mostly digested 539 

by pepsin within the first hour of gastric digestion time. The PoP network becomes almost 540 

invisible around the 120-min period of in vitro gastric digestion, as seen by a reduction in 541 

the green signal (Fig. 7A), indicating that the residual proteins had been fully digested and 542 

diluted since the gastric environment is now far away from the isoelectric point of the 543 

proteins. 544 

Conversely, the E-PoPQC showed slightly smaller droplets under gastric digestion (p 545 

< 0.05). The d4,3 significantly decreased from 7.50 μm to 6.67 μm (Table 1), and the main 546 

peak of size distributions were slightly moved to the left (smaller droplets) within 2-h gastric 547 

digestion. Some droplets were partially broken down into smaller sizes during gastric 548 

digestion; nevertheless, the main peaks remained within the same range before digestion. 549 

This is attributed to the hybrid PoPQC particle-rich interfacial layer efficiently restricting the 550 

access of pepsin to the adsorbed layers. The microstructure of the digested E-PoPQC 551 

showed that mostly droplets remained unaffected at the end of gastric digestion (120 min) 552 

(Fig. 7B). The complex interfacial structure of the hybrid PoPQC particles (Figs. 2-5) 553 

potentially hindered the droplet coalescence in gastric condition unlike the PoP. Noteworthy, 554 

QC is known to bind to pepsin via hydrophobic interactions and reduce its activity (Hashemi-555 

Shahraki, Shareghi, & Farhadian, 2023). The contribution of free QC in the continuous 556 



phase in this particular concentration reducing the activity of pepsin in the in vitro gastric 557 

model is beyond the scope of this work and needs further investigation in the future. 558 

Therefore, the complex interface created by PoPQC, network formation between PoP and 559 

QC bridging on the droplet surfaces as well as potential contribution diminishing the activity 560 

of pepsin from QC in the continuous phase might have played a key role in preventing the 561 

droplet coalescence under the in vitro simulated gastric digestion. 562 

  

 563 

Fig. 6. Mean droplet size distributions of E-PoP (A), and E-PoPQC (B) under in vitro gastric digestion at 564 

different digestion times. Initial emulsion (pH 7.0) before adding SGF (●), gastric phase at 0 min (emulsions 565 

were mixed with SGF without the addition of pepsin, ●), 5 min (●), 30 min (●), 60 min (●), 90 min (●), and 120 566 

min (●). Data are represented as average based on three independent readings on triplicate samples (n = 3 × 567 

3).  568 

Table 1. Evolution of mean droplet size (+ standard deviation) of E-PoP and E-PoPQC 569 

under in vitro gastric digestion at different time points. 570 

Digestion time 
E-PoP 

(d4,3, μm) 
E-PoPQC 

(d4,3, μm) 

initial emulsion (pH 7.0) 2.03+0.04gB 9.18+0.19aA 

+ SGF (no pepsin) 2.41+0.09fB 7.72+0.19bA 

5 min 2.67+0.07eB 7.50+0.26cA 

30 min 3.53+0.20dB 7.06+0.14dA 



Mean values with different lowercase letters (a-g) with the same column, and uppercase letters (A−C) with the 571 

same row indicate significant differences (p < 0.05) based on Duncan’s multiple range test.572 

60 min 4.35+0.32cB 6.96+0.15deA 

90 min 4.91+0.38bB 6.81+0.19efA 

120 min 5.50+0.34aB 6.67+0.16fA 
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Fig. 7. Confocal images of in vitro gastric digestion of E-PoP (A), and E-PoPQC (B) at different digestion times. 574 

Red (Nile Red stain) and green (Fast Green stain) colors represent the oil and protein phase; whilst quercetin 575 

is auto fluoresced with excitation of 405 nm. The composite was a merge channel of all channels. The ‘‘pH 576 

7.0’’ denoted the initial emulsion droplet prior digestion without the addition of SGF and pepsin. The digestion 577 

time of ‘‘+ SGF (0 min, no pepsin)’’ indicated the emulsion was mixed with SGF mixture (pH 3.0) without the 578 

presence of pepsin. The digestion time of 60, and 120 min corresponded to digestion periods under in vitro 579 

gastric digestion, respectively. The scale bar was 10 µm. 580 

 581 

4. Conclusions 582 

This work elucidated the interfacial properties of hybrid PoPQC particles compared 583 

with native PoP as a function of pH and ionic strength, alongside the in vitro simulated gastric 584 

digestion of the emulsions stabilized by these materials. The hybrid dispersions showed 585 

minor variations in particle size between pH 3.0–9.0, with limited aggregation at pH 5.0 586 

unlike PoP. Meanwhile, the hybrid PoPQC particles, specifically PoPQC10:1, maintained a 587 

relatively constant size at 100–250 mM NaCl, indicating that QC conjugation limited 588 

electrostatic screening of the protein molecules. 589 

The pH influenced PoP adsorption and interfacial film formation at the O/W interface. 590 

A moderate viscoelastic film network was formed resulting from the repulsive force of PoP 591 

molecules at pH far away from pI. The complexation of PoP with QC limited the protein 592 

aggregation, particularly for pH 5.0, where the hydrophobic regions of PoP were potentially 593 

masked by QC, hindering the hydrophobic attraction among protein molecules and 594 

promoting the formation of an elastic interfacial layer evidenced by interfacial shear 595 

rheology. Protein aggregation was caused by [NaCl] shielding the surface charge of PoP, 596 

which slightly affected their interaction and adsorption at interface. Nonetheless, ion 597 

screening of the protein was reduced owing to PoP complexed with QC, resulting in a slight 598 

improvement of the adsorption behavior of PoPQC at the interface. These properties, 599 

ultimately resulted in enhanced gastric stability such that PoPQC-stabilized Pickering 600 



emulsions largely maintained droplet integrity whilst PoP-stabilised emulsions demonstrated 601 

droplet coalescence. This was attributed to the robustness of hybrid interfacial layers of 602 

PoPQC restricting the proteolysis during gastric digestion as well as providing the stability 603 

of hybrid particles at the interface. These results demonstrated that tailoring hybrid PoPQC 604 

particles is an effective approach to controlling interfacial film behaviors in various 605 

environmental conditions, and enable gastric stability, making hybrid PoPQC particles a 606 

promising plant-based Pickering stabilizer for controlled delivery applications. 607 
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 866 

Fig. S1. Mean particle size distribution of PoP (A), hybrid PoPQC10:1 (B), and 867 

PoPQC10:1.5 (C) particles as a function of pH (pH 3.0: ●, pH 5.0: ●, pH 7.0: ●, and pH 9.0: 868 

●). The data were reported as an average value of at least three repeats on three 869 

independent experiments (n = 3 × 3).  870 



 

 

 
 871 

Fig S2. Mean particle size distribution of PoP (A), hybrid PoPQC10:1 (B), and PoPQC10:1.5 872 

(C) particles as a function of ionic strength (100 mM: ●, 150 mM: ●, 200 mM: ●, and 250 873 

mM: ●). The data were reported as an average value of at least three repeats on three 874 

independent experiments (n = 3 × 3).  875 



 

 

 

 876 

Fig. S3. Dynamic interfacial tension (γ) of PoP (A), PoPQC10:1 (B), and PoPQC10:1.5 (C) 877 

as a function of pH (pH 3.0: ●, pH 5.0: ●, pH 7.0: ●, and pH 9.0: ●). The data were reported 878 

as an average value of at least three repeats on three independent experiments (n = 3 × 3).879 



Table S1. Characteristic dynamic parameters of adsorption of PoP and hybrid PoPQC 880 

particles at O-W interface with different pH values.   881 

Sample pH γ2000 

(mN/m) 

Kdiff + 0.1 

(mN/m/s1/2) 

Kads × 10-3 

(s) 

Krear × 10-3 

(s) 

PoP 3.0 12.4 + 0.2a 0.6a 1.9 + 0.4ns 4.6 + 0.2b 

5.0 11.8 + 0.1b 0.5a 2.0 + 0.3ns 3.7 + 0.6b 

7.0 11.1 + 0.4bc 0.6a 1.8 + 0.3ns 4.1 + 0.9b 

9.0 10.7 + 0.5c 0.4b 1.7 + 0.1ns 6.8 + 1.3a 

PoPQC10: 1 3.0 12.7 + 0.1a 0.4b 1.9 + 0.4ns 3.8 + 1.6ns 

5.0 12.1 + 0.1b 0.4b 2.0 +0.4ns 4.1+ 0.5ns 

7.0 12.2 + 0.1b 0.5a 2.1 + 0.7ns 3.1+ 1.6ns 

9.0 11.6 + 0.2c 0.3b 1.7 + 0.2ns 4.6+ 1.1ns 

PoPQC10: 1.5 3.0 13.2 + 0.3a 0.4b 1.8 + 0.2ns 6.7 + 0.2ns 

5.0 12.9 + 0.2a 0.3c 1.6 + 0.3ns 4.9 + 1.8ns 

7.0 12.6 + 0.2a 0.4b 1.7 + 0.4ns 6.3 + 1.2ns 

9.0 12.1 + 0.1b 0.5a 1.6 + 0.2ns 4.8 + 1.4ns 

Mean values with different lowercase letters (a-c) with the same column for the same sample 882 

indicate significant differences (p < 0.05), ns indicates mean values are non-significant 883 

differences (p > 0.05) based on Duncan’s multiple range test.  884 



Table S2. Characteristic rheological parameters of PoP and hybrid PoPQC particles at O-885 

W interface with different pH values.   886 

Sample pH Gi’ (mPa m) 

after 960 min 

Critical strain (+ 0.1 %) 

after 960 min 

PoP 3.0 89 + 1a 3.2a 

5.0 96 + 10a 2.2b 

7.0 56 + 1b 2.2b 

9.0 30 + 1c 3.2a 

PoPQC10: 1 3.0 164 + 2a 1.5c 

5.0 180 + 16a 1.5c 

7.0 42 + 3b 2.2b 

9.0 25 + 1b 3.2a 

PoPQC10: 1.5 3.0 80 + 6b 2.2a 

5.0 131 + 2a 1.4b 

7.0 46 + 1c 1.4b 

9.0 28 + 2d 2.2a 

Mean values with different lowercase letters (a-d) with the same column for the same sample 887 

indicate significant differences (p < 0.05) based on Duncan’s multiple range test.  888 

  889 



 

 

 
 890 

Fig. S4. Dynamic interfacial tension (γ) of PoP (A), hybrid PoPQC10:1 (B), and 891 

PoPQC10:1.5 (C) particles as a function of ionic strength (100 mM: ●, 150 mM: ●, 200 mM: 892 

●, and 250 mM: ●). The data were reported as an average value of at least three repeats on 893 

three independent experiments (n = 3 × 3).   894 



Table S3. Dynamic adsorption parameters of PoP and hybrid PoPQC particles (pH 7.0) at 895 

O-W interface with different concentrations of NaCl [NaCl].  896 

 897 

Sample [NaCl] 

(mM) 

γ2000 

(mN/m) 

Kdiff + 0.1 

(mN/m/s1/2) 

Kads × 10-3 

(s) 

Krear × 10-3 

(s) 

PoP 100 10.9 + 0.4a 0.4a 1.9 + 0.2ns 6.3 + 1.7ab 

150 10.5 + 0.1a 0.3b 1.6 + 0.2ns 7.6 + 1.6a 

200 10.1 + 0.1b 0.3b 1.7 + 0.2ns 3.9 + 0.7b 

250 10.0 + 0.1c 0.3b 1.7 + 0.2ns 4.3 + 1.8b 

PoPQC10: 1 100 11.4 + 0.1a 0.3ab 1.8 + 0.4ns 3.6 + 1.3ns 

150 11.1 + 0.1b 0.3a  1.8 + 0.4ns 3.4 + 1.3ns 

200 10.6 + 0.1c 0.3b 1.7 + 0.2ns 4.2 + 1.7ns
 

250 10.4 + 0.1d 0.3b 1.7 + 0.1ns 5.4 + 1.4ns 

PoPQC10: 1.5 100 11.8 + 0.1a 0.4a 1.6 + 0.1ns 3.3 + 1.1ns 

150 11.7 + 0.1b 0.3b 1.7 + 0.1ns  4.3 + 1.7ns 

200 10.9 + 0.1c 0.3c 1.5 + 0.2ns 5.9 + 1.6ns 

250 10.6 + 0.1d 0.3bc 1.8 + 0.3ns 4.6 + 0.8ns 

Mean values with different lowercase letters (a-d) with the same column for the same sample 898 

indicate significant differences (p < 0.05), ns indicates mean values are non-significant 899 

differences (p > 0.05) based on Duncan’s multiple range test.  900 

  901 



Table S4. Characteristic rheological parameters of PoP and hybrid PoPQC particles (pH 902 

7.0) at O-W interface with different with different concentrations of NaCl [NaCl].    903 

Sample [NaCl] 

(mM) 

Gi’ (mPa m) 

after 960 min 

critical strain (+ 0.1 

%) after 960 min 

PoP 0 56 + 1a 2.2a 

 100 42 + 7b 1.5b 

150 45 + 1ab 1.5b 

200 47 + 5ab 2.2a 

250 44 + 4ab 2.2a 

PoPQC10: 1 0 42 + 3b 2.2ns 

 100 33 + 4c 2.2ns 

150 64 + 4a 2.2ns 

200 50 + 4b 2.2ns 

250 47 + 2b 2.2ns 

PoPQC10: 1.5 0 46 + 1c 1.4b 

 100 45 + 8bc 2.2a 

150 51 + 1bc 2.2a
  

200 74 + 2a 2.2a 

250 54 + 3b 2.2a 

Mean values with different lowercase letters (a-c) with the same column for the same sample 904 

indicate significant differences (p < 0.05), ns indicates mean values are non-significant 905 

differences (p > 0.05) based on Duncan’s multiple range test.  906 

 907 


