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A B S T R A C T

Kafirin nanoparticles (KNPs) are promising stabilizers for Pickering emulsions, but the influence of bio-actives on 
their oil-water interfacial properties remains unclear. This study aims to elucidate the influence of curcumin 
distribution, either encapsulated within particles or dissolved in the oil, on the interfacial behavior and emul
sifying properties of KNPs. The general stress decomposition (GSD) method was employed to analyze whether the 
observed nonlinear behavior resulted from resistance to changes in network structure or surface density. Cur
cumin distribution markedly affected the interfacial behavior of KNPs: in both the linear and nonlinear regimes, 
curcumin-loaded kafirin nanoparticles (KCNPs) formed stiffer interfaces (Ed’≈11 mN/m) than KNPs (Ed’≈ 8 mN/ 
m), while curcumin dissolved in the oil resulted in the weakest interface (Ed’<8 mN/m). We hypothesize that the 
oil phase has a partial plasticizing effect on the interfacial nanoparticle assembly, i.e., a partial relaxation of 
intermolecular constraints that softens the interfacial network. Curcumin encapsulation lessens this plasticizing 
effect by reducing particle-oil interactions. Indeed, small-angle X-ray scattering further reveals an increased 
alignment of the triglycerides in the oil phase with respect to the bulk, whereas KCNPs-stabilized emulsion shows 
reduced alignment, much closer to that of bulk oil. The resulting emulsion exhibited improved dynamic and 
storage stability compared with those stabilized by KNPs. The location of curcumin tunes interfacial properties 
and emulsion stability, providing mechanistic insight into designing protein-based Pickering delivery systems.

1. Introduction

Bioactive compounds are often hydrophobic, physically and chemi
cally unstable within food systems, and exhibit limited bioavailability 
when used in their pure form (Alu’datt et al., 2022). Encapsulation is a 
widely used strategy to address these challenges (Liu et al., 2022; 
Nadendla et al., 2018). Curcumin has attracted attention as a model 
compound to improve bioavailability (Sabet et al., 2021). Several 
colloidal delivery systems have been explored, including protein-based 
nanoparticles, complexes, and emulsions (Abioye et al., 2024; Araiza-
Calahorra et al., 2018; Ye et al., 2024). Among these systems, Pickering 
emulsions, stabilized by solid particles instead of surfactants, exhibit 
excellent physical stability and tunable interfacial properties, making 
them potential carriers for hydrophobic bio-actives like curcumin. In 
these emulsions, particles are typically irreversibly adsorbed at the 
oil-water interface and form kinetically stable emulsions, often exhib
iting exceptional coalescence stability (Finkle et al., 1923), primarily 

due to the high attachment energy of particles at liquid-liquid interfaces 
(Binks & Lumsdon, 2001). To enhance the performance of Pickering 
emulsions for bioactive delivery, size, wettability, adsorption kinetics, 
shape and surface roughness of particles have been identified as key 
parameters influencing both emulsion droplet size and stability (Albert 
et al., 2019). With this in mind, and given the growing interest in more 
sustainable and food-compatible materials, plant protein-based nano
particles have gained attention as potential alternatives to organic sur
factants, thereby expanding the application of these particle-stabilized 
emulsions in pharmaceuticals and cosmetics (Destribats et al., 2014). In 
particular, prolamin-based nanoparticles have recently been studied for 
their oil-water interfacial and emulsion-stabilizing properties for the 
encapsulation of curcumin (Cui et al., 2024; Li et al., 2019, 2023; Wang 
et al., 2015; Wen et al., 2024; Zhou, Chen, et al., 2024).

Kafirin, the major storage protein of sorghum, is a prolamin rich in 
hydrophobic amino acids and disulfide bonds (Belton et al., 2006; Shah 
et al., 2021). Kafirin nanoparticles are typically compact and spherical, 
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with diameters ranging from 50 to 200 nm. Their highly hydrophobic 
surfaces facilitate their adsorption at oil-water interfaces (Xiao et al., 
2015; Xiao et al., 2016). These nanoparticles have been employed to 
stabilize vegetable oil emulsions containing curcumin, and the resulting 
emulsions demonstrated good stability under acidic and refrigerated 
conditions (Xiao et al., 2015). In our previous work (Ye et al., 2024), 
curcumin was used as a model bioactive to develop curcumin-loaded 
kafirin nanoparticles with an average size of ~100 nm, which could 
be an interesting candidate to be used as a Pickering stabilizer. For 
effective stabilization, the particles should be at least 10–100 times 
smaller than the emulsion droplet size (Duffus et al., 2016). Sub-micron 
particles (~100 nm) are suitable for stabilizing droplets as small as a few 
micrometers (Chevalier & Bolzinger, 2013). This type of stabilization is 
achieved by adsorption of colloidal particles at the interface, which 
limits interfacial mobility and enhances the microstructural stability of 
emulsions (Hadidi et al., 2022; Jafari et al., 2020). There are still some 
knowledge gaps in kafirin nanoparticle-based Pickering stabilizers. On 
the one hand, curcumin-loaded kafirin nanoparticles have not been 
directly used as Pickering emulsifiers, and their oil-water interfacial 
properties are largely unknown. On the other hand, it remains unclear 
whether the incorporation of curcumin alters the interfacial behavior of 
the nanoparticles. Therefore, this study aims to investigate how curcu
min localization—either within nanoparticles or in the oil phase
—affects the interfacial behavior and emulsifying properties of kafirin 
nanoparticles.

We hypothesize that the localization of curcumin alters oil-particle 
interactions at the interface, which in turn affects particle-particle in
teractions, interfacial mechanical properties and emulsifying properties. 
In recent years, the nonlinear viscoelastic response regime in dilata
tional rheology has gained increased attention, as Lissajous plots pro
vide direct insight into interfacial viscoelasticity and energy dissipation 
under large deformations, which are highly relevant to the processing 
and stability of food emulsions (Hashimoto et al., 2025; Ikenaga, de 
Groot, & Sagis, 2025; Ikenaga et al., 2025; Ikenaga & Sagis, 2024; Sagis 
& Yang, 2022). In our group we recently introduced the general stress 
decomposition method (GSD) (de Groot et al., 2023) which quantifies 
the nonlinear responses in dilatational rheology, and separates these 
responses into resistances to network deformations and changes in 
surface density. In addition, the structural organization of curcumin, 
nanoparticles and the oil phase can be analyzed using scattering tech
niques, such as Small-Angle X-ray Scattering (SAXS), which provide 
additional information on food systems over a wide range of length 
scales (Olakanmi et al., 2023), from the molecular scale up to the mes
ostructural scale. In nanoparticle research, SAXS not only allows char
acterization of particle shape—such as spheres, rods, disks, and 
ellipsoids—but also provides information on their arrangement at 
oil-water interfaces (Li et al., 2016; Tenorio-Garcia et al., 2024).

In this research, we systematically studied the effect of curcumin 
distribution on the oil-water interfacial behavior of kafirin nanoparticles 
and related these effects to their emulsifying properties. We determined 
the three-phase contact angle, interfacial adsorption behavior, and 
interfacial rheological properties in both the linear viscoelastic (LVE) 
and nonlinear viscoelastic (NLVE) regimes using an automated drop 
tensiometer (ADT). We used the general stress decomposition (GSD) 
method to quantify the nonlinear responses in dilatational rheology, and 
to relate these findings to changes in the interfacial network and resis
tance to changes in surface density of particle-stabilized interfaces. 
Finally, we prepared Pickering emulsions, characterized their droplet 
size distribution by light scattering, and observed oil-water interfaces 
using cryogenic scanning electron microscopy (Cryo-SEM). SAXS was 
used to investigate the interfacial characteristics and to establish a 
relationship between interfacial properties and emulsion stabilization 
mechanisms. Overall, this study will help to further understand and 
tailor the mechanical properties of kafirin nanoparticles through the 
incorporation of bioactive compounds, thereby enhancing their func
tionality and application in emulsion systems.

2. Materials and methods

2.1. Materials

Kafirin protein with a purity of 90 % was extracted and characterized 
using the method described in our previous work (Ye et al., 2024). 
Curcumin (CAS 458-37-7, ≥75 % HPLC, product no. 820354, 
Sigma-Aldrich, St. Louis, MO, USA) was used as received. All 
curcumin-containing samples were protected with aluminum foil from 
light during preparation and storage to prevent photodegradation. SAXS 
measurements were also conducted under dark conditions. Medium 
chain triacyl-glyceride (MCT) oil was purchased from a local market and 
purified before use to remove the surface-active impurities. Specifically, 
MCT oil was stripped by mixing with Florisil (100–200 mesh, magne
sium silicate, Sigma-Aldrich, USA) overnight, followed by centrifuging 
twice at 2000× g for 20 min to remove residual Florisil. All other 
chemicals were of analytical grade or higher (Sigma-Aldrich, USA) and 
ultrapure water (MilliQ Purelab Ultra, Veolia, Germany) was used for all 
experiments.

2.2. Preparation of kafirin nanoparticles (KNPs) and curcumin-loaded 
kafirin nanoparticles (KCNPs)

Nanoparticles were prepared using an anti-solvent precipitation 
method with slight modifications compared to our previous research (Ye 
et al., 2024). A 3 % wt kafirin stock solution was prepared in 70 %, v/v 
ethanol solution. This stock solution was then mixed with a curcumin 
stock solution for 1 h while stirring at 600 rpm using a magnetic stirrer. 
These mixtures were then added dropwise into water to obtain KCNPs 
(with a kafirin mass fraction of 1 % wt, and a kafirin-to-curcumin mass 
ratio of 15:1), followed by continuous stirring at 600 rpm for another 30 
min. KNPs were prepared based on the same method, but without the 
curcumin addition. The nanoparticle dispersions were dialyzed against 
distilled water (MWCO 3.5 kDa) to remove ethanol and centrifuged to 
collect the purified nanoparticles. The pH of the nanoparticle suspension 
was adjusted to 4 using a 1 M HCl solution. Finally, a portion of the 
particle suspension was stored, while the remainder was freeze-dried at 
a temperature of − 80 ◦C under a vacuum pressure of 0.2 mbar for 48 h 
for later use. X-Ray diffraction (XRD) patterns were recorded on a Bruker 
D8-advance Diffractometer (Bruker AXS GmbH, Germany) with a cop
per target, voltage 40 kV, current 40 mA, and a scanning rate of 3◦

min− 1. The encapsulation efficiency was measured as 71 ± 3 %, which is 
consistent with our previous study (Ye et al., 2024).

2.3. Characteristics of nanoparticles

2.3.1. Particle size & zeta potential measurements
Particle size, polydispersity index (PDI), and zeta potential mea

surements were conducted using a freshly prepared dispersion of 
nanoparticles with a Zetasizer Ultra Nano ZS (Malvern Instruments, UK). 
Measurements were based on dynamic light scattering, which provided 
both electrophoretic mobility and particle size data. The refractive index 
of the medium was set to 1.33. All measurements were conducted at 
20 ◦C in triplicate.

2.3.2. Three-phase contact angle measurement
The three phase contact angle was evaluated following the procedure 

of Wang et al. (2016) with slight modifications, using a droplet shape 
analyzer (DSA100, Krüss GmbH, Germany). Freeze-dried nanoparticles 
were compressed into pellets (2 mm thickness, 13 mm diameter). The 
pellet was then placed at the bottom of a cuvette containing MCT oil. 
Then, a 2 μL water droplet was carefully dripped onto the pellet surface 
with a high-precision syringe. The droplet was photographed immedi
ately, and the contact angle θ was calculated by fitting the droplet profile 
to the Young− Laplace equation.
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2.4. Adsorption behavior and interfacial dilatational rheology

The interfacial adsorption behavior and dilatational rheology of 
nanoparticles were determined using an automated drop tensiometer 
(TRACKER™, TECLIS Instruments, France), following the method of 
Yang et al. (2024) with some modifications. 0.5 % nanoparticle 
dispersion was added to the cuvette and controlled at 20 ◦C. A 
millimeter-sized droplet of MCT oil (with or without 0.06 % curcumin) 
with surface area of 30 mm2 was formed at the tip of a G18 needle, 
submerged in the nanoparticle suspension. The density of the MCT oil 
and nanoparticle solution was set to 0.960 g/mL and 0.998 g/mL, 
respectively.

The interfacial adsorption behavior of the nanoparticles was inves
tigated by measuring the change of interfacial pressure (Π = γ0-γs) for 3 
h, where γ0 is the interfacial tension of the clean water-oil interface, and 
γs is the real-time interfacial tension of the sample. The interfacial ten
sion was calculated by fitting the drop contour with the Young-Laplace 
equation for pendant drop analysis, as described by Berry et al. (2015).

After 3 h of equilibration, sinusoidal oscillatory deformations of the 
interface were applied using amplitude sweeps. In amplitude sweeps, 
the amplitude increased from 2 % to 50 % at a fixed frequency of 0.02 Hz 
with five cycles for each amplitude. This frequency was chosen to stay 
well below the upper limit of the drop tensiometer (~0.1 Hz) to ensure 
accurate sinusoidal deformations and avoid inertial effects at high 
deformation amplitudes. The data was used to calculate the first har
monic moduli (Ed’ and Ed’’). The values for these moduli are accurate 
only in the linear regime, since in the nonlinear regime the contributions 
from higher harmonics in the stress response are ignored. Therefore, in 
the nonlinear regime, the full surface stress signal, including contribu
tions from higher harmonics, was further analyzed by constructing 
Lissajous plots (Sagis & Fischer, 2014), and further evaluated at large 
dilatational deformations using the general stress decomposition (GSD) 
method (de Groot et al., 2023), in which the Fourier transform of the 
stress response is split in separate contributions from odd and even 
harmonics. Measurements were performed at least three times at 20 ◦C.

In brief, the odd harmonics contain both an elastic part (τ1) and a 
viscous part (τ2), which describe the stress contributions due to inter
facial network disruption. The even harmonics also consist of an elastic 
part (τ4) and a viscous part (τ3), which relate to the stress contributions 
due to interfacial density changes. These GSD components (τ1-τ4) can be 
quantified by several GSD parameters. For example, the slope of the τ1 
curve is represented by the secant modulus, Eτ1, which describes the 
contribution to interfacial stiffness from network interactions. The area 
of the closed loop of the τ2 curve is equal to Udτ2, which indicates the 
energy dissipation due to interfacial network disruption. The extent of 
the τ4 curve is represented by a secant modulus, Eτ4, which describes the 
resistance of the interfaces in response to surface density changes. The 
viscous component of the even harmonics (τ3) is quantified by Udτ3, 
which equals the energy dissipation due to surface density changes. 
Those secant moduli and dissipation energies can be calculated using the 
following equations: 

Eτ1L =

∑i/2
k=0bʹ

2k+1(− 1)k

ε0
(1) 

Eτ4 = −

∑i/2
k=02dʹ

4k+2

ε0
(2) 

Udτ2 = πε2
0Eʹ́

d (3) 

Udτ3 =2ε2
0

∑i/2

k=0

E2kτ3 *k
k2 − 1

/
4

(4) 

The coefficients bʹ
2k+1 are the Fourier coefficients of τ1, dʹ

4k+2 are the 
Fourier coefficients of τ4, Eʹ́

d = bʹ
1/ε0, E2kτ3 = cʹ

2k/ε0, ć2k are the Fourier 
coefficients of τ3, ε0 is the amplitude of deformation, and i is the number 

of harmonics included in the analysis of the higher harmonics.

2.5. Preparation of pickering emulsions

MCT oil (with or without 0.06 % curcumin) was added dropwise into 
a 1 % wt nanoparticle dispersion while stirring with a high-speed mixer 
(T25 digital Ultra Turrax, IKA-Werke, Staufen, Germany) at 20,000 rpm, 
until reaching a final volume fraction of φ = 20 %. Mixing was continued 
for an additional 3 min after the oil addition was complete. The detailed 
calculation of the effective curcumin concentrations in these systems is 
provided in the supplementary materials (Sec. S1). This calculation 
shows that the effective concentrations of curcumin in droplets with 
0.06 % in the oil phase, stabilized by KNPs, and those with curcumin in 
the nanoparticles (KCNPs), are roughly equal, and hence any differences 
in behavior of these two systems should be due to differences in local
ization of the curcumin.

2.6. Characteristics of emulsions stabilized by nanoparticles

2.6.1. Droplet size measurement
The droplet size distribution of freshly prepared emulsions was 

analyzed by light scattering using a Mastersizer 3000 (Malvern Pan
alytical, UK). For MCT oil, refractive and absorption indices of 1.45 and 
0.001 were applied, respectively, while the dispersant refractive index 
was set to 1.33. The laser obscuration during measurements was main
tained between 5 and 8 %.

2.6.2. Cryogenic scanning electron microscopy (Cryo-SEM)
The interfacial structure of emulsion droplets was probed using 

freeze-fracture scanning electron microscopy (Cryo-SEM). Each sample 
was placed on a Cu sample stub and immersed in liquid nitrogen. The 
frozen sample was then transferred under vacuum to a preparation 
chamber (ALTO 2500 Cryo Transfer System, UK) where it was fractured 
with a cooled knife. They were subjected to sublimation at − 95 ◦C for 4 
min to remove a controlled amount of water from emulsions, to expose 
their interfacial structure, and then sputter-coated with platinum. The 
sample was then transferred into a LEO 1530VP field emission scanning 
electron microscope with Oxford EDS detector for observation at 
− 130 ◦C.

2.6.3. Dynamic stability
3 mL of freshly prepared emulsions were blended at 10,000 rpm for 

1 min using a high-speed homogenizer (UltraTurrax, IKA, Staufen, 
Germany), followed by droplet size determination with the Mastersizer 
3000.

2.6.4. Storage stability
Emulsions were stored at 4 ◦C for up to a month. The volume-based 

mean diameter (D4,3) of the emulsions was measured over the storage 
period according to the procedure described in Sec. 2.6.1.

2.7. Small-angle X-ray scattering (SAXS)

SAXS is a useful tool for studying structure and interaction of com
plex systems, such as biomolecules, polymers, colloidal suspensions, and 
emulsions, with length scales ranging from nm to μm (Larson-Smith 
et al., 2010, 2012; Jeffries et al., 2021; Li et al., 2016). It enables direct 
detection of nanostructures and particle arrangement in emulsions in 
their dispersed state without removing the solvent. SAXS experiments 
were performed using a laboratory-based SAXS/WAXS/USAXS beamline 
KWS-X (XENOCS XEUSS 3.0 XL Garching Version) at JCNS MLZ, using a 
previously described method with minor modifications (Heiden-Hecht 
et al., 2024). The instrument was equipped with a D2+ Excillum Metal 
Jet X-ray source operating at 70 kV and 3.57 mA with Ga-Kα radiation 
(wavelength λ = 1.314 Å). Samples were measured in a glass capillary 
(2.0 mm ID) that was kept at ~25 ◦C. The sample-to-detector distances 
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were from 0.15 m to 1.70 m, which covered the scattering vector Q 
range from 0.004 to 3 Å− 1 (Q = (4π/λ) sin(θ), 2θ is the scattering angle). 
The scattering patterns were obtained with a exposure time of 600 s and 
repeat to 6 times. The SAXS patterns were normalized to an absolute 
scale and azimuthally averaged to obtain the intensity profiles, and the 
solvent background was subtracted. The SAXS data were fitted with the 
Beaucage model (Beaucage, 1996). This model identifies the peaks and 
shoulders in the SAXS curves, which are linked to structural components 
within the sample.

2.8. Statistical analysis

Two-way analysis of variance (ANOVA) of the data was performed 
using R Studio software. A Tukey test was used for comparison of mean 
values among determinations at a significant level of 5 %. All experi
ments were conducted in triplicate. Data labeled with different lower- 
case letters are significantly different.

3. Results and discussions

3.1. Interfacial adsorption kinetics of nanoparticles at oil-water interfaces

As shown in Fig. 1A, both unloaded and curcumin-loaded nano
particles exhibit a unimodal distribution with a peak at 50.79 nm, 
indicating the addition of curcumin does not affect the size and poly
dispersity. XRD analysis confirmed that no crystalline peaks of curcumin 
were observed in curcumin-loaded kafirin nanoparticles, whereas crys
talline reflections of curcumin was still detected in the physical mixture 

of KNPs and curcumin (Fig. S1), which is consistent with the DSC 
findings in our previous study (Ye et al., 2024). This confirmed that 
curcumin was successfully entrapped in the particles.

The adsorption kinetics of these nanoparticles at oil-water interfaces 
was monitored using an automatic drop tensiometer as shown in Fig. 1C. 
Whether curcumin was encapsulated in the nanoparticles or dispersed in 
the oil phase, the nanoparticles absorbed at the interface at a similar 
rate, consistent with their similar size distributions and zeta-potentials 
(Fig. 1A and B). From 10 to 100s, the interfacial pressure increases 
rapidly, and after this initial phase, it reaches a plateau, with a similar 
interfacial pressure of ~12 mN/m for all three systems. The slow further 
increase in interfacial pressure is related to rearrangement at the 
interface through conformational changes and/or in-plane aggregation 
of nanoparticles at the interface (de Groot et al., 2024).

3.2. Interfacial dilatational rheology of nanoparticles at oil-water 
interfaces

To evaluate the mechanical properties of the oil-water interfaces 
stabilized by these nanoparticles, amplitude sweeps were conducted by 
applying amplitude deformations ranging from 2 % to 50 % at a fixed 
frequency of 0.02 Hz, a commonly used condition in interfacial rheology 
to ensure quasi-equilibrium responses. The resulting interfacial dilata
tional moduli are presented in Fig. 2. All interfaces exhibit a consistently 
higher storage modulus (Ed’) than loss modulus (Ed’’), concurrent with a 
tan δ’ = Ed”/Ed’ lower than 1, indicating these nanoparticles demon
strate elastic-dominated and solid-like behavior at oil-water interfaces 
(Kornet et al., 2022). The KNPs-stabilized interface shows a 

Fig. 1. Nanoparticle characteristics and adsorption behavior. Particle size distributions (A) and zeta-potential (B) of nanoparticle suspensions. Interfacial pressure 
(mN/m) as a function of time (s) (C) of kafirin nanoparticles (KNPs), KNPs with curcumin dispersed in MCT oil (KNPs-cur) and curcumin-loaded KNPs (KCNPs) at oil- 
water interfaces.

Z. Ye et al.                                                                                                                                                                                                                                       Food Hydrocolloids 173 (2026) 112255 

4 



strain-independent Ed’ of ~8 mN/m over the entire strain range, while 
the interface stabilized by KNPs-cur (KNPs with curcumin dispersed in 
MCT oil) has a slightly lower but also nearly constant Ed’ of ~7 mN/m. 
When curcumin was encapsulated in the nanoparticles (KCNPs), Ed’ 
remains approximately 11 mN/m within the linear viscoelastic regime 
(LVE) of the interface, up to ~15 % deformation. After that, the modulus 
decreases as the deformation increases because of the partial disruption 
of the interfacial structure or changes in interfacial density; however, at 
large deformations of 40 % and 50 %, the KCNPs-stabilized interface still 
retains a higher modulus compared to the other systems. Overall, KCNPs 
have stronger interactions among adjacent nanoparticles and form a 
stiffer oil-water interface compared to KNPs or KNPs-cur.

3.3. Lissajous plots

The calculation of Ed’ in the large deformation regime was based on 

the first harmonic of the Fourier transform of the oscillatory interfacial 
stress, and the contributions from higher-order harmonics were 
neglected. To better understand the contributions of higher-order har
monics in the nonlinear regime of these nanoparticles at oil-water in
terfaces, Lissajous plots were constructed by plotting interfacial stress 
versus intracycle deformation (Ewoldt et al., 2008). During clockwise 
rotation from maximum negative to positive strain, the interface ex
pands, followed by compression during the return to maximum negative 
strain. Consequently, the interfacial density varies throughout the cycle, 
and the dilatational plots show asymmetry with respect to the origin. 
Due to this asymmetry, the Fourier spectrum of the interfacial stress 
includes both odd and even harmonics (Bykov et al., 2015). A perfectly 
linear Lissajous plot represents a purely elastic interface, a circular plot 
signifies a purely viscous interface, and an elliptical plot indicates a 
viscoelastic interface (Ewoldt et al., 2008; Kamani et al., 2023).

In Fig. 3, all nanoparticles demonstrate narrow and near-elliptical 

Fig. 2. Interfacial dilatational storage modulus (Ed’) and loss modulus (Ed’’) of the interfaces formed by kafirin nanoparticles (KNPs), KNPs with curcumin dispersed 
in MCT oil (KNPs-cur) and curcumin-loaded KNPs (KCNPs), as a function of deformation amplitude (%).

Fig. 3. Nonlinear dilatational rheology of nanoparticle-stabilized oil-water interfaces. Lissajous plots of interfacial pressure as a function of deformation amplitude 
for interfaces stabilized by kafirin nanoparticles (KNPs), KNPs with curcumin dispersed in MCT oil (KNPs-cur) and curcumin-loaded KNPs (KCNPs), at 5 %, 10 %, 20 
%, 30 %, 40 % and 50 % deformation amplitudes at a fixed frequency of 0.02 Hz. For clarity, only one plot is shown for each amplitude, but all triplicate results 
are comparable.
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shapes of Lissajous plots at a low deformation of 5 %, which indicates 
that the interfaces have predominantly elastic behavior. These plots 
become asymmetric with increasing deformations. The loops shown in 
KNPs-cur are narrower than those of other nanoparticles at each oscil
lation amplitude, suggesting a reduction in viscous dissipation and an 
enhancement of elastic behavior. Together with the lower dilatational 
modulus (Fig. 2), this indicates weaker interactions between the nano
particles compared to the other two systems. At 20 % deformation and 
above, all systems show increasingly asymmetric plots. KCNPs demon
strate a relatively steep slope during the initial stages of expansion, but 
this slope decreases to almost zero towards maximum expansion. This 
points to strain softening, and hence a partial disruption of the interfa
cial microstructure. In the KNPs-cur-stabilized interface, this effect is 
less evident, which is in line with the almost constant values for Ed’ in 
Fig. 2. In the compression phase, an almost straight line is observed for 
KNPs, which is indicative of a mild degree of strain hardening. The 
introduction of curcumin in both KNPs-cur and KCNPs leads to a 
different response during compression: the KCNPs-stabilized interface 
demonstrates obvious strain softening behavior towards maximum 
compression at 30 % deformation and higher, as evident from the fact 
that the interfacial pressure curve levels off to almost horizontal as 
maximum compression is approached. Interestingly, this softening 
behavior becomes less pronounced at 40 % and nearly disappears at 50 
% deformation. This phenomenon also occurs in the KNPs-cur-stabilized 
interface, though it is less pronounced than in KCNPs. This strain soft
ening can arise from several reasons, such as buckling of the interface or 
nanoparticles being expelled from the interface into the bulk phase. This 
will be further discussed in the next section.

3.4. General stress decomposition of Lissajous plots

To quantify the nonlinear behavior of the nanoparticle-stabilized 
interfaces, we used the general stress decomposition (GSD) method 

(de Groot et al., 2023) to decompose the Lissajous plots into odd and 
even harmonics, providing us with the four stress components τ1, τ2, τ3 
and τ4. The odd harmonics, with their elastic and viscous components τ1 
and τ2, reflect the contribution of network interactions to the interfacial 
stress. The viscous and elastic contributions of the even harmonics, 
given by τ3 and τ4, arise from density changes and are responsible for the 
asymmetry of the overall plots.

At 30 % deformation (Fig. 4), a narrow ellipsoidal plot is observed in 
the odd harmonics (τ1+τ2) of interfaces stabilized by KNPs and KNPs- 
cur, in which the plot of KNPs-cur is narrower, suggesting a predomi
nantly elastic behavior without obvious network disruption. Notably, 
the interface stabilized by KCNPs shows a mild degree of strain softening 
behavior in compression and extension. KCNPs demonstrate a relatively 
steeper slope at 30–50 % deformation (Fig. S2, Fig. 4) compared to KNPs 
and KNPs-cur. This suggests that KCNPs maintain strong in-plane in
teractions even at large deformations.

To clarify this, the viscoelastic properties of the interfacial structures 
were quantified by several GSD parameters as shown in Fig. 5. Eτ1L is the 
secant modulus of τ1. In Fig. 5A, the interface stabilized by KNPs dem
onstrates almost constant Eτ1L values of ~8 mN/m over the entire 
deformation amplitude range, slightly higher than the interface stabi
lized by KNPs-cur (~7 mN/m). The introduction of curcumin within the 
nanoparticles obviously alters the value of this modulus. KCNPs show 
Eτ1L moduli ~11 mN/m at low strain amplitudes, which decrease with 
deformation, particularly at 20–30 % deformation. However, the value 
at 50 % deformation remains higher than that observed at other in
terfaces. This confirms that KCNPs have stronger in-plane interactions 
between the particles, resulting in stiffer interfacial structures that 
become increasingly disrupted as strain amplitude increases, consistent 
with previous findings (de Groot et al., 2023; Shen et al., 2025).

KCNPs-stabilized interface shows a very similar loop for τ2 to KNPs at 
40 % deformation, which is wider than the loop for KNPs-cur (Fig. S2). 
As the deformation increases to 50 %, KCNPs obviously demonstrate a 

Fig. 4. General Stress Decomposition of Lissajous plots. The Lissajous plots at 30 % deformation amplitude were fitted and decomposed into curves of four stress 
components including τ1, τ2, τ3 and τ4 versus intra-cycle deformation for interfaces stabilized by kafirin nanoparticles (KNPs), KNPs with curcumin dispersed in MCT 
oil (KNPs-cur) and curcumin-loaded KNPs (KCNPs). The fitted plot is shown in black ( ), τ1 is shown in light green ( ), τ1+τ2 is shown in dark green ( ), τ2 is 
shown in blue ( ), τ3 is shown in orange ( ), and τ4 is shown in brown ( ). The corresponding components at 50 % deformation have been plotted in 
grey ( ).
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wider and more rectangular loop for τ2 than KNPs, followed by KNPs-cur 
(Fig. 4). In Fig. 5C, this is quantified with the parameter Udτ2, the 
dissipated energy per cycle for the odd harmonics. KNPs and KCNPs do 
not show any significant difference in Udτ2 up to about 40 % deforma
tion, but it is clearly higher at 50 % deformation for the KCNPs- 
stabilized interface, indicating a more significant partial disruption of 
the interfacial structures and an increase in viscous friction within the 
interface. In contrast, for the interface stabilized by KNPs-cur, Udτ2 is 
clearly lower than that of the plain nanoparticles-stabilized interface as 
deformation increases.

The extent of the τ4 curve is quantified by the secant modulus, Eτ4 (de 
Groot et al., 2023). Although the Eτ4 modulus of all systems is markedly 
smaller than Eτ1L, KCNPs exhibit generally more negative Eτ4 moduli 
than KNPs and KNPs-cur (Fig. 5B). This suggests increased contributions 
from surface density changes to the elastic response of these 
nanoparticle-stabilized interfaces. The baseline shift of τ4 from the 
initial non-deformed state, γs, indicates that the interfaces are clearly 
driven out of equilibrium by the oscillations; KCNPs have the most 
negative value of γs (Fig. 5E), which indicates deformations around a 

dynamic state further from the interfacial equilibrium pressure-area 
isotherm. Apparently, due to slow in-plane relaxation, the 
KCNPs-stabilized interface cannot recover quickly enough to reach 
equilibrium at zero deformation.

The enclosed areas of the τ3 curve represent the intra-cycle energy 
dissipation (Udτ3) associated with the even harmonics. At 50 % defor
mation (Fig. 4), the introduction of curcumin within the nanoparticles 
again significantly increases this dissipated energy associated with 
density changes compared to KNPs. KNPs-cur again give the lowest 
values and are nearly 0 mJ/m2 for almost the entire strain range. From 
both Fig. 5B and D, it is evident that KCNPs have the highest Udτ3 and 
most negative Eτ4 values, especially at 50 % deformation, while KNPs- 
cur display lower values than KNPs. This indicates that KCNPs form a 
more densely packed oil-water interface, with greater dissipation energy 
driven by surface density changes.

Overall, in the non-linear viscoelastic (NLVE) regime, Eτ1L and Udτ2 
are significantly larger than Eτ4L and Udτ3 for all interfaces formed by 
nanoparticles, suggesting contributions of interfacial network changes 
dominate the nonlinear behavior of these nanoparticles at oil-water 

Fig. 5. Decomposed dilatational moduli of nanoparticle-stabilized oil-water interfaces. Modulus of τ1 (Eτ1L) (A) and τ4 (Eτ4) (B), dissipated energy of τ2 (Udτ2) (C) 
and τ3 (Udτ3) (D) and vertical shift (γs) (E) of interfaces stabilized by kafirin nanoparticles (KNPs), KNPs with curcumin dispersed in MCT oil (KNPs-cur) and 
curcumin-loaded KNPs (KCNPs), as a function of deformation amplitude after stress decomposition, performed at a fixed frequency of 0.02 Hz.
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interfaces. KCNPs have the highest Eτ1L value and Udτ2 even in this 
regime, suggesting the formation of stiffest interface with strongest in- 
plane interactions that dissipated most energy due to network disrup
tion. The KCNPs-stabilized interface displays higher negative Eτ4 and γs 
values, which may indicate the formation of denser interface that is 
more resistant to surface density changes. All implies the encapsulation 
of curcumin in the nanoparticles has a significant effect on the interfa
cial properties of the oil-water interface, and results in a denser and 
stiffer structure. In contrast, curcumin dispersed in the oil phase dem
onstrates an opposite effect.

The contact angle of KNPs at the O/W interface is 108.6 ± 2.3◦, as 
previously reported (Ye et al., 2025), indicating that KNPs tend to reside 
predominantly in the oil phase and interact strongly with it. The oil 
molecules can act as a plasticizer (Bergfreund et al., 2021; Ye et al., 
2025). This leads to weaker in-plane interactions among the particles 
and results in the formation of a weaker interface, compared to the film 
they form at air-water interfaces. When curcumin was encapsulated in 
the nanoparticles, the surface hydrophobicity slightly decreases, and the 
contact angle decreases to 100.55 ± 0.86◦ (Fig. S3). A possible mecha
nism is that the curcumin binds to some of the hydrophobic sites of 
kafirin, thereby reducing the exposed hydrophobicity of the 

nanoparticles. With some of the hydrophobic sites blocked, the plasti
cizing effect of the oil molecules is likely reduced. As a result, the par
ticles can form stronger in-plane particle-particle interactions, leading to 
a stiffer interface. This behavior is in line with the work of Zhou, Xin, 
et al. (2024), who reported that curcumin-zein complex demonstrated a 
slight decrease in oil-in-water contact angle compared to unloaded zein 
nanoparticles. In contrast, when curcumin was directly dispersed in the 
oil phase, the in-plane interactions between kafirin nanoparticles 
became weaker, which led to the formation of a weaker interface. This 
could be because curcumin exhibits minor adsorption at the interface 
(Fig. S4), which affects the ability of the particles to attach to the 
interface. This may affect the emulsifying properties of these nano
particles, which will be further investigated in the next section.

3.5. Pickering emulsions stabilized by nanoparticles

Pickering emulsions stabilized by these nanoparticles were fabri
cated, and their droplet size distributions are shown in Fig. 6 (D-F). All 
three Pickering emulsions demonstrate a single peak at ~20 μm, sug
gesting that the addition of the curcumin, either inside the nanoparticles 
or in the oil phase, does not obviously affect the droplet size 

Fig. 6. Morphology of nanoparticle-stabilized emulsions. Cryo-SEM images of Pickering emulsions stabilized with kafirin nanoparticles (KNPs) (A), KNPs with 
curcumin dispersed in MCT oil (KNPs-cur) (B), and curcumin-loaded KNPs (KCNPs) (C). Droplet size distributions of the corresponding emulsions prepared with these 
nanoparticles before and after blending treatment at homogenization speed of 10,000 rpm (D–F).
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distributions. The observed droplet size is smaller than that reported 
previously (Xiao et al., 2016), which may be attributed to differences in 
oil type (MCT compared with plant oils) and other preparation param
eters (Tsabet & Fradette, 2015). To evaluate dynamic stability, these 
emulsions were subjected to a high-speed blender at 10000 rpm—lower 
than the speed used during preparation—and the volume-based droplet 
size distributions reflect their resistance to flow-induced changes. The 
emulsion stability was indicated by the volume percentage of the new 
peaks which appeared in the droplet size distributions. After treatment, 
all emulsions exhibit an increase in droplet size, in which 
KCNPs-stabilized emulsion showing the smallest volume change (13.74 
%), suggesting better dynamic stability compared to KNPs (23.4 %) and 
KNPs-cur (20.01 %).

Cryo-SEM was used to visualize the oil-water interfaces of individual 
droplets, as shown in Fig. 6 (A-C). The surface of the oil droplets is 
covered by nanoparticles, confirming the formation of oil-water Pick
ering emulsions. Nanoparticles are observed on the droplet surface, as 
indicated in the zoomed-in images, providing structural basis for their 
resistance to coalescence during blending treatment and storage. Xiao 
et al. also used this technique to observe the interfacial structure formed 
by kafirin nanoparticles. Their results showed that kafirin particles an
chor at the droplet surfaces (Xiao et al., 2016), which is consistent with 
our observations. The storage stability of these nanoparticles-stabilized 
emulsions was determined by droplet size measurement. In Fig. S5, the 
mean droplet size (D4,3) increased in all emulsions after 7 days of stor
age, but remained stable thereafter until the end of the storage period. 
Among them, the KCNPs-stabilized emulsion demonstrates less variation 
in droplet size compared to the other systems throughout the entire 
storage period.

3.6. SAXS

In order to better understand the stabilization mechanisms of these 
emulsions, we conducted SAXS measurements on both the nanoparticles 
dispersions and the corresponding nanoparticle-stabilized emulsions. In 
SAXS curves, a high Q-value represents small structures, whereas a low 
Q-value corresponds to large structures. The size D of each feature, such 
as a peak or shoulder, can be estimated using equation D = 2π/Qmax. 
Both scattering data in Fig. 7A exhibit characteristic nanoparticle scat
tering behavior, I ~ Q− 4. The KNPs dispersion displays a smooth 
monotonic decay consistent with polydisperse particle distributions, 
where the signal clearly plateaus in the low-Q region. In contrast, the 
KCNPs profile maintains a finite slope at the minimal detectable Q- 
range, indicating minor populations of larger aggregates. Although 
KCNPs appear more prone to aggregation than KNPs, this was not 
resolved by DLS measurements (Fig. 1A). These datasets were fitted to a 
single level Beaucage model (Beaucage, 1996), implemented in SasView 
5 (https://www.sasview.org). Fitted radius of gyration (Rg) values were 

comparable between the nanoparticles, with KNPs exhibiting an Rg of 
19.4 nm and KCNPs of 20.3 nm (fits shown in Fig. S6). To elucidate 
particle morphology, a prolate ellipsoid model with polydispersity 
(~0.5) was also fitted to the data. The fits suggest both particle types to 
have polar-to-equatorial axial ratios of 2–3, suggesting both nano
particle types adopt similar prolate ellipsoidal morphologies. The high 
polydispersity makes it difficult to obtain precise structural parameters; 
thus, the fits to the ellipsoidal model are interpreted as indicative only.

The emulsion scattering profiles (Fig. 7B) were fitted to a two-level 
Beaucage model. The Rg associated with Level 1 (emulsion droplet di
mensions) exceeds the measurable Q-range, while Level 2 corresponds 
to nanoparticles, similar to the scattering patterns of the particle dis
persions without oil. In general, the scattering patterns of the two 
emulsion types are very similar. Level 2 Rg values decrease slightly 
relative to dispersions—9.7 nm for KNPs-stabilized and 10.5 nm for 
KCNPs-stabilized emulsions—suggesting interfacial particle reorgani
zation. For the low-Q regime, the power-law decay reflects the interface 
smoothness: a power law decay of − 2 indicates that the particles form a 
perfectly flat interface, whereas exponents larger than 2 indicate 
increasing surface roughness. The power law decay exponents (the level 
1 power law at small Q) are 2.54 for the emulsion stabilized with KNPs 
and 2.65 for that stabilized with KCNPs, suggesting that both interfaces 
are somewhat rough, with KCNPs forming a slightly rougher interface 
than KNPs. This SAXS interpretation is consistent with the Cryo-SEM 
observations (Fig. 6C), which also show more heterogeneous particle 
packing at KCNPs-stabilized interfaces.

All emulsions show a distinct high-Q peak (Fig. 8A) attributed to 
molecular ordering of medium-chain triglyceride (MCT) fatty acid 
chains. The peak intensity follows the order: KNPs-stabilized emulsion 
> KCNPs-stabilized emulsion > pure MCT oil. This demonstrates that 
KNPs induce substantial local alignment of MCT molecules. Conversely, 
the rougher interfaces formed by KCNPs and their reduced oil affinity 
disrupt this local ordering and produce scattering patterns that more 
closely resemble those of bulk MCT oil. To further explore this, we 
compared the scattering of MCT oil with and without curcumin dis
solved in it (Fig. S7). The results showed changes only in the low-Q 
range, not in the high-Q range, confirming that the differences in oil 
ordering are not caused by curcumin dissolution in the oil. Therefore, 
they must result from the interaction between the MCT oil and the 
nanoparticles.

The schematic alignment of triglycerides is illustrated in Fig. 8B-D. 
When KNPs are used as an emulsifier, they exhibit strong interactions 
with MCT molecules, causing a measurable local alignment of MCT 
molecules. These interactions lead to weaker interactions between the 
particles themselves, resulting in the formation of a weaker oil-water 
interface and a less stable emulsion. KCNPs evidently interact less 
with MCT molecules, and consequently KCNPs can sustain stronger in- 
plane particle-particle interactions and form a stiffer and more densely 

Fig. 7. Small-angle X-ray scattering (SAXS) patterns of (A) kafirin nanoparticles (KNPs) and curcumin-loaded KNPs (KCNPs), and (B) emulsions stabilized by these 
nanoparticles.
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packed oil-water interface, which contributes to the improved dynamic 
and storage stability of the emulsion. These possible mechanisms high
light the connection between the interfacial properties of these nano
particles and their emulsifying behavior.

Our experiments used water-insoluble curcumin as a model bioactive 
compound, and the findings can also be extended to other bioactives, 
such as β-carotene and various polyphenols. Because kafirin is struc
turally similar to zein and exhibits comparable self-assembly behavior, 
the insights obtained here are also relevant to other prolamin nano
particles. Therefore, our results provide a theoretical basis for designing 
protein-based delivery systems beyond kafirin alone. In addition, 
formulation parameters such as particle size, surface hydrophobicity 
and bioactive loading of nanoparticles can be tailored to modulate 
interfacial properties, which in turn may enhance emulsion stability and 
help preserve sensitive bioactives in food and pharmaceutical systems.

4. Conclusions

In this study, we investigated the effect of curcumin distribution on 
the oil-water interface formed by kafirin nanoparticles using interfacial 
dilatational rheology. We aimed to understand how these particles 
adsorb at interfaces and respond to small and large deformations. Cur
cumin encapsulation had minimal influence on the particle size distri
bution and zeta-potential, resulting in a negligible effect on the 
interfacial adsorption behavior. However, the distribution of curcumin 
markedly influenced particle-particle interactions at interfaces, which 
affects the nonlinear behavior. Contributions from interfacial network 
interactions play a more dominant role in the nonlinear behavior of all 
three types of nanoparticles-stabilized interfaces, compared with surface 
density changes. Curcumin encapsulated in the nanoparticles improved 
interfacial stiffness, likely due to the formation of a more densely packed 
interface that is more resistant to network and density changes. This, in 
turn, enhanced the dynamic and storage stability of the corresponding 
emulsion. In contrast, curcumin dispersed in the oil phase led to a 
weaker interface than that formed by kafirin nanoparticles. These dif
ferences in curcumin distribution also altered the local ordering of the 

MCT molecules and affected the degree to which MCT molecules plas
ticize the particle network, further influencing the interfacial and 
emulsifying properties of these nanoparticles. Overall, these findings 
provide useful information on the effect of bioactives on the interfacial 
behavior of nanoparticles and contribute to the development of func
tional Pickering emulsions. Future studies could explore how these 
interfacial differences influence curcumin bioaccessibility during 
digestion.
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Fig. 8. Kafirin nanoparticles (KNPs) and curcumin-loaded KNPs (KCNPs) cause partial alignment of triglycerides. High Q-region small-angle X-ray scattering patterns 
of medium-chain triglycerides (MCT) and emulsions stabilized by KNPs and KCNPs, showing the alignment of the fatty acid chains. The scattering pattern of bulk 
MCT oil was rescaled to match the oil fraction (20 wt%) in the emulsions (A). Schematic illustrations of alignment of triglycerides in bulk MCT oil (B), in the vicinity 
of a KNPs-stabilized interface (C), and in the vicinity of a KCNPs-stabilized interface (D).
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