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A B S T R A C T

The poor functionality of seed storage proteins is the major factor limiting their practical utilization. Although 
thermal acid hydrolysis, enzymatic treatment, and ultrasonication enhance quinoa protein functionality, their 
effects are rarely compared under identical conditions. Herein, quinoa protein isolate (QPI) was extracted from 
air-classified quinoa flours without the defatting step, as this step greatly reduces extraction efficiency, and 
subsequently modified via thermal acid hydrolysis, moderate tryptic hydrolysis, and ultrasonication. The solu
bility, morphology, surface and emulsifying properties of QPI, acid-hydrolyzed QPI (AQPI), enzyme-hydrolyzed 
QPI (EQPI) and ultrasonication-modified QPI (UQPI) were evaluated to elucidate how these modifications 
influenced QPI performance as a Pickering emulsifier under identical conditions. The results showed that the 
solubility and wettability of all modified QPIs were improved. Both QPI and modified QPIs were able to form oil- 
in-water emulsions with an average droplet size of ~13 μm. The interfacial protein concentration increased 
linearly with emulsifier concentration from 0.5 to 2 % w/w, with AQPI and EQPI exhibiting higher adsorption 
capacity than QPI and UQPI, which was ascribed to a contact angle closer to 90◦ (i.e., a balanced hydrophilic- 
hydrophobic interface). Over 14 days of storage, all emulsions stabilized by QPI and modified QPIs remained 
resistant to flocculation and coalescence due to high protein adsorption, with EQPI providing the smallest droplet 
size increase (12.5 to 15.3 μm). Increasing the concentration of QPI and modified QPIs improved the creaming 
stability of all emulsions. This study demonstrates that these modification methods, particularly moderate tryptic 
hydrolysis, effectively tailored quinoa proteins for Pickering emulsions.

1. Introduction

Currently, animal-based proteins account for up to 70 % of human 
dietary protein intake [1]. However, the limiting factors such as 
resource constraints, environmental issues, health concerns, and animal 
welfare have become significant challenges facing animal-based pro
teins [2]. In recent years, plant-based proteins have been recognized as 
ideal alternative protein sources due to their sustainability, cost- 
effectiveness and easy access [3–5]. Edible quinoa seeds are a nutri
tionally complete food that can meet basic human dietary needs and are 
often referred to as a ‘super grain’ [6]. Particularly, they are rich in 

gluten-free storage proteins that provide all essential amino acids and 
exhibit high digestibility, holding significant potential as an alternative 
protein source [7–9].

Emulsions are two-phase systems generated by dispersing one liquid 
as fine droplets into another immiscible liquid. Pickering emulsions, in 
contrast to surfactant or emulsifier-stabilized systems, rely on colloidal 
particles that adsorb at the interface to form physical barriers against 
destabilization. Various types of colloidal particles, such as nano
particles, nanofibrils and nanocages, have been used as effective Pick
ering stabilizers [10–15]. Protein-based particles are considered ideal 
candidates for stabilizing Pickering emulsions because of their 
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amphiphilicity, abundant availability, and full edibility [16]. The 
Pickering emulsions can promote the oral delivery of oil-soluble nutri
ents/bioactives and facilitate the development of novel food structures 
[17,18]. In this context, identifying food-grade protein particles that can 
effectively form and stabilize emulsions warrants further study [19–21].

Quinoa proteins have relatively low aqueous solubility, a property 
common to many seed storage proteins [22,23]. They mainly exist as 
aggregates of different sizes in aqueous solutions. The protein-oil-water 
three-phase contact angle of quinoa protein isolate (QPI) is ~130.5◦, 
demonstrating that quinoa proteins display significant hydrophobicity 
on their surfaces [24]. During storage, smaller aggregates (100–200 nm) 
progressively coagulate into larger ones, resulting in kinetic instability 
[25]. With further storage, quinoa protein aggregates undergo both 
dissociation and precipitation, accompanied by a reduction of surface 
hydrophobicity [25]. This suggests that: (1) individual protein mole
cules exhibit lower surface hydrophobicity than their aggregated forms; 
(2) the surface hydrophobicity of aggregates varies significantly, leading 
to co-precipitation among aggregates with higher surface hydropho
bicity. Thus, overcoming the low aqueous solubility of seed storage 
proteins, including quinoa proteins, to enable their effective use has 
posed ongoing challenges for the food industry. Modification of quinoa 
proteins into effective Pickering emulsifier provides a strategy to address 
this challenge.

Plant-based proteins are often modified using techniques such as 
ultrasonication, enzymatic hydrolysis and thermal acid hydrolysis. 
High-intensity sonication generates high shear forces and macro
turbulence through creating bubbles and their violent collapse in liquid 
medium [26]. This acoustic cavitation induced by sonication process can 
alter physicochemical and functional properties of proteins by reducing 
the size of protein aggregates and breaking the structure of proteins 
[27–29]. A growing consensus on how ultrasonic treatment influences 
the properties of quinoa proteins has been reached, i.e., high-intensity 
ultrasonication enhances their solubility [30–32]. However, discrep
ancies in physicochemical properties, including particle size, zeta po
tential, and surface hydrophobicity, are observed among studies, largely 
due to variations in quinoa protein extraction and characterization 
methods [30–33]. Proteolytic enzymes hydrolyze proteins by targeting 
specific cleavage sites between amino acid residues, breaking peptide 
bonds and fragmenting protein molecules into smaller peptides [34]. 
Enzymatic hydrolysis modifies the structural properties of proteins by 
reducing their average molecular weight, exposing embedded hydro
phobic regions, and releasing more ionizable groups [35,36]. However, 
excessive hydrolysis can result in the loss of protein functionality due to 
the total breakdown of protein structures [37,38]. For example, limited 
Alcalase hydrolysis (enzyme-to-protein ratio of 1:50, 1 min, pH 8, 50 ◦C) 
significantly improves the gelling capacity of quinoa proteins [39]. By 
contrast, excessive Alcalase hydrolysis (4 % w/w Alcalase, 4 h, pH 9, 
50 ◦C) greatly reduces their emulsifying capacity [40]. Thermal acid 
hydrolysis disrupts protein molecules into peptides and amino acids. 
With precise manipulation, it can induce protein reassociation, forming 
aggregates of varying morphologies and sizes and modifying their 
functional properties [24,41,42]. For example, thermal treatment at 
90 ◦C and pH 1.3 for 8 h can induce fibrillization of quinoa proteins, 
which significantly enhances their solubility and strengthens quinoa 
protein emulsion gels via acting as active fillers [24,41]. However, in 
these studies, quinoa proteins were extracted using different procedures 
and their physicochemical and functional properties were investigated 
under varying conditions, which does not allow for direct comparisons 
of the modification effects.

Recently, green and sustainable food production has gained 
increasing global attention. In typical seed storage protein extraction via 
the alkaline solubilization–acid precipitation method, defatting is a 
crucial step to disrupt the seed matrix, enhance the accessibility of 
protein to extraction solvents, and improve protein quality [43,44]. On 
the other hand, this step increases extraction costs, causes environ
mental and safety concerns, decreases extraction efficiency, and limits 

large-scale production for the seeds with low oil content [45]. Therefore, 
developing green protein extraction method from seeds without defat
ting (e.g., milling and subsequent air-classification, and enzyme-assisted 
extraction) has also emerged as a key challenge in the food industry 
[46,47].

In this study, QPI was extracted from crude quinoa protein powder 
obtained by milling and air classification using the alkaline sol
ubilization–acid precipitation method, omitting the conventional 
defatting step. QPI was further modified by thermal acid hydrolysis, 
enzymatic hydrolysis, and ultrasonication. Native and modified QPIs 
were examined under identical conditions to elucidate how different 
modification methods influenced solubility, particle size, zeta potential, 
oil-protein-water three-phase contact angle, and protein morphology. 
Oil-in-water Pickering emulsions were subsequently prepared using QPI 
and its modified forms. Their emulsifying properties were characterized 
by quantifying interfacial protein adsorption and monitoring changes in 
droplet size, microstructure, and creaming index over a 14-day storage 
period. The aim of this study was to pave the way for precisely modi
fying the physicochemical and functional properties of quinoa proteins.

2. Materials and methods

2.1. Materials

Quinoa seeds (Geli No. 1) were purchased from a local company in 
Qinghai Province, China. Trypsin (T819002) was purchased from 
Sigma-Aldrich (St. Louis, MO, USA). Soybean oil was purchased from a 
local grocery. All other reagents were purchased from Shanghai Macklin 
Biochemical Technology Co., Ltd., and were of analytical grade.

2.2. Quinoa protein extraction

QPI was extracted using the method of alkaline solubilization and 
acid precipitation without defatting [23]. Briefly, quinoa seeds were 
first ultrafine-milled and then subjected to air classification to obtain 
crude quinoa protein powder. The protein content of the crude powder 
was 25.5 % (Table S1). Next, the crude powder was dispersed in 
deionized water at a ratio of 1:10 (w/w). The pH of the mixture was 
adjusted to 9.0, with stirring at 300 rpm for 90 min using a magnetic 
stirrer. Following this, the mixture was centrifuged at 8000 rpm and 
20 ◦C for 15 min using a high-speed centrifuge (Hitachi CR 21 GIII, 
Hitachi, Japan). The pH of the supernatants was then adjusted to 4.5, 
resulting in protein precipitation. The precipitates were collected by 
centrifuging at 8000 rpm and 20 ◦C for 15 min, and washed using 
deionized water 2–3 times. After washing, the precipitates were redis
persed in deionized water, neutralized to pH 7.0, and freeze-dried for 48 
h to obtain QPI. QPI was stored in a desiccator at room temperature for 
further use.

2.3. Preparation of modified QPI

QPI was dispersed in deionized water at a 1:20 (w/w) ratio and 
stirred at 300 rpm for 2 h using a magnetic stirrer. The pH of the dis
persions was adjusted to 1.3 prior to heating. The dispersions were then 
heated in a water bath at 90 ◦C with shaking at 100 rpm for 12 h [41]. 
After that, the dispersions were immediately cooled to room tempera
ture using running water, and neutralized to pH 7.0. The dispersions 
were dialyzed in deionized water for 8 h. Finally, the dialysates were 
freeze-dried to obtain acid-hydrolyzed QPI (AQPI).

QPI was mixed with trypsin solution (4 mg/mL) to achieve an 
enzyme-to-protein ratio of 1:50 (w/w). The mixture was stirred thor
oughly, and the pH was adjusted to 8.0. Then, the mixture was heated at 
50 ◦C for 30 min in a water bath. Based on the preliminary experiments, 
a moderate enzymatic hydrolysis was achieved after 30 min of treat
ment. Thereafter, enzyme reactions were terminated immediately by 
heating at 90 ◦C for 15 min. Finally, the dispersions were neutralized to 
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pH 7.0, and freeze-dried to obtain enzyme-hydrolyzed QPI (EQPI).
QPI dispersions (1:20 w/w, QPI:water) were subjected to ultra

sonication using an ultrasonic cell disruptor (VC 800, SONICS, USA) at 
300 W for 20 min. After sonication, the dispersions were freeze-dried to 
obtain ultrasonication-modified QPI (UQPI). All modified QPIs were 
stored in a desiccator at room temperature for further use.

2.4. Determination of protein purity

QPI or modified QPIs were added to deionized water containing 1 % 
w/w sodium dodecyl sulfate (SDS) and 4 mM dithiothreitol (DTT) at a 
ratio of 1:100 (w/w). The dispersions were adjusted to pH 10.0 and 
stirred for 2 h to ensure complete dissolution of protein aggregates. The 
Lowry method was employed to determine the protein concentration of 
the test solutions [48]. The protein purity was calculated according to 
the following equation: 

φ =
C × V
W0

×100% 

In this equation, C is the protein concentration of the protein solu
tions, V is the volume of the protein solutions, and W0 is the weight of 
QPI or modified QPIs added in the protein solutions.

2.5. Determination of protein solubility

At first, 0.2 g of QPI or modified QPIs was added into 10 mL of 
deionized water to achieve a protein concentration of 20 mg/mL. Then, 
the mixture was stirred at 200 rpm for 30 min using a magnetic stirrer 
and neutralized to pH 7.0. The resulting dispersions were centrifuged at 
8000 rpm and 20 ◦C for 15 min. Finally, the protein concentration of the 
supernatants was determined using the Lowry method and the solubility 
was calculated as the following equation: 

S =
C × V

W0 × φ 

In this equation, C is the protein concentration of the supernatants, 
W0 is the weight of QPI or modified QPI added in the protein dispersions, 
and φ represents protein purity.

2.6. Measurement of three-phase contact angle

The contact angle was measured using a contact angle measuring 
device (OCA50, DataPhysics, Germany). QPI or modified QPIs were 
pressed to form thin tablets using a powder tablet press machine. The 
tablets were placed at the bottom of a glass container filling with soy
bean oil. A single drop of water was deposited onto the surface of each 
tablet. The interactions between the water droplets and the tablets were 
recorded using a high-speed camera. The contact angle was determined 
by analyzing the tangent angle at the point where the droplet contacted 
the tablet surface, based on the droplet contour captured by the camera.

2.7. Determination of particle size and zeta-potential

The particle size and zeta-potential of QPI and modified QPIs were 
measured using a Malvern Zetasizer Nano (ZEN3700, Malvern Pan
alytical, Malvern, UK). The refractive index of protein and water was set 
as 1.45 and 1.33, respectively [49,50]. The dispersions containing 1 % 
w/w QPI or modified QPIs were centrifuged at 8000 rpm and 20 ◦C for 
15 min. The supernatants were diluted to a protein concentration of 1 
mg/mL. The diluted supernatants were used for the measurement.

2.8. Transmission electron microscopy (TEM)

The samples prepared for the particle size measurement were used 
for TEM imaging. The samples were dropped onto a 200-mesh copper 
grid coated with a 5 nm carbon support film, and subsequently stained 

with a 1 % uranyl acetate solution. The images were captured using a 
TEM (JEM-F200, JEOL Ltd., Japan) operated at an acceleration voltage 
of 200 kV.

2.9. Preparation of Pickering emulsions

QPI and modified QPI dispersions were prepared by dispersing QPI 
or its modified forms into deionized water to achieve concentrations of 
0.5, 1 and 2 % w/w. The Pickering emulsions were prepared by ho
mogenizing the mixture of 30 g of soybean oil and 70 g of dispersions 
using an Ultra Turrax (S18N-19G, IKA, KG, Staufen, Germany) at 16,000 
rev/min for 5 min. To prevent bacterial growth, 0.02 % (w:v) of sodium 
azide was added to fresh emulsions.

2.10. Emulsion characterization

2.10.1. Determination of the creaming index
Fresh Pickering emulsions were stored in glass tubes at room tem

perature. The creaming of oil droplets was monitored by a digital 
camera over 14 days. The creaming index (CI) was expressed as the 
following equation: 

CI =
Hs

Ht
×100% 

In this equation, Hs is the height of serum layer and Ht is the total 
emulsion height.

2.10.2. Quantification of interfacial protein adsorption
Fresh Pickering emulsions were mixed with 2 % w/w SDS solution at 

a ratio of 1:9 (w/w). The particle size was determined by a Mastersizer 
3000 (Malvern Instruments, Malvern, UK), which was reported as the 
Sauter mean diameter (D3,2). The mixture was centrifuged at 20000 rpm 
for 30 min. The protein concentration of the serum phase was deter
mined by the Lowry method, which represented the protein concen
tration of initial emulsions (C0). Fresh Pickering emulsions were 
centrifuged at 20000 rpm for 30 min at 20 ◦C. The serum phase was 
removed carefully using a syringe, and filtered through a 0.45 μm cel
lulose acetate membrane. The protein concentration of the filtrates was 
determined by the Lowry method, which represented unadsorbed pro
tein concentration (Cu). The interfacial protein concentration (Γ) was 
calculated using the equation below: 

Γ =
(C0 − Cu)(1 − ϕ)

6ϕ
*D3,2 

In this equation, ϕ is the oil volume fraction of emulsions.

2.10.3. Measurement of oil droplet size
The particle size of the emulsions was measured after 0 and 14 days 

of storage using a Mastersizer 3000. The refractive indices of the 
aqueous and oil phases were set as 1.33 and 1.46, respectively [49,50]. 
The particle size was expressed as the volume-weighted average diam
eter (D4,3).

2.10.4. Confocal laser scanning microscopy (CLSM)
The microstructure of the Pickering emulsions after 0 or 14 days of 

storage was observed using a CLSM (AXR NSPARC, Nikon, Japan) with a 
40× objective lens. A staining dye was prepared by mixing a 0.4 % (w/v) 
Fast Green solution and a 0.1 % (w/v) Nile red acetone solution at a 1:1 
(v/v) ratio. The dye was mixed with the Pickering emulsions at a 1:9 (v/ 
v) ratio. The oil phase was stained by Nile red and excited by a 488 nm 
argon laser; the protein phase was stained by Fast Green, and excited by 
a 633 nm He–Ne laser. The stained emulsions were transferred to a 
concave slide, covered with a coverslip, and sealed with a nail polish. 
The emission spectra above 650 nm and above 505 nm were collected 
for the protein and oil phases, respectively.
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2.11. Statistical analysis

Data were presented as mean ± standard deviation (SD) and 
analyzed using SPSS Statistics 25 software. Analysis of variance 
(ANOVA) followed by the least significant difference (LSD) post-hoc 
tests was used to determine if there were any significant differences 
between groups at p < 0.05.

3. Results and discussion

3.1. The solubility of QPI and modified QPIs

Protein solubility reflects the thermodynamic equilibrium between 
proteins and water, and it plays a crucial role in determining the 
emulsifying properties of proteins [51]. In this study, QPI and modified 
QPIs were freeze-dried, and their relative solubility at neutral pH was 
evaluated to allow direct comparison under identical conditions. As 
shown in Fig. 1, the solubility of QPI was 53.3 %, which was in agree
ment with the values reported in previous studies [22,23]. The solubility 
after thermal acid hydrolysis (pH 1.3, 90 ◦C, 12 h), enzymatic hydrolysis 
(trypsin, 50 ◦C, 30 min) and ultrasonication (300 W, 20 min) was 57.8 
%, 65.3 % and 59.4 %, respectively. The results demonstrated that these 
modification methods significantly improved the solubility of quinoa 
proteins. Particularly, moderate enzymatic hydrolysis had the greatest 
effect on enhancing the aqueous solubility of quinoa proteins.

3.2. Morphology of QPI and modified QPIs

TEM was used to assess how thermal acid hydrolysis, enzymatic 
hydrolysis, and ultrasonication affected the morphology of quinoa pro
teins in aqueous solutions (Fig. 2). TEM images revealed that the soluble 
QPI retained in the supernatants of the centrifuged dispersions was 
mainly composed of irregular aggregates or particles smaller than 200 
nm. After 12 h of incubation at 90 ◦C and pH 1.3, worm-like fibrous 
structures were observed, while the presence of irregular aggregates was 
reduced. This was consistent with our previous finding that fibril-like 
structures were formed by incubating quinoa protein dispersions at 
pH 1.3 and 90 ◦C for 8 h. The formation of fibrils under thermal acid 
hydrolysis has also been observed in other seed storage proteins, such as 
pea, soybean, lentil, and mung bean proteins [42,52–54]. However, the 
diameter and contour length of acidic heating-induced fibrils are 
determined by the intrinsic structure of seed storage proteins [42,55]. In 
the image of EQPI, individual small particles were rarely observed, 

whereas large particles (> 200 nm) were clearly present, suggesting 
both protein hydrolysis and protein aggregation occurred. In the UQPI 
image, spherical small particles with relatively uniform size were 
observed, which was ascribed to the turbulence and shear forces 
generated during ultrasonication, resulting in the physical disruption of 
larger protein aggregates [56].

3.3. Particle size and zeta-potential of QPI and modified QPIs

The average particle size and zeta potential of QPI and modified 
QPIs, measured after centrifugation, are presented in Fig. 3. The average 
particle size of QPI was 272.6 nm (Fig. 3A), confirming that QPI mainly 
existed as aggregates in aqueous solutions. Although the solubility of 
AQPI increased significantly compared with that of QPI, the average 
particle size of AQPI showed only a slight decrease, possibly because 
heat-induced acid hydrolysis transformed quinoa protein irregular ag
gregates into soluble fibrils [55,57]. Ultrasonication led to the largest 
decrease in the average particle size of QPI, which was consistent with 
the observation in TEM images. Interestingly, the average particle size of 
EQPI supernatants was 497.5 nm, suggesting that moderate enzymatic 
hydrolysis resulted in the formation of larger aggregates, which was also 
confirmed by the TEM image. In this context, limited enzymatic hy
drolysis could expose embedded hydrophobic groups and thiol groups, 
leading to protein aggregation, even though some segments had been 
removed from protein molecules. This was strongly supported by a 
previous study, which highlighted the key finding that limited Alcalase 
hydrolysis enhanced surface hydrophobicity, forming stronger gel 
network [39].

Electrostatic repulsion is a key factor that governs protein-protein 
interactions. The zeta potential of QPI was about − 36 mV (Fig. 3B), 
which was similar to that of whey proteins [58]. However, whey pro
teins have much higher aqueous solubility, suggesting that protein ag
gregation induced by hydrophobic interactions could be the dominating 
factor leading to the poor solubility of quinoa proteins [25,59,60]. Both 
heat-induced acid hydrolysis and enzymatic hydrolysis significantly 
increased the absolute magnitude of the zeta potential. By contrast, ul
trasonic treatment did not significantly change the magnitude of the 
surface charge of QPI. This demonstrated that the former two modifi
cation methods exposed more embedded charged groups compared to 
physical modification induced by ultrasonication, leading to enhanced 
aqueous solubility.

3.4. Surface wettability

The protein-oil-water three-phase contact angle reflects the surface 
wettability of proteins. The particles with balanced wettability for both 
oil and water phases, i.e., those with contact angles closer to 90◦, are 
more likely to serve as effective stabilizers for Pickering emulsions [61]. 
The contact angle images of a water droplet on protein films in oil are 
shown in Fig. 4. The contact angle of QPI was 128.3◦, indicating that QPI 
had a highly hydrophobic surface; this explained why QPI had low 
aqueous solubility. After thermal acid hydrolysis, enzymatic hydrolysis 
and ultrasonication, the contact angle of QPI decreased to 105.7◦, 
101.0◦, and 119.4◦, respectively, indicating that all modification 
methods improved the surface wettability of QPI at the oil-water inter
face. This improvement was more pronounced for AQPI and EQPI 
compared to UQPI, suggesting that chemical and biological modifica
tions could more significantly alter the surface group distribution of QPI 
and subsequently improve its surface properties compared to physical 
modification. Additionally, the changes in contact angle of the modified 
QPIs aligned with their zeta potential trend.

Fig. 1. The solubility of quinoa protein isolate (QPI) and modified QPIs. AQPI, 
EQPI and UQPI represent acid-hydrolyzed, enzyme-hydrolyzed, and 
ultrasonication-modified QPIs, respectively. Different lowercase letters indicate 
significant differences among samples at p < 0.05.
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3.5. Emulsifying properties of QPI and modified QPIs

3.5.1. Interfacial adsorption of QPI and modified QPIs at oil droplet 
surfaces

The interfacial protein concentrations of the Pickering emulsions 
stabilized by QPI and modified QPIs are illustrated in Fig. 5. As shown in 

Fig. 5, the interfacial protein concentration linearly increased with 
emulsifier concentration from 0.5 to 2 % w/w regardless of emulsifier 
type (i.e., QPI, AQPI, EQPI and UQPI). In this context, the emulsions 
stabilized by higher emulsifier concentrations would form a denser and 
thicker interfacial protein layer [62]. At all emulsifier concentrations, 
the emulsions stabilized by AQPI and EQPI had a significantly higher 

Fig. 2. The transmission electron microscopy (TEM) images of quinoa protein isolate (QPI) and modified QPIs. AQPI, EQPI and UQPI represent acid-hydrolyzed, 
enzyme-hydrolyzed, and ultrasonication-modified QPIs, respectively.

Fig. 3. The average particle size (A) and zeta potential (B) of quinoa protein isolate (QPI) and modified QPIs. AQPI, EQPI and UQPI represent acid-hydrolyzed, 
enzyme-hydrolyzed, and ultrasonication-modified QPIs, respectively. Different lowercase letters indicate significant differences among samples at p < 0.05.
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interfacial protein concentration compared to those stabilized by QPI 
and UQPI. This could be explained by the three-phase contact angle of 
AQPI and EQPI being closer to 90◦ than QPI and UQPI. Previous research 
has shown a strong correlation between the interfacial protein adsorp
tion at the oil-water interface and protein wettability [63]. The inter
facial protein concentration of the emulsions stabilized by AQPI was 
lower than that reported in the previous study, which was ascribed to a 
higher oil volume fraction (30 % vs. 10 % w/w) [24]. Additionally, the 
balanced wettability for both oil and water phases of QPI and its 
modified forms resulted in a much higher interfacial protein concen
tration compared with milk proteins at the similar protein concentra
tions [64,65].

3.5.2. Evolution of the droplet size of the emulsions during storage
The droplet size of the emulsions represents the emulsifying capacity 

of emulsifiers. The volume-mean diameter (D4,3) of the Pickering 
emulsions stabilized by QPI, AQPI, EQPI and UQPI is shown in Fig. 6. 
The D4,3 of all fresh emulsions containing 30 % w/w oil was about ~13 
μm, which was much smaller than that of the emulsions stabilized by 

whey protein aggregates of 235 nm (i.e., ~80 μm) under the similar 
preparation conditions [66]. In theory, quinoa protein aggregates have a 
relatively high desorption energy from the oil-water interface according 
to the following Eq. [67]: 

ΔG = − πR2γ((1 − |cosθ| ) )2 

For example, desorption energy of quinoa aggregates from the oil- 
water interface (200 nm in diameter, γ = 10 μN/m, θ = 100◦ − 130◦) 
is − 0.4 to − 2.14 × 10–15 J (>> kT). Whey proteins and their aggregates 
formed at neutral pH exhibit a lower contact angle (~26.2◦) [65], 
resulting in reduced desorption energy and consequently poorer emul
sifying capacity compared to quinoa protein aggregates. After 14 days of 
storage, the droplet size of all emulsions had a small increase, indicating 
that QPI and modified QPIs could effectively protect oil droplets against 
coalescence and flocculation. Even though the moderate enzymatic 
hydrolysis caused protein aggregation, the increase in the droplet size of 
the emulsion stabilized by EQPI after storage was the smallest, which 
was ascribed to the higher desorption energy at the oil-water interface. 
The D4,3 of fresh UQPI-stabilized emulsions was significantly larger than 
that of other emulsions. The smaller particle size of UQPI compared to 
QPI, AQPI and EQPI, along with higher contact angle of UQPI than AQPI 
and EQPI, could reduce its ability to stabilize oil droplets ranging from 
10 to 20 μm [68].

3.5.3. Microstructural changes of the emulsions during storage
CLSM images of the emulsions after 0 or 14 days of storage are shown 

in Fig. 7. The emulsions stabilized by QPI and modified QPIs consisted of 
uniformly distributed oil droplets ranging from 10 to 20 μm, which was 
consist with the results of the droplet size. No significant flocculation or 
coalescence of oil droplets was observed in all emulsions after 14 days of 
storage. This confirmed that the interfacial layers formed by QPI and 
modified QPIs could effectively protect oil droplets against destabiliza
tion through the steric and electrostatic repulsion.

3.5.4. Creaming stability of the emulsions
The creaming index (CI) is an important indicator to evaluate the 

stability of emulsions against phase separation. The visual appearance of 
the emulsions stabilized by 0.5–2 % w/w QPI and modified QPIs after 1, 

Fig. 4. The contact angle images of a water droplet on protein films in oil. QPI 
represents quinoa protein isolate; AQPI, EQPI and UQPI represent acid- 
hydrolyzed, enzyme-hydrolyzed, and ultrasonication-modified QPIs, 
respectively.

Fig. 5. The interfacial protein concentration of the emulsions stabilized by QPI, 
AQPI, EQPI and UQPI. QPI represents quinoa protein isolate; AQPI, EQPI and 
UQPI represent acid-hydrolyzed, enzyme-hydrolyzed, and ultrasonication- 
modified QPIs, respectively. Different capital letters indicate significant dif
ferences among QPI, AQPI, EQPI or UQPI samples at different concentrations, 
while different lowercase letters indicate significant differences among QPI, 
AQPI, EQPI and UQPI samples at the same concentration (p < 0.05).

Fig. 6. The volume mean diameter (D4,3) of the Pickering emulsions stabilized 
by 2 % w/w QPI and modified QPIs at 0 or after 14 days of storage. Different 
capital letters indicate significant differences between 0 and 14 days samples 
within the same group (QPI, AQPI, EQPI or UQPI), while different lowercase 
letters indicate significant differences between QPI, AQPI, EQPI and UQPI 
samples after 0 or 14 days of storage (p < 0.05). QPI represents quinoa protein 
isolate; AQPI, EQPI and UQPI represent acid-hydrolyzed, enzyme-hydrolyzed, 
and ultrasonication-modified QPIs, respectively.
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7 and 14 days of storage and the CI values are shown in Fig. 8 and 
Table 1, respectively. After 1 day of storage, all emulsions stabilized by 
different concentrations of QPI and modified QPIs experienced severe 
creaming. At all protein concentrations, the CI value of all emulsions 
showed a significant increase after 7 days of storage. However, the CI 
value did not change significantly with further storage, suggesting that 
the 3-dimensional droplet network could be formed in the cream phase 
to inhibit the motion of oil droplets as indicated in CLSM images (Fig. 7). 
Although there were some differences in the CI values among the 
emulsions stabilized by QPI and modified QPIs at the same protein 
concentration, the overall differences were not significant. Even modi
fying quinoa proteins into fibrous structures did not significantly 
improve the creaming stability of the emulsions, which could be 
attributed to the short contour length of seed storage protein fibrils 

formed under heat-induced acid hydrolysis [18,41,42]. By comparing 
the CI values of the emulsions stabilized by QPI vs. modified QPIs, it was 
evident that, the emulsion stability was improved significantly as the 
protein concentration increased from 0.5 % to 2 % w/w. This was likely 
because a more saturated interfacial layer promoted stronger particle- 
particle interactions and excess protein particles in the continuous 
phase of the emulsions facilitated the formation of a three-dimensional 
network that restricted the movement of oil droplets [69]. Zhang et al. 
[70] also observed the similar phenomenon in their study on the Pick
ering emulsions stabilized by wheat gliadin, where the increase of pro
tein concentration effectively reduced the creaming index.

Fig. 7. The confocal laser scanning microscopy (CLSM) images of the Pickering emulsions stabilized by 2 % w/w quinoa protein isolate (QPI) and modified QPIs after 
0 or 14 days of storage. The oil volume fraction of the emulsions is 30 % w/w. Red and green colors represent oil and water phases, respectively. AQPI, EQPI and 
UQPI represent acid-hydrolyzed, enzyme-hydrolyzed, and ultrasonication-modified QPIs, respectively. The scale bar is 20 μm.

Fig. 8. The visual appearance of the Pickering emulsions stabilized by 0.5–2 % w/w quinoa protein isolate (QPI) and modified QPIs prepared with different con
centrations (0.5 %, 1 %, 2 %) after 1, 7 and 14 days of storage. The upper layer represents the creamy phase, while the lower layer represents the separated serum 
phase. AQPI, EQPI and UQPI represent acid-hydrolyzed, enzyme-hydrolyzed, and ultrasonication-modified QPIs, respectively.
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4. Conclusions

This study investigated how thermal acid hydrolysis, enzymatic hy
drolysis, and ultrasonication modified fundamental properties of quinoa 
proteins and subsequently influenced their emulsifying properties. 
Thermal acid hydrolysis converted proteins into fibril-like structures. 
Moderate enzymatic hydrolysis led to both protein aggregation and 
breakdown. Ultrasonication broke quinoa protein aggregates into more 
uniformly-distributed aggregates. All these modifications led to 
enhanced aqueous solubility and wettability (i.e., the protein-oil-water 
three-phase contact angle was closer to 90◦). QPI and modified QPIs 
effectively formed oil-in-water emulsions, serving as efficient Pickering 
emulsifiers. Acid and enzymatic hydrolysis achieved more remarkable 
improvement in protein wettability, with increased interfacial adsorp
tion of proteins at oil droplet surfaces. During 14 days of storage, the 
emulsions stabilized by QPI and modified QPIs were largely stable 
against flocculation and coalescence, with EQPI achieving the highest 
stability (i.e., the smallest increase in droplet size). Evident creaming 
was observed in all emulsions due to the large oil droplet size. However, 
increasing the concentration of QPI or modified QPI significantly 
improved their creaming stability. Future research may further explore 
how interactions between unabsorbed protein particles or aggregates 
and emulsified oil droplets influence emulsion stability.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ijbiomac.2025.149872.
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