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Abstract: The aim of the study was to investigate the effects of whey protein isolate (WPI) fibrils
entanglement on the stability and loading capacity of WPI fibrils-stabilized Pickering emulsion.
The results of rheology and small-angle X-ray scattering (SAXS) showed the overlap concentration
(C*) of WPI fibrils was around 0.5 wt.%. When the concentration was higher than C*, the fibrils
became compact and entangled in solution due to a small cross-sectional radius of gyration value
(1.18 nm). The interfacial behavior was evaluated by interfacial adsorption and confocal laser
scanning microscopy (CLSM). As the fibril concentration increased from 0.1 wt.% to 1.25 wt.%,
faster adsorption kinetics (from 0.13 to 0.21) and lower interfacial tension (from 11.85 mN/m to
10.34 mN/m) were achieved. CLSM results showed that WPI fibrils can effectively absorb on the
surface of oil droplets. Finally, the microstructure and in vitro lipolysis were used to evaluate the
effect of fibrils entanglement on the stability of emulsion and bioaccessibility of nobiletin. At C*
concentration, WPI fibrils-stabilized Pickering emulsions exhibited excellent long-term stability and
were also stable at various pHs (2.0–7.0) and ionic strengths (0–200 mM). WPI fibrils-stabilized
Pickering emulsions after loading nobiletin remained stable, and in vitro digestion showed that
these Pickering emulsions could significantly improve the extent of lipolysis (from 36% to 49%) and
nobiletin bioaccessibility (21.9% to 62.5%). This study could provide new insight into the fabrication
of food-grade Pickering emulsion with good nutraceutical protection.

Keywords: whey protein isolate; Pickering emulsion; fibrils; interfacial structure; overlap concentration;
bioaccessibility; nobiletin

1. Introduction

Pickering emulsions have been widely applied in foods, pharmaceuticals, and cos-
metics due to their outstanding characteristics, such as extraordinary stability, controlled
release of components, and targeted nutraceutical delivery [1–3]. The formation and sta-
bility mechanisms of Pickering emulsions are affected by some factors, such as particle
concentration, oil fraction, pH, ionic strength, and temperature [4–6].

The particle concentration is one of the most important and easily adjusted factors
during Pickering emulsion formation [7]. In general, droplet size decreases with increasing
particle concentration (at a fixed oil-to-water ratio) until it reaches a plateau level. This effect
is attributed to two factors: (1) more particles are available to cover the oil droplet surfaces
with concentration increasing; (2) sufficient particles cover all the oil droplet surfaces
against re-coalescence [8]. The droplet sizes of emulsion also play an important role
in emulsion stability due to the lower interfacial layer caused by large droplet sizes [9].
Feng et al. reported that the apparent viscosity and modulus, and stability of food-grade
gelatin nanoparticle–stabilized Pickering emulsions were improved by increasing the
nanoparticle concentration [7]. Gao et al. found that Pickering emulsions stabilized
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by protein fibrils showed excellent physical stability at appropriate fibril concentrations
(0.5–2.0%), while excessive fibril concentrations (≥2.5%) resulted in larger emulsion droplet
size [10]. This is attributed to the accumulation and aggregation of excess particles in the
bulk phase. The aggregation not only increases the particle size but also forms a network on
the surface of emulsion droplets or a gel-like structure in the continuous phase. When the
particle concentration of pea protein isolate (PPI) nanoparticles is larger than 2 g/100 mL,
the gel-like whole emulsion without creaming is obtained [11,12]. In addition, particle
concentration plays a key role in the dynamic adsorption at the oil–water interface, which
can further affect the properties of Pickering emulsions and their applications [13]. It was
reported that the diffusion at the interface is a concentration-dependent process, and the
emulsification performance of the nanoparticles and the stability of the corresponding
emulsions were improved at high concentrations (>0.5%, w/v) [14]. Although the effect
of particle concentration on Pickering emulsions has attracted much attention in recent
years, few works have focused on fibril, especially if the fibril concentration is higher than
overlap concentration (C*) in solutions.

Whey protein isolate (WPI), a byproduct of the cheese-making process, comprises pro-
teins such as β-lactoglobulin, α-lactalbumin, and bovine serum albumin [15,16]. WPI could
form fibrils through heat processing at acidic pH and low ionic strength [17,18]. These fibrils
are usually a few nanometers in diameter but up to several micrometers in length, and the
phase behavior in solution is similar to that of polymers. The critical overlap concentration
(C*) is the intermediate state of the polymer between the dilute solution and the semi-
concentrated solution. When the polymer concentration is lower than C*, the molecules
move freely in the solution, while if the polymer concentration is higher than C*, molecules
begin to interact and entangle [19]. In applications, WPI fibrils are potential emulsifiers and
have been used to deliver lipophilic ingredients [20–22]. The effect of the C* of WPI fibrils
on the oil-water interfacial behavior, stability of emulsions, and delivery efficiency has not
been confirmed.

Nobiletin, a poly-methoxylated flavone (PMF) isolated from the peels of various citrus
fruits, is a model for lipophilic ingredients [23,24]. It has lots of potential health benefits,
but the poor water solubility (~0.9 µM in the aqueous phase) and low bioaccessibility limit
nobiletin applications in the food industry [24,25]. This work aims to study the influence of
concentration on the structural and interfacial properties of WPI fibrils. Then, Pickering
emulsions stabilized by WPI fibrils were prepared to evaluate the in vitro bioaccessibility of
nobiletin and to understand the relationship between interfacial structure and performance
of WPI fibril-stabilized Pickering emulsions in delivering lipophilic nutraceuticals.

2. Materials and Methods
2.1. Materials

Whey protein isolate (WPI, Hilmar™ 9020) (protein content of 89.5%) was purchased
from Hilmar Company (Hilmar Cheese, CA, USA). Soybean oil was supplied by Yihai
Kerry Arawana Oils and Grains Industries Ltd. (Shanghai, China). Nobiletin (HPLC purity
98%) was obtained from Sichuan Weikeqi Biological Technology, Co., (Chengdu, China).
Pancreatin from porcine pancreas and pepsin from porcine gastric mucosa were purchased
from Sigma-Aldrich (St. Louis, MO, USA). All solutions were prepared with Millipore
water (Millipore, MA, USA). All other chemical reagents, including thioflavin T (ThT),
hydrogen chloride (HCl), and sodium hydroxide (NaOH), were analytical grade.

2.2. Preparation of WPI Fibrils

WPI fibrils were prepared according to our previous study [6]. Briefly, 2 wt.% WPI
solution was adjusted to pH 2.0 and heated at 90 ◦C for 5 h. Non-fibril peptides were
removed via dialysis with pH 2.0 water for three days. WPI fibrils were dispersed in water
at various concentrations (from 0.1 wt.% to 1.25 wt.%).
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2.3. Rheology Analysis

The viscosity of WPI fibrils was measured by a rheometer (Malvern Panalytical Lim-
ited, Malvern, England, UK) using a 60 mm cone and plate, with a shear rate ranging
from 0.01 to 1000 s−1. All samples were measured at 25 ◦C. The obtained viscosity, as a
function of shear rate data, was fitted to Cross models (Equation (1)) to obtain the relevant
parameters [26]. The shape and curvature of a flow curve can be described through this
model and the behavior at unmeasured shear rates can be predicted as well.

η − η∞

η0 − η∞
=

1
1 + (K

.
γ)m (1)

where η0 is the zero-shear viscosity; η∞ is the infinite shear viscosity; K is the cross constant,
which is indicative of the onset of shear-thinning;

.
γ is the shear rate or strain rate; and m is

the shear thinning index, which ranges from 0 (Newtonian) to 1 (infinitely shear thinning).

2.4. SAXS Analysis

The samples were prepared with a series of WPI fibril concentrations (0.1, 0.25, 0.5, 1.0,
1.25 wt.%). A detector located 2631 mm from the sample was set to collect the scattering
intensity, and the wavelength of X-ray radiation was 1.033 Å. The final scattering data were
obtained by averaging 20 curves, with the scattering vector Q ranging from 1.0 × 10−2 to
4.1 × 10−1 Å−1.

2.5. Dilatational Interfacial Rheology

The change in the interface tension (mNm−1) at the oil–water interface with adsorption
time (t) was measured by droplet shape analysis (DSA30S, KRUSS, Hamburg, Germany).
The WPI fibril solution was collected in a syringe with a diameter of 1.8 mm. The needle
tip was immersed in a rectangular glass tank filled with soybean oil. The interfacial tension
value was recorded at 1 frame/s for the first 1 h and 0.1 frame/min thereafter, and the value
was monitored continuously for 10,800 s. All measurements were performed at 25 ◦C.

2.6. Preparation of WPI Fibril-Stabilized Pickering Emulsion with and without Nobiletin
2.6.1. Preparation of Pickering Emulsions Stabilized by WPI Fibrils

Samples were mixed with different WPI fibril concentrations (0.1–1.25 wt.%) and a
constant oil phase volume (ϕ = 50%). The samples were emulsified using a high-speed
homogenizer at 10,000 rpm for 3 min (Ultra Turrax, T18 digital, IKA, Staufen, Germany).

2.6.2. Preparation of Nobiletin-Loaded Pickering Emulsions Stabilized by WPI Fibrils

Nobiletin was dissolved in soybean oil by heating (100 ◦C for 1 h) in an oil bath to a
final concentration of 0.5 wt.%. The nobiletin-loaded Pickering emulsion was prepared as
described above.

2.7. Characterization of WPI Fibril-Stabilized Pickering Emulsion
Confocal Laser Scanning Microscopy

Confocal laser scanning microscopy (FV1200, Olympus, Tokyo, Japan) was performed
to confirm the formation of Pickering emulsions. Prior to confocal laser scanning mi-
croscopy analysis, samples were dyed by ThT. Images were obtained using a 20× magnifi-
cation lens at an excitation wavelength of 488 nm. ImageJ software was used to estimate
the mean droplet diameters.

2.8. Optical Microscopy

The microstructure images of the Pickering emulsion stabilized by WPI fibrils were
obtained using an optical microscope (CX40, Sunny Optical Technology Co., Ltd., Yuyao,
China) equipped with a camera. Thirty microliters of Pickering emulsion were deposited
on the glass slide and covered with a coverslip. All samples were measured with a
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magnification of 20× at room temperature. Nobiletin-loaded Pickering emulsions were
characterized using the same method described for the unloaded Pickering emulsions.

2.9. Physicochemical Stability of WPI Fibril- Stabilized Pickering Emulsions
2.9.1. Effect of pH

Freshly prepared samples of Pickering emulsions were diluted 10 times using de-
ionized water, and the pH was adjusted to pH 2.0, 3.0, 4.0, 5.0, 6.0, and 7.0, respectively,
with 0.1 M NaOH solutions.

2.9.2. Effect of Ionic Strength

Freshly prepared samples of Pickering emulsions were diluted 10 times using 0 mM
to 200 mM NaCl solutions.

2.9.3. Effect of Storage Time

After the preparation of emulsions, the freshly prepared sample emulsions were
stored at room temperature. The microstructure of the emulsions was determined at
regular storage periods (1, 7, and 28 d).

2.10. In Vitro Digestion Analysis, Free Fatty Acid Release, and Bioaccessibility of Nobiletin
2.10.1. Digestion of Pickering Emulsions Stabilized by WPI Fibrils

This study used an in vitro model consisting of oral, gastric, and intestine phases
slightly modified from Brodkorb et al. [27]. Salivary amylase was not added in the oral
digestion phase in this study. Fresh emulsions were prepared with an oil fraction of 50%
(w/w). The samples, including soybean oil and WPI fibril-stabilized Pickering emulsion
containing 0.25 g of oil, were mixed with 4 mL of simulated salivary fluid (SSF), 0.025 mL
of 0.3 M CaCl2, and 0.225 mL of pure water for 2 min. Eight milliliters of simulated
gastric fluid (SGF), 0.005 mL of 0.3 M CaCl2, 0.4 mL of 5 M HCl, and 0.448 mL of pure
water were added to oral digestive juice successively, and freshly dissolved pepsin was
added to achieve enzyme activity of 2000 U/mL and to initiate the gastric digestion
process. Subsequently, the reaction mixture was incubated under continuous stirring in
a temperature-controlled oil bath (37.0 ± 0.1 ◦C) for 2 h. Eight milliliters of simulated
intestinal fluid (SIF), 0.04 mL of 0.3 M CaCl2, 10 mM bile salt, and 3.16 mL of pure water
were added to the gastric digesta, and the pH was adjusted to 7.0 with the addition of
NaOH. Pancreatin was added to gastric digesta to obtain an enzyme activity of 100 U/mL
to start intestinal digestion. The mixture was incubated under continuous agitation in an
oil bath (37.0 ± 0.1 ◦C) for 2 h, and 0.1 M NaOH was added manually to maintain the pH at
7.0 during lipolysis. The volume of added NaOH solution was recorded over time during
the intestinal digestion. Lipolysis in samples was characterized by the release of free fatty
acids (FFA). The fraction of FFA released was calculated as follows:

%FFA = 100 ×
Mlipid × VNaOH × mNaOH

Wlipid × 2
(2)

where Mlipid is the molecular mass of the triacylglycerol oil (in g/mol); VNaOH is the
volume of NaOH solution used to neutralize the released FFA (in L); mNaOH is the molarity
of NaOH solution (in mol/L); and Wlipid is the total mass of the initial triacylglycerol oil.
The molecular mass of soybean oil was 876.56 g/mol.

2.10.2. High-Performance Liquid Chromatography (HPLC) Analysis of Nobiletin

The digests were collected after gastrointestinal digestion and centrifuged at 10,000×
g for 40 min. The clear micelle phase was collected, and the nobiletin content in the micelle
phase was determined by an UltiMate 3000 HPLC system (Dionex, Sunnyvale, CA, USA),
with a SunFire C18 column (150 mm × 4.6 mm, 5 µm). The HPLC mobile phase consisted
of (A) acetonitrile and (B) water. The elution conditions were as follows: 45% (A) and
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55% (B), and the running time was 15 min. The detection wavelength was 333 nm, and the
concentration of nobiletin was determined using a standard curve of nobiletin.

2.10.3. Determination of Nobiletin Bioaccessibility

After HPLC quantification of nobiletin in the micelle phase, nobiletin bioaccessibility
was determined by the following equation [28]:

bioaccessibility =
nobiletin content in the micelle phase

total nobiletin content in the formulations
× 100% (3)

2.11. Statistical Analysis

Each experiment was conducted in triplicate. All statistical analyses were performed
using OriginPro 9.0. Duncan’s test of SPSS Statistics 26 was used, and significance was set
at p < 0.05.

3. Results and Discussion
3.1. Rheology

In polymer solution, there are three regimes: dilute, semi-dilute, and concentrated.
The transition from the dilute to the semi-dilute regime depends on the concentration of the
polymer solution, and entanglement occurs at concentrations above the overlap threshold
(C*) [29]. The C* can be determined by measuring the concentration at which the viscosity
of the polymer solution increases suddenly. Nanofibrils are, to some extent, similar to
polymers, which have a few nanometers in diameter but up to several micrometers in length.
As shown in Figure 1A, the viscosity of WPI fibril solutions at the same concentration
decreased with increasing shear rates, indicating that all samples showed shear-thinning
behavior, a type of non-Newtonian behavior. At the same shear rates, the viscosity of WPI
fibrils increased with increasing WPI fibril concentration, which was attributed to molecule
chain entanglement [26]. There was more entanglement among protein molecules as the
WPI fibril concentration increased. In addition, at low enough shear rates, shear-thinning
samples showed a constant viscosity, which was defined as the zero-shear viscosity (η0).
Therefore, to further understand the steady flow behavior of WPI fibrils, the Cross model
was applied in Figure 1B. At low concentrations (0.1–0.25 wt.%), the η0 of the WPI fibrils
did not change significantly, indicating that the WPI fibrils were flexible and moved freely
in the solution. As the concentration increased to 0.5 wt.%, the η0 increased abruptly,
which indicated that it was a critical overlap concentration (C*) [26]. At this concentration,
WPI fibrils were closer to each other, and entanglement occurred between the WPI fibrils.
As the concentration increased further, the density of entanglement between the WPI fibrils
increased, which led to an increase in the viscosity of the WPI fibrils.

3.2. SAXS

Small-angle X-ray scattering (SAXS) is a powerful method that probes the structure
of biomolecules at the nanoscale [30]. Figure 2A shows the scattering intensity profiles
of WPI fibrils at various concentrations. In a previous study, β-Lg fibrils exhibited a
rigid rod-like structure at low concentrations (0.2 and 0.3 wt.%) since the slope of the
low Q region of the scattering profiles was −1 [6]. Guinier analysis is a straightforward
approach to determining the cross-sectional radius of gyration (Rc), and the shape of the
primary nanostructure is calculated via Guinier fitting in the Q range of 0.03–0.05 Å [31].
Guinier plots of WPI fibrils are presented in Figure 2B. The Rc of WPI fibrils from 0.1 wt.%
to 1.25 wt.% was 11.45 Å, 15.55 Å, 13.75 Å, 12.57 Å, and 11.84 Å, respectively. The value of Rc
increased when WPI fibril concentration increased, and it decreased after the concentration
exceeded 0.5 wt.%, which suggested that there were two distinct, concentration-dependent
scaling regions in the Rc of WPI fibril solutions. These regions are analogous to the
threshold between dilute and semi-dilute regions in WPI fibrils dissolved in isolated form.
Moreover, there was hardly any intermolecular interaction when the concentration of
WPI fibrils was lower than 0.5 wt.%. Above 0.5 wt.%, the fibril size decreased upon the
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increase in fibril concentration, which may be due to intermolecular interpenetration [32].
The threshold concentration between the two distinct scaling regions was very close to the
C* of the WPI fibril solution.
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3.3. Interfacial Adsorption Behavior

To evaluate the role of the WPI fibril concentration in the formation dynamics of the
films at the oil–water interface, the interfacial adsorption behavior of the WPI fibrils in
relation to concentration was investigated. Figure 3A shows the time evolution of interfacial
tension for the WPI fibrils (0.1–1.25 wt.%) at the oil–water interface. Initially, the interfa-
cial tension values of WPI fibrils with concentrations of 0.1–1.25 wt.% were 15.96 mN/m,
15.36 mN/m, 15.08 mN/m, 13.98 mN/m, and 13.47 mN/m, respectively. This suggested
that a significant reduction in interfacial tension occurred when the concentration was
higher than C*. The interfacial tension values of WPI fibrils rapidly decreased with adsorp-
tion time and exhibited a notable dependence on fibril concentration, which suggests a
high concentration could positively promote the adsorption process [33]. The diffusion
rate was used to explain the migration of proteins from the bulk phase to the oil–water
interface [34]. Kdiff is an estimation of the rate of initial diffusion-controlled migration, and
it was dependent on the concentration in the bulk phase [35]. The diffusion of fibrils from
the bulk phase to the interface occurred at relatively short adsorption times (up to about
47.8 s) [35], and gradually reached equilibrium [36]. Figure 3B shows that the Kdiff values
increased with increasing WPI fibril concentration. Thus, the rate of WPI adsorption was
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faster at higher concentrations. This suggests the concentration gradient is the driving
force for the diffusion of WPI fibrils, which was supported by the previous results for whey
protein isolate at the oil–water interfaces [35]. Liu et al. studied the diffusion of soy glycinin
when the particle concentration was low (0.01 wt.%). While diffusion-controlled adsorption
occurred at a high concentration (>0.5 wt.%) during the initial periods of adsorption, it can
be inferred that diffusion is related to the C* [14].

Foods 2022, 11, x FOR PEER REVIEW 7 of 13 
 

 

3.3. Interfacial Adsorption Behavior 
To evaluate the role of the WPI fibril concentration in the formation dynamics of the 

films at the oil–water interface, the interfacial adsorption behavior of the WPI fibrils in 
relation to concentration was investigated. Figure 3A shows the time evolution of interfa-
cial tension for the WPI fibrils (0.1 wt.%–1.25 wt.%) at the oil–water interface. Initially, the 
interfacial tension values of WPI fibrils with concentrations of 0.1 wt.%–1.25 wt.% were 
15.96 mN/m, 15.36 mN/m, 15.08 mN/m, 13.98 mN/m, and 13.47 mN/m, respectively. This 
suggested that a significant reduction in interfacial tension occurred when the concentra-
tion was higher than C*. The interfacial tension values of WPI fibrils rapidly decreased 
with adsorption time and exhibited a notable dependence on fibril concentration, which 
suggests a high concentration could positively promote the adsorption process [33]. The 
diffusion rate was used to explain the migration of proteins from the bulk phase to the 
oil–water interface [34]. Kdiff is an estimation of the rate of initial diffusion-controlled mi-
gration, and it was dependent on the concentration in the bulk phase [35]. The diffusion 
of fibrils from the bulk phase to the interface occurred at relatively short adsorption times 
(up to about 47.8 s) [35], and gradually reached equilibrium [36]. Figure 3B shows that the 
Kdiff values increased with increasing WPI fibril concentration. Thus, the rate of WPI ad-
sorption was faster at higher concentrations. This suggests the concentration gradient is 
the driving force for the diffusion of WPI fibrils, which was supported by the previous 
results for whey protein isolate at the oil–water interfaces [35]. Liu et al. studied the dif-
fusion of soy glycinin when the particle concentration was low (0.01 wt.%). While diffu-
sion-controlled adsorption occurred at a high concentration (>0.5 wt.%) during the initial 
periods of adsorption, it can be inferred that diffusion is related to the C* [14]. 

 
Figure 3. Interfacial behavior of WPI fibrils at the oil/water interface. (A) Time evolution of the in-
terfacial tension (γ) for WPI fibrils (0.1 wt.%–1.25 wt.%) at pH 2.0 and (B) dynamic interfacial tension 
vs square root of time. 

3.4. Characterization of WPI Fibril-Stabilized Emulsions 
The visual observation of freshly prepared Pickering emulsions at different concen-

trations is shown in Figure 4A. The WPI fibrils with various concentrations stabilized the 
Pickering emulsions and exhibited obvious creaming. The droplet sizes of the emulsions 
stabilized by WPI fibrils, with a fixed oil-phase fraction of 0.5, are presented in Figure 4B. 
The droplet size decreased with increasing WPI fibril concentration (from 0.1 wt.% to 0.5 
wt.%), and the average droplet size remained relatively constant when the WPI fibril con-
centration increased from 0.5 wt.% to 1.25 wt.%. This suggested that there was a minimal 
concentration (0.5 wt.%) for the formation of homogenous WPI fibril-stabilized Pickering 
emulsions. CLSM was used to observe the morphology and interface properties of Pick-
ering emulsions. The CLSM images of WPI-stabilized Pickering emulsions, with different 
concentrations and a fixed oil-phase fraction of 0.5, are shown in Figure 4C. WPI fibrils 

Figure 3. Interfacial behavior of WPI fibrils at the oil/water interface. (A) Time evolution of the
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square root of time.

3.4. Characterization of WPI Fibril-Stabilized Emulsions

The visual observation of freshly prepared Pickering emulsions at different concen-
trations is shown in Figure 4A. The WPI fibrils with various concentrations stabilized the
Pickering emulsions and exhibited obvious creaming. The droplet sizes of the emulsions
stabilized by WPI fibrils, with a fixed oil-phase fraction of 0.5, are presented in Figure 4B.
The droplet size decreased with increasing WPI fibril concentration (from 0.1 wt.% to
0.5 wt.%), and the average droplet size remained relatively constant when the WPI fib-
ril concentration increased from 0.5 wt.% to 1.25 wt.%. This suggested that there was a
minimal concentration (0.5 wt.%) for the formation of homogenous WPI fibril-stabilized
Pickering emulsions. CLSM was used to observe the morphology and interface proper-
ties of Pickering emulsions. The CLSM images of WPI-stabilized Pickering emulsions,
with different concentrations and a fixed oil-phase fraction of 0.5, are shown in Figure 4C.
WPI fibrils were labeled with ThT, which can only bind with fibrillar structures, and bright
green fluorescence was observed at various concentrations, indicating all WPI fibrils were
able to absorb at the oil–water interface [35]. In addition, when the concentration was low
(<0.5 wt.%), the image showed relatively large emulsion droplets, which may be due to
insufficient coverage of the surface of the emulsion droplets by WPI fibrils [10]. When the
WPI fibril concentration increased to 0.5 wt.%, the droplet size became smaller and ho-
mogenous. This suggests the surface of droplets was sufficiently covered by fibrils at high
concentrations (from 0.5 wt.% to 1.25 wt.%), and the emulsion became stable due to the
electrostatic or/and steric repulsions [37]. Thus, when the WPI concentration was lower
than C*, single-molecule chains existed in isolation with a low amount of WPI fibrils. When
the WPI fibril concentration was greater than C*, the viscosity of the system increased due
to a high degree of polymer entanglement [26], which could hinder the movement and
collision of droplets.
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3.5. Physicochemical Stability of WPI Fibril-Stabilized Pickering Emulsions

Figure 5 illustrates the appearance and microstructure of the Pickering emulsion
stabilized by WPI fibrils (0.1–1.25 wt.%, v/v) at pH 2 during storage for up to 28 d. The ap-
pearance of the samples did not change significantly when the emulsions were stored for
28 d. Additionally, the droplet was still stable without aggregation when the WPI fibril
concentration was low (0.1 wt.%), suggesting that WPI fibrils are outstanding emulsifiers.
Figure 6 shows the emulsion microstructures at various pH values and ionic strengths.
No strong aggregation or droplet collapse was observed, which indicated that highly sta-
ble emulsion droplets were formed [38]. A slight increase in emulsion droplet size was
observed when the pH was closer to the isoelectric point (pI), which was possibly due to a
decrease in the electrostatic repulsion force at pH closer to the pI [39,40].
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3.6. Characterization of Nobiletin-Loaded WPI Fibrils Stabilized Pickering Emulsion

Figure 7 illustrates the visual appearance, microstructure, and average droplet size
of the Pickering emulsion stabilized by WPI fibrils (0.1–1.25 wt.%) at pH 2 after loading
0.5 wt.% nobiletin. The emulsion droplets presented structural integrity without droplet
collapse, and there was no obvious droplet coalescence. The results suggest WPI fibrils
functioned well as Pickering emulsifiers to deliver nobiletin. The average droplet size
of the Pickering emulsion decreased from 44.4 µm to 38.5 µm when the concentration of
WPI fibril increased from 0.1 wt.% to 0.5 wt.%, and the droplet size became constant at
around 39 µm, with increasing WPI fibril concentration. When the concentration of WPI
fibrils was low (0.1 wt.% and 0.25 wt.%), the amount of WPI fibrils was insufficient to
ensure particle surface coverage, and a smaller interfacial area was needed to prevent the
coalescence of droplets. To decrease the interfacial area, the droplet size must increase [41].
When increasing the concentration of WPI fibrils to 0.5 wt.%, the sufficient coverage of WPI
fibrils can facilitate the occurrence of smaller emulsion droplets with a larger surface area.
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3.7. Lipolysis and Bioaccessibility of Nobiletin in WPI Fibril-Stabilized Pickering Emulsions

Hydrophobic compounds have higher solubility in lipids and can be incorporated into
the micelle core and then absorbed through the intestinal lining when lipids are hydrolyzed
by lipase and micellized with bile salts, which can make the hydrophobic component
become bioaccessible [28]. The in vitro lipolysis model is a useful tool to evaluate the lipid
digestion kinetics and the bioaccessibility of target compounds in the delivery system [28].
During lipid digestion, pH will decrease due to the continuous release of fatty acids.
To maintain the optimum pH for enzymatic digestion, sodium hydroxide was added to the
digestion buffer [42]. In this study, the rate of lipolysis was determined by monitoring the
volume of 0.1 M sodium hydroxide solution. Figure 8A shows the total amount of FFAs
released from WPI fibril Pickering emulsion and soybean oil. During lipid digestion, all
samples were digested rapidly in the initial stage (10–30 min), which indicated that lipase
could access the emulsified lipids and catalyze the conversion of triacylglycerols into FFA
and monoacylglycerols [43]. However, there were some differences between the extent of
digestion and the digestion rates of Pickering emulsion and soybean oil. The FFA released
from Pickering emulsions stabilized by all concentrations of WPI fibrils was significantly
higher than that in soybean oil, except for a concentration of 0.1 wt.% WPI fibrils. The more
FFA released, the higher the degree of lipolysis. Since lipolysis is an interfacial process and
WPI fibril-stabilized Pickering emulsion droplets showed a larger interfacial area with a
small droplet size, the Pickering emulsion had more opportunity to come in contact with
the digestive enzymes [44]. In addition, the interface composition of the Pickering emulsion
plays an important role in lipid digestion [45]. As shown in Figure 8B, the bioaccessibility
of nobiletin in the Pickering emulsion with 0.5 wt.% WPI fibril was 62.53% ± 0.19%, which
was much higher than that in soybean oil (21.91% ± 0.10%). It suggested that the higher
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the degree of lipid digestion, the more micelles are formed, and nobiletin will enter the
micelles and be absorbed effectively.
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in vitro digestion.

The effect of WPI fibrils concentration on the interfacial structure of emulsions and
the bioaccessibility of nobiletin is depicted in a schematic diagram (Figure 9). When the
concentration is less than C*, WPI fibrils move freely in the aqueous solution and have a
high steric probability of adsorption to the oil-water interface. However, the amount of WPI
fibrils is not enough to cover the full interface, resulting in large droplet size and uneven
distribution of Pickering emulsions. When the concentration is close to C*, the oil droplets
can be effectively stabilized, and the emulsion exhibited homogenous at an appropriate
concentration necessary for full surface coverage. If continued to increase WPI fibrils, the
fibrils penetrated each other and became aggregated and entangled on the surface of oil
droplets. The flocculation or aggregates in emulsions may slow their rate of lipid digestion
because the floc or aggregates would prevent lipase molecules from reaching the lipid
droplets [46]. The in vitro bioaccessibility of nobiletin was mainly affected by the degree of
lipolysis. After the lipid is digested, nobiletin enters the micelle’s structure along with it
and is further absorbed by the small intestinal epithelial cells. When the interfacial structure
is dense (c~C*) or there are still numerous fibrils existing in the aqueous phase (c > C*),
un-adsorbed fibrils might exert a depletion effect and make Pickering emulsions have less
opportunity to come in contact with the digestive enzymes.
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4. Conclusions

In conclusion, the overlap concentration (C*) of WPI fibrils was around 0.5 wt.%.
The interfacial absorption ability was improved with the concentration increasing. WPI fib-
rils at various concentrations can effectively stabilize Pickering emulsion and showed
a long-term stability at room temperature. At C* of WPI fibrils, the droplet size of the
Pickering emulsion became homogenous, and the emulsion was stable at various pHs
and ionic strengths. WPI fibrils stabilized Pickering emulsion could significantly improve
the degree of lipolysis and the bioaccessibility of nobiletin, especially at C* of WPI fibrils,
indicating that the entanglement of WPI fibrils was an important parameter for designing
food-grade Pickering emulsions. It also provides an important insight for broadening the
applications of hydrophobic nutraceuticals.

Author Contributions: Conceptualization, F.J. and C.C.; methodology, X.W. and W.H.; software,
X.W.; formal analysis, W.H.; resources, Q.H.; writing—original draft preparation, F.J.; writing—review
and editing, W.J.; supervision, Q.H.; project administration, W.J. and Q.H.; funding acquisition, W.J.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by National Natural Science Foundation of China, grant number
No. 32072152. The APC was funded by Wuhan Polytechnic University ESI Team Building.

Acknowledgments: We thank Yunqi Li and Ce Shi for their assistance during the SAXS experiments,
and gratefully acknowledge Qingyun Lv for assistance with HPLC experiments.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Wei, Z.; Cheng, Y.; Zhu, J.; Huang, Q. Genipin-crosslinked ovotransferrin particle-stabilized Pickering emulsions as delivery

vehicles for hesperidin. Food Hydrocoll. 2019, 94, 561–573. [CrossRef]
2. Su, J.; Guo, Q.; Chen, Y.; Dong, W.; Mao, L.; Gao, Y.; Yuan, F. Characterization, and formation mechanism of lutein Pickering

emulsion gels stabilized by β-lactoglobulin-gum arabic composite colloidal nanoparticles. Food Hydrocoll. 2020, 98, 105276.
[CrossRef]

3. Yan, X.; Ma, C.; Cui, F.; McClements, D.J.; Liu, X.; Liu, F. Protein-stabilized Pickering emulsions: Formation, stability, properties,
and applications in foods. Trends Food Sci. Technol. 2020, 103, 293–303. [CrossRef]

4. Yang, Y.; Jiao, Q.; Wang, L. Preparation and evaluation of a novel high internal phase Pickering emulsion based on whey protein
isolate nanofibrils derived by hydrothermal method. Food Hydrocoll. 2021, 123, 107180. [CrossRef]

5. Dai, L.; Zhan, X.; Wei, Y.; Sun, C.; Mao, L.; Mcclements, D.J.; Gao, Y. Composite zein-propylene glycol alginate particles prepared
using solvent evaporation: Characterization and application as Pickering emulsion stabilizers. Food Hydrocoll. 2018, 85, 281–290.
[CrossRef]

6. Jiang, F.; Pan, Y.; Peng, D.; Huang, W.; Shen, W.; Jin, W.; Huang, Q. Tunable self-assemblies of whey protein isolate fibrils for
Pickering emulsions structure regulation. Food Hydrocoll. 2022, 124, 107264. [CrossRef]

7. Feng, X.; Dai, H.; Ma, L.; Fu, Y. Properties of Pickering emulsion stabilized by food-grade gelatin nanoparticles: Influence of the
nanoparticles concentration. Colloids Surf. B Biointerfaces 2020, 196, 111294. [CrossRef]

8. Bai, L.; Huan, S.; Gu, J.; McClements, D.J. Fabrication of oil-in-water nanoemulsions by dual-channel microfluidization using
natural emulsifiers: Saponins, phospholipids, proteins, and polysaccharides. Food Hydrocoll. 2016, 61, 703–711. [CrossRef]

9. Aziz, A.; Khan, N.M.; Ali, F.; Khan, Z.U.; Muhammad, N. Effect of protein and oil volume concentrations on emulsifying
properties of acorn protein isolate. Food Chem. 2020, 324, 126894. [CrossRef]

10. Gao, Z.; Zhao, J.; Huang, Y.; Yao, X.; Zhang, K.; Fang, Y.; Nishinari, K.; Phillips, G.O.; Jiang, F.; Yang, H. Edible Pickering emulsion
stabilized by protein fibrils. Part 1: Effects of pH and fibrils concentration. LWT-Food Sci. Technol. 2017, 76, 1–8. [CrossRef]

11. Liang, H.-N.; Tang, C.-H. Pea protein exhibits a novel Pickering stabilization for oil-in-water emulsions at pH 3.0. LWT-Food Sci.
Technol. 2014, 58, 463–469. [CrossRef]

12. Shao, Y.; Tang, C.-H. Gel-like pea protein Pickering emulsions at pH 3.0 as a potential intestine-targeted and sustained-release
delivery system for beta-carotene. Food Res. Int. 2016, 79, 64–72. [CrossRef]

13. Bttcher, S.; Keppler, J.K.; Drusch, S.J.C.; Physicochemical, S.A. Mixtures of Quillaja saponin and beta-lactoglobulin at the oil/water-
interface: Adsorption, interfacial rheology and emulsion properties. Colloids Surf. A Physicochem. Eng. Asp. 2016, 518, 46–56.
[CrossRef]

14. Liu, F.; Tang, C. Soy glycinin as food-grade Pickering stabilizers: Part. I. Structural characteristics, emulsifying properties and
adsorption/arrangement at interface. Food Hydrocoll. 2016, 60, 606–619. [CrossRef]

15. Zhao, Y.; Wang, C.; Lu, W.; Sun, C.; Fang, Y. Evolution of physicochemical and antioxidant properties of whey protein isolate
during fibrillization process. Food Chem. 2021, 357, 129751. [CrossRef] [PubMed]

http://doi.org/10.1016/j.foodhyd.2019.04.008
http://doi.org/10.1016/j.foodhyd.2019.105276
http://doi.org/10.1016/j.tifs.2020.07.005
http://doi.org/10.1016/j.foodhyd.2021.107180
http://doi.org/10.1016/j.foodhyd.2018.07.013
http://doi.org/10.1016/j.foodhyd.2021.107264
http://doi.org/10.1016/j.colsurfb.2020.111294
http://doi.org/10.1016/j.foodhyd.2016.06.035
http://doi.org/10.1016/j.foodchem.2020.126894
http://doi.org/10.1016/j.lwt.2016.10.038
http://doi.org/10.1016/j.lwt.2014.03.023
http://doi.org/10.1016/j.foodres.2015.11.025
http://doi.org/10.1016/j.colsurfa.2016.12.041
http://doi.org/10.1016/j.foodhyd.2015.04.025
http://doi.org/10.1016/j.foodchem.2021.129751
http://www.ncbi.nlm.nih.gov/pubmed/33872866


Foods 2022, 11, 1626 12 of 13

16. Bolder, S.G.; Vasbinder, A.J.; Sagis, L.M.C.; Linden, E.V.D. Heat-induced whey protein isolate fibrils: Conversion, hydrolysis, and
disulphide bond formation. Int. Dairy J. 2007, 17, 846–853. [CrossRef]

17. Loveday, S.M.; Su, J.; Rao, M.A.; Anema, S.G.; Singh, H.J.B. Effect of calcium on the morphology and functionality of whey
protein nanofibrils. Biomacromolecules 2011, 12, 3780–3788. [CrossRef]

18. Oboroceanu, D.; Wang, L.; Magner, E.; Auty, M.A.E. Fibrillization of whey proteins improves foaming capacity and foam stability
at low protein concentrations. J. Food Eng. 2014, 121, 102–111. [CrossRef]

19. Rodrigues, T.; Galindo-Rosales, F.J.; Campo-Deaño, L. Critical overlap concentration and intrinsic viscosity data of xanthan gum
aqueous solutions in dimethyl sulfoxide. Data Brief 2020, 33, 106431. [CrossRef]

20. Serfert, Y.; Lamprecht, C.; Tan, C.P.; Keppler, J.K.; Appel, E.; Rossier-Miranda, F.J.; Schroen, K.; Boom, R.M.; Gorb, S.; Selhuber-
Unkel, C.J.J. Characterisation and use of β-lactoglobulin fibrils for microencapsulation of lipophilic ingredients and oxidative
stability thereof. J. Food Eng. 2014, 143, 53–61. [CrossRef]

21. Zhang, B.; Lei, M.; Huang, W.; Liu, G.; Jin, W. Improved Storage Properties and Cellular Uptake of Casticin-Loaded Nanoemul-
sions Stabilized by Whey Protein-Lactose Conjugate. Foods 2021, 10, 1640. [CrossRef] [PubMed]

22. Peng, D.; Jin, W.; Sagis, L.M.C.; Li, B. Adsorption of microgel aggregates formed by assembly of gliadin nanoparticles and a
β-lactoglobulin fibril-peptide mixture at the air/water interface: Surface morphology and foaming behavior. Food Hydrocoll. 2022,
122, 1070399. [CrossRef]

23. Lai, C.S.; Li, S.; Chai, C.Y.; Wang, Y.J. Anti-inflammatory and antitumor promotional effects of a novel urinary metabolite,
3’,4’-didemethylnobiletin, derived from nobiletin. Carcinogenesis 2008, 29, 2415–2424. [CrossRef] [PubMed]

24. Yan, L.; Zheng, J.; Hang, X.; Mcclements, D. Nanoemulsion-based delivery systems for poorly water-soluble bioactive compounds:
Influence of formulation parameters on polymethoxyflavone crystallization. Food Hydrocoll. 2012, 27, 517–528.

25. Li, S.; Wang, H.; Guo, L.; Zhao, H.; Ho, C.T. Chemistry and bioactivity of nobiletin and its metabolites. J. Funct. Foods 2014, 6,
2–10. [CrossRef]

26. Wagoner, T.B.; Cakir-Fuller, E.; Drake, M.A.; Foegeding, E.A. Sweetness perception in protein-polysaccharide beverages is not
explained by viscosity or critical overlap concentration. Food Hydrocoll. 2019, 94, 229–237. [CrossRef]

27. Brodkorb, A.; Egger, L.; Alminger, M. INFOGEST static in vitro simulation of gastrointestinal food digestion. Nat. Protoc. 2019,
14, 991–1014. [CrossRef]

28. Ting, Y.; Jiang, Y.; Lan, Y.; Xia, C.; Lin, Z.; Rogers, M.A.; Huang, Q. Viscoelastic Emulsion Improved the Bioaccessibility and Oral
Bioavailability of Crystalline Compound: A Mechanistic Study Using in Vitro and in Vivo Models. Mol. Pharm. 2015, 12, 2229.
[CrossRef]

29. Heller, C. Capillary electrophoresis of proteins and nucleic acids in gels and entangled polymer solutions. J. Chromatogr. A 1995,
698, 19–31. [CrossRef]

30. Blanchet, C.E.; Svergun, D.I. Small-angle X-ray scattering on biological macromolecules and nanocomposites in solution. Annu.
Rev. Phys. Chem. 2013, 64, 37–54. [CrossRef]

31. Shi, C.; Li, Y. Progress on the Application of Small-angle X-ray Scattering in the Study of Protein and Protein Complexes. Acta
Polym. Sin. 2015, 8, 871–883.

32. Li, Y.; Xia, Q.; Shi, K.; Huang, Q. Scaling behaviors of α-zein in acetic acid solutions. J. Phys. Chem. B 2011, 115, 9695–9702.
[CrossRef] [PubMed]

33. Zhou, B.; Tobin, J.T.; Drusch, S.; Hogan, S.A. Dynamic adsorption and interfacial rheology of whey protein isolate at oil-water
interfaces: Effects of protein concentration, pH and heat treatment. Food Hydrocoll. 2021, 116, 106640. [CrossRef]

34. Cui, Z.; Chen, Y.; Kong, X.; Zhang, C.; Hua, Y. Emulsifying Properties and Oil/Water (O/W) Interface Adsorption Behavior of
Heated Soy Proteins: Effects of Heating Concentration, Homogenizer Rotating Speed, and Salt Addition Level. J. Agric. Food
Chem. 2014, 62, 1634–1642. [CrossRef]

35. Peng, D.; Yang, J.; Li, J.; Tang, C.; Li, B. Foams Stabilized by β-Lactoglobulin Amyloid Fibrils: Effect of pH. J. Agric. Food Chem.
2017, 65, 10658–10665. [CrossRef]

36. Silva, A.; Almeida, F.S.; Sato, A. Functional characterization of commercial plant proteins and their application on stabilization of
emulsions. J. Food Eng. 2020, 292, 110277. [CrossRef]

37. Peng, J.; Simon, J.R.; Venema, P.; van der Linden, E. Protein Fibrils Induce Emulsion Stabilization. Langmuir 2016, 32, 2164–2174.
[CrossRef]

38. Ebert, S.; Grossmann, L.; Hinrichs, J.; Weiss, J. Emulsifying properties of water-soluble proteins extracted from the microalgae
Chlorella sorokiniana and Phaeodactylum tricornutum. Food Funct. 2019, 10, 754–764. [CrossRef]

39. Wu, J.; Shi, M.; Li, W.; Zhao, L.; Wang, Z.; Yan, X.; Norde, W.; Li, Y. Pickering emulsions stabilized by whey protein nanoparticles
prepared by thermal cross-linking. Colloids Surf. B Biointerfaces 2015, 127, 96–104. [CrossRef]

40. Liu, G.; Li, W.; Qin, X.; Zhong, Q. Pickering emulsions stabilized by amphiphilic anisotropic nanofibrils of glycated whey proteins.
Food Hydrocoll. 2019, 101, 105503. [CrossRef]

41. Lv, P.; Wang, D.; Chen, Y.; Yuan, F. Pickering emulsion gels stabilized by novel complex particles of high-pressure-induced WPI
gel and chitosan: Fabrication, characterization and encapsulation. Food Hydrocoll. 2020, 108, 105992. [CrossRef]

42. Dong, Y.; Wei, Z.; Wang, Y.; Huang, Q. Oleogel-based Pickering emulsions stabilized by ovotransferrin–carboxymethyl chitosan
nanoparticles for delivery of curcumin. LWT-Food Sci. Technol. 2022, 157, 113121. [CrossRef]

http://doi.org/10.1016/j.idairyj.2006.10.002
http://doi.org/10.1021/bm201013b
http://doi.org/10.1016/j.jfoodeng.2013.08.023
http://doi.org/10.1016/j.dib.2020.106431
http://doi.org/10.1016/j.jfoodeng.2014.06.026
http://doi.org/10.3390/foods10071640
http://www.ncbi.nlm.nih.gov/pubmed/34359510
http://doi.org/10.1016/j.foodhyd.2021.107039
http://doi.org/10.1093/carcin/bgn222
http://www.ncbi.nlm.nih.gov/pubmed/18820286
http://doi.org/10.1016/j.jff.2013.12.011
http://doi.org/10.1016/j.foodhyd.2019.03.010
http://doi.org/10.1038/s41596-018-0119-1
http://doi.org/10.1021/mp5007322
http://doi.org/10.1016/0021-9673(94)01169-F
http://doi.org/10.1146/annurev-physchem-040412-110132
http://doi.org/10.1021/jp203476m
http://www.ncbi.nlm.nih.gov/pubmed/21749118
http://doi.org/10.1016/j.foodhyd.2021.106640
http://doi.org/10.1021/jf404464z
http://doi.org/10.1021/acs.jafc.7b03669
http://doi.org/10.1016/j.jfoodeng.2020.110277
http://doi.org/10.1021/acs.langmuir.5b04341
http://doi.org/10.1039/C8FO02197J
http://doi.org/10.1016/j.colsurfb.2015.01.029
http://doi.org/10.1016/j.foodhyd.2019.105503
http://doi.org/10.1016/j.foodhyd.2020.105992
http://doi.org/10.1016/j.lwt.2022.113121


Foods 2022, 11, 1626 13 of 13

43. Lesmes, U.; Baudot, P.; Mcclements, D.J. Impact of Interfacial Composition on Physical Stability and In Vitro Lipase Digestibility
of Triacylglycerol Oil Droplets Coated with Lactoferrin and/or Caseinate. J. Agric. Food Chem. 2010, 58, 7962–7969. [CrossRef]
[PubMed]

44. Xiao, J.; Li, C.; Huang, Q. Kafirin Nanoparticle-Stabilized Pickering Emulsions as Oral Delivery Vehicles: Physicochemical
Stability and in Vitro Digestion Profile. J. Agric. Food Chem. 2015, 63, 10263–10270. [CrossRef]

45. Infantes-Garcia, M.R.; Verkempinck, S.H.E.; Gonzalez-Fuentes, P.G.; Hendrickx, M.E.; Grauwet, T. Lipolysis products formation
during in vitro gastric digestion is affected by the emulsion interfacial composition. Food Hydrocoll. 2021, 110, 106163. [CrossRef]

46. Li, Y.; Mcclements, D.J. New Mathematical Model for Interpreting pH-Stat Digestion Profiles: Impact of Lipid Droplet Character-
istics on in Vitro Digestibility. J. Agric. Food Chem. 2010, 58, 8085–8092. [CrossRef]

http://doi.org/10.1021/jf100703c
http://www.ncbi.nlm.nih.gov/pubmed/20527730
http://doi.org/10.1021/acs.jafc.5b04385
http://doi.org/10.1016/j.foodhyd.2020.106163
http://doi.org/10.1021/jf101325m

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of WPI Fibrils 
	Rheology Analysis 
	SAXS Analysis 
	Dilatational Interfacial Rheology 
	Preparation of WPI Fibril-Stabilized Pickering Emulsion with and without Nobiletin 
	Preparation of Pickering Emulsions Stabilized by WPI Fibrils 
	Preparation of Nobiletin-Loaded Pickering Emulsions Stabilized by WPI Fibrils 

	Characterization of WPI Fibril-Stabilized Pickering Emulsion 
	Optical Microscopy 
	Physicochemical Stability of WPI Fibril- Stabilized Pickering Emulsions 
	Effect of pH 
	Effect of Ionic Strength 
	Effect of Storage Time 

	In Vitro Digestion Analysis, Free Fatty Acid Release, and Bioaccessibility of Nobiletin 
	Digestion of Pickering Emulsions Stabilized by WPI Fibrils 
	High-Performance Liquid Chromatography (HPLC) Analysis of Nobiletin 
	Determination of Nobiletin Bioaccessibility 

	Statistical Analysis 

	Results and Discussion 
	Rheology 
	SAXS 
	Interfacial Adsorption Behavior 
	Characterization of WPI Fibril-Stabilized Emulsions 
	Physicochemical Stability of WPI Fibril-Stabilized Pickering Emulsions 
	Characterization of Nobiletin-Loaded WPI Fibrils Stabilized Pickering Emulsion 
	Lipolysis and Bioaccessibility of Nobiletin in WPI Fibril-Stabilized Pickering Emulsions 

	Conclusions 
	References

