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Tea water-insoluble protein nanoparticles (TWIPNs) can be applied to stabilize Pickering

emulsions. However, the effect of ionic strength (0–400 mmol/L) on the characteristics

of Pickering emulsions stabilized by TWIPNs (TWIPNPEs) including volume-averaged

particle size (d4,3), zeta potential, microstructure and rheological properties is still unclear.

Therefore, this work researched the effect of ionic strength on the characteristics of

TWIPNPEs. The d4,3 of TWIPNPEs in the aquatic phase increased with the increase

in ionic strength (0–400 mmol/L), which was higher than that in the SDS phase.

Furthermore, the flocculation index of TWIPNPEs significantly (P < 0.05) increased from

24.48 to 152.92% with the increase in ionic strength. This could be verified from the

microstructure observation. These results indicated that ionic strength could promote the

flocculation of TWIPNPEs. Besides, the absolute values of zeta potential under different

ionic strengths were above 40mV in favor of the stabilization of TWIPNPEs. The viscosity

of TWIPNPEs as a pseudoplastic fluid became thin when shear rate increased from 0.1

to 100 s−1. The viscoelasticity of TWIPNPEs increased with increasing ionic strength

to make TWIPNPEs form a gel-like Pickering emulsion. the possible mechanism of

flocculation stability of TWIPNPEs under different ionic strengths was propose. TWIPNs

adsorbed to the oil-water interface would prompt flocculation between different emulsion

droplets under the high ionic strength to form gel-like behavior verified by CLSM. These

results on the characteristics of TWIPNPEs in a wide ionic strength range would provide

the theoretical basis for applying Pickering emulsions stabilized by plant proteins in the

food industry.
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INTRODUCTION

Emulsions are easily affected by external factors such as pH, temperature and ionic strength to lose
stability (1, 2). In recent 10 years, numerous food-grade particles have been developed with the
rise of food-grade Pickering emulsions. The development and application of plant proteins have
aroused the interest of researchers to structure Pickering emulsions (3). Plant protein particles
can combine oil and water to form stable emulsions (4, 5). However, some protein particles
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only stabilize Pickering emulsions under a certain ionic
strength (6).

Protein particles like nanoparticles, microgels and fibrils
can manipulate the properties of Pickering emulsions
like aggregation or flocculation with the change of ionic
strength (7). Numerous raw proteins can form nanoparticles
using simple methods. The interfacial behavior of protein
nanoparticles from zeins, kafirins, soy proteins, wheat
proteins, wheat protein/xanthan gum complexes in Pickering
emulsions can be adjusted by ionic strength (8–11). Zein
nanoparticles can produce stable o/w Pickering emulsions
under moderate ionic strengths (1–10 mmol/L) (8). Protein
microgels with soft and deformable properties can quickly
swell and deswell reversibly under various external stimuli
like ionic strength to form stimuli-responsive emulsions
(12). Lots of protein nanoparticles need to be processed
by thermal denaturation method, ion bridging method,
solvent/antisolvent method to prepare stable Pickering
emulsions. These protein nanoparticles must be carefully
designed to reach the appropriate size and interface
behavior before effectively stabilizing Pickering emulsions
(3). Additionally, the performance of protein nanoparticles
can be also improved by adjusting ionic strength in the
protein nanoparticle solution to suitable interfacial properties
(13). Pickering emulsions have been prepared by combining
different protein nanoparticles with polysaccharides like gluten
nanoparticle/xanthan gum complexes under suitable ionic
strengths (11).

Tea proteins from tea residues account for 20–30% of
dry tea are mainly tea water-insoluble proteins after the
treatment of alkaline method (14) or enzyme method (15).
Tea water-insoluble protein nanoparticles (TWIPNs) from tea
residues include the uncharged amino acids and hydrophobic
amino acids of more than 60% of amino acids gained
by the alkali-solution and acid-precipitation method (16).
At an oil-water ratio of 6:4, TWIPNs can be used to
stabilize Pickering emulsions on the neutral condition, (17).
Besides, TWIPNs can be applied to generate gel-like Pickering
emulsions after high-pressure homogenization (18). Meanwhile,
the flocculation of Pickering emulsions stabilized by TWIPNs
(TWIPNPEs) is accelerated at high temperatures (100◦C/120◦C)
(19). Furthermore, TWIPNPEs can exhibit a gel-like behavior
at pH 7–11 (20) and as a template to prepare oil gels (21).
However, few studies have systematically characterized the
properties and colloidal behavior of TWIPNPEs under different
ionic strengths. it is very necessary to characterize the ability of
TWIPNPEs for responding to the environmental condition of
ionic strength.

Therefore, this study aimed to reveal the effect of ionic
strength (0–400 mmol/L) on the characteristics of TWIPNPEs
under neutral conditions. The characteristics of TWIPNPEs
under different ionic strengths were analyzed. We hypothesized
that TWIPNs at the interface of oil and water would prompt
the flocculation between different emulsion droplets under
a high ionic strength, forming gel-like behavior. The gel-
like behavior of TWIPNPEs was explored under different
ionic strengths.

MATERIALS AND METHODS

Materials
Tea residues were gained from Shenzhen Shenbao Huacheng
Tech. Co., Ltd. Soy oil was purchased from the local supermarket
in Guangzhou of China. Sodium dodecyl sulfate (SDS, ≥99.0%)
was purchased from Merck & Co., Inc. Other reagents were of
analytical purity. All water was of deionized water.

Preparation of TWIPNs
TWIPNs were prepared according to a previous method (17).
Briefly, tea residues (100 g) were extracted at 90◦C for 1.5 h
using a 3 L NaOH solution (0.3 mol/L) and centrifuged at
8,288 g for 15min at 25◦C. The supernatant was precipitated
at pH 3.5 after decolorization using 30% H2O2. TWIPNs were
gained after washing the precipitates to the neutral and frozen-
drying via a freeze drier (Christ, ALPHA 1-2 LD Plus, Osterode,
Germany). The TWIPNs (2 g) were dispersed with the different
NaCl solutions (0–400 mmol/L) and hydrated for 24 h at 4◦C for
preparing emulsions.

Preparation of TWIPNPEs
TWIPNPEs were prepared according to a previous method
(21). TWIPN suspension (40mL) and soy oils (60mL) were
mixed using a shear emulsifying machine (SUOTN, AD500S-
H, Shanghai, China) at 20,000 r/min for 2min to form initial
emulsions. The initial emulsions were homogenized at 40 MPa
by a high-pressure homogenizer (AH-Basic-II, Suzhou, China)
to obtain TWIPNPEs.

Measurements of Droplet Size and
Flocculation Index of TWIPNPEs
The volume-average droplet size (d4,3) and flocculation index
of TWIPNPEs were determined by Mastersizer (Malvern 3000,
Malvern, UK) according to a previous method (22). Water and
10 g/L SDS solution were used as dispersants. The flocculation
index was calculated according to Eq. (1).

FI(%) = (d4,3−W/d4,3−S − 1)×100 (1)

where d4,3−W and d4,3−S represent the droplet size of emulsions
in water and SDS dispersion, respectively.

Measurement of Zeta Potential of
TWIPNPEs
The zeta potential of TWIPNPE was measured according to a
previous method (23). TWIPNPEs (10 µL) were mixed using
water (990 µL). The Malvern zetasizer (Nano ZS90, Malvern,
UK) was equilibrated for 60 s after putting a disposable folded
capillary cell. The testing condition was performed at 25◦C.

Morphological Observation of TWIPNPEs
TWIPNPEs were observed via an optical microscope (Motic,
BA310-T, Hong Kong, China) equipped with a 100× lens. Then,
the confocal laser scanning microscope (CLSM) with LSM 7
DUO dual confocal system was used to observe TWIPNPEs. The
emulsions were stained before observation with Nile blue A for
TWIPNs and Nile red for soybean oil. The TWIPNPEs were
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FIGURE 1 | Particle size distribution profiles and d4,3 of Pickering emulsions stabilized by TWIPNs at different ionic strengths [(A) Particle size distribution in water;

(B) d4,3 in water; (C) Particle size distribution in 1.0% SDS; (D) d4,3 in 1.0% SDS]. The lowercases indicate the significance of different Pickering emulsions by tea

water-insoluble protein nanoparticles under different ionic strengths (P < 0.05).

stained with anhydrous ethanol containing 0.05% Nile blue A
and 0.05%Nile red for 30min. TWIPNPE samples were observed
by Argon and He/Ne lasers with the excitation wavelengths of
488 nm and 633 nm.

Determination of Rheological Properties of
TWIPNPEs
TWIPNPEs were determined by rheometer (Anton Paar, MCR-
102, Graz, Austria) according to a previous method (24). The
apparent viscosity of TWIPNPEs was analyzed at shear rates from
0.1 to 100 s−1 using a parallel plate (Φ50mm). The frequency
sweep of TWIPNPEs was tested at the angular velocity from 0.1
to 100 rad/s within a small amplitude oscillatory mode. The gap
was fixed at 1.0mm. All the tests were performed at 25 ± 0.1◦C.
The storage modulus (G’) and loss modulus (G") were recorded.

Statistical Analysis
Data were expressed as the mean values ± standard deviation.
Origin Pro 9.0.5 software was used to analyze the significance (P
< 0.05).

RESULTS AND DISCUSSION

Stability of Pickering Emulsions Prepared
Using TWIPNs Under Different Ionic
Strengths
Droplet Size

The particle size distribution and d4,3 of TWIPNPEs using
TWIPNs under different ionic strengths are shown in Figure 1.

The particle size distribution of TWIPNPEs in the aqueous
phase presented two peaks. The volume fraction of peak 1
decreased with the increase in ionic strength, while the volume
fraction of peak 2 increased, indicating that the droplets of
TWIPNPEs in the aquatic phase increased with the increase
in ionic strength (Figure 1A). The d4,3 of TWIPNPEs in the
aquatic phase increased with the increase from 0 to 400 mmol/L
NaCl (Figure 1B), which was consistent with the particle size
distribution in Figure 1A. It also has been reported that the
size of emulsions stabilized by pea protein isolate nanoparticles
increases with the increase in the ionic strength (25). The increase
in droplet size of emulsions with the increase in ionic strength
might be due to that the strong electrostatic screening induces
coalescence (26). In addition, the particle size distribution
and d4,3 of TWIPNPEs dispersing in 1.0% SDS indicated that
the particle size of TWIPNPEs increased with the increase of
ionic strengths (0–300 mmol/L) and decreased under the ionic
strength of 400 mmol/L. The d4,3 of TWIPNPEs in 1.0% SDS was
significantly smaller than those in the aquatic phase. This may
result in the flocculation of Pickering emulsions, which could be
verified by FI in Figure 2.

Flocculation Index

The FI of TWIPNPEs under different ionic strengths is shown in
Figure 2. The FI of TWIPNPEs significantly (P < 0.05) increased
from 24.48 to 152.92% with the increase in ionic strength.
These results indicated that ionic strength could promote the
flocculation of TWIPNPEs under the ionic strengths of 0–400
mmol/L. It has been indicated that the droplet flocculation of
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FIGURE 2 | FI of Pickering emulsions stabilized by tea water-insoluble protein

nanoparticles under different ionic strengths. The lowercases indicate the

significance of different Pickering emulsions by tea water-insoluble protein

nanoparticles under different ionic strengths (P < 0.05).

Pickering emulsions stabilized by pea protein microgel particles
can be observed after the addition of 100mM NaCl (27). This
can be attributed to that protein particles interact with each
other at the surface of emulsion droplets with the increase in
ionic strength, thereby increasing the flocculation of Pickering
emulsions (28). Besides, salt ions can be applied to control
the electrostatic interactions between the droplets of Pickering
emulsions and affect the formation of emulsion gels (29).
Meanwhile, ionic strength promoted the formation of aggregates
of TWIPNs to increase the size of protein particles, which
increased the aggregation of adjacent TWIPNs to improve the
flocculation of emulsion droplets.

Microscope Observation

TWIPNPEs under different ionic strengths were further observed
as shown in Figure 3. As indicated by the black arrow, the
flocculation of emulsion droplets gradually increased with
increasing ionic strength. This result was in agreement with the
analysis of particle size (Figure 1) and flocculation of TWIPNPEs
under different ionic strengths (Figure 2). According to the
observation of TWIPNPEs in 100× objective lens in Figure 3, it
could be observed that the flocculation of TWIPNPEs increased
from 0 to 400 mmol/L NaCl as indicated using the arrows. This
indicates the network formation of aggregated emulsion droplets
among the adjacent emulsion droplets. The formation of inter-
droplet particle networks at the high ionic strengths is verified
like Pickering emulsions stabilized by zein (8), hydrophilically
modified silica nanoparticles (30), silica nanoparticles coated
with (3-glycidyloxypropyl) trimethoxysilane (31) and so on.
Protein nanoparticles can be induced to form a network through
salt ions.

Zeta Potential

The zeta potential of TWIPNPEs under different ionic strengths
was also analyzed as shown in Figure 4. The zeta potential of
TWIPNPEs under the ionic strength of 100 mmol/L had no
significant change (P > 0.05) compared with that without the
addition of salt (Figure 4A). However, the absolute zeta potential
value of TWIPNPEs without SDS treatment increased with
increasing ionic strength at above 100 mmol/L, which was higher

FIGURE 3 | Microscopic observation of Pickering emulsions stabilized by tea

water-insoluble protein nanoparticles under different ionic strengths (left: ionic

strength; upper: magnification times. Arrows indicate the flocculation).

than that under the ionic strength of no more than 100 mmol/L.
In this study, the emulsions were prepared at pH 7, which is above
the isoelectric point (pH 3.5) of TWIPNs (16). the zeta potential
of the emulsions stabilized by proteins at pH above the isoelectric
point with negative charges increases with the increase in ionic
strength (32). When the ionic strength reached 400 mmol/L, the
zeta potential of TWIPNPEs showed a slight decrease compared
to that under the ionic strength of 300 mmol/L (Figure 4A). This
may be attributed to the flocculation of TWIPNPE droplets under
the high ionic strength, leading to the reduction of exposing
charged residue groups at the surface of emulsion droplets. The
decrease in negative charges of emulsions stabilized by proteins at
pH above the isoelectric point could be attributed to electrostatic
screening and ion binding effects (32, 33). The absolute value of
zeta potential of TWIPNPEs in the SDS solution was higher than
those in the deionized water as shown in Figure 4B. It is due to
that SDS can destroy the emulsion flocculation, resulting in more
exposure of anions at the droplet surface. The absolute values
of zeta potential of TWIPNPEs under different ionic strengths
were above 40mV, which was beneficial to the stabilization of
TWIPNPEs according to previous reports (17, 34).

Rheological Behavior of Pickering
Emulsions Prepared Using TWIPNs Under
Different Ionic Strengths
Ionic strength can also affect the rheological behavior of
Pickering emulsions except for the particle size, zeta potential,
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FIGURE 4 | Zeta potential of Pickering emulsions by tea water-insoluble protein nanoparticles under different ionic strengths [(A) emulsions in water; (B) emulsions in

1.0% SDS]. The lowercases indicate the significance of different Pickering emulsions by tea water-insoluble protein nanoparticles under different ionic strengths (P <

0.05).

FIGURE 5 | Apparent viscosity and viscoelastic parameter of Pickering emulsions by tea water-insoluble protein nanoparticles under different ionic strengths [(A)

apparent viscosity; (B) G’/G”; (C) Loss coefficient; (D) G’/G” at 10 rad/s].

flocculation of emulsions. The rheological behavior of
TWIPNPEs under different ionic strengths is presented in
Figure 5. The apparent viscosity of TWIPNPEs under different
ionic strengths decreased with the increase in shear rate
(Figure 5A), which showed the TWIPNPEs belonged to the
pseudoplastic fluid as a previous report (35). The TWIPNPEs
at the same shear rate became thick with the increase in ionic
strength. Meanwhile, the apparent viscosity of TWIPNPEs
increased under the ionic strength from 0 to 400 mmol/L at the
same angular velocity. The particle size, flocculation and droplet

interaction increased with the increase in ionic strength, resulting
in the improvement of the apparent viscosity of TWIPNPEs
(Figures 1, 2). Besides, the thick emulsions under high ionic
strengths contain no free solid particles in the emulsion system
due to the aggregation of emulsion droplets together with each
other (1).

The G’, G”and loss coefficient of TWIPNPEs stabilized
by TWIPNs at different ionic strengths were analyzed
(Figures 5B,C). In the linear viscoelastic range, the G’ and
G” values of TWIPNPEs decreased below the ionic strength of
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FIGURE 6 | Schematic diagram of flocculation stability of Pickering emulsions by tea water-insoluble protein nanoparticles under different ionic strengths.

FIGURE 7 | Confocal laser scanning microscopy images of Pickering

emulsions by tea water-insoluble protein nanoparticles under different ionic

strengths.

100 mmol/L at the same angular velocities. However, the G’
and G” values of TWIPNPEs under the ionic strength of more
than 200 mmol/L were similar, which was higher than that of

TWIPNPEs under the ionic strength below 100 mmol/L. The
G’ values of TWIPNPEs were higher than G”, indicating that
the TWIPNPEs under different ionic strengths possessed the
gel-like behavior as previous reports (36). The loss coefficient of
TWIPNPEs was no more than 0.5 (Figure 5C), implying that
these emulsions possessed dominant elasticity to form gel-like
behavior. The G’ values of TWIPNPEs were much higher than
G”. As previously reported, this is beneficial for the formation
of gel-like networks (37, 38). The viscoelasticity of TWIPNPEs
could be also obtained at 10 rad/s (Figure 5D). However,
Destroying the gel-like behavior of emulsions using shearing
at high yield stress may induce the emulsion coalescence due
to the network of flocculated solid particles (39). As shown
in (Figure 5A), the viscosity of TWIPNPEs as a pseudoplastic
fluid became thin when the shear rate increased from 0.1 to 100
s−1. The yield stress of pseudoplastic fluid is increased with an
increase in shear rate (40). According to previously reported, a
suitable ionic strength can control the yield stress to reach the
workability of emulsions with respect to its practical applications
in the food industry (1).

Possible Mechanism of Pickering
Emulsions Prepared Using TWIPNs Under
Different Ionic Strengths
The addition of salt ions can change the ionic strength of the
solution. Monovalent or polyvalent metal ions could effectively
reduce the electrostatic shielding by reducing the dipole moment,
thus reducing the zeta potential on the surface of the emulsion
droplets to affect the emulsion stability (8). Monovalent, divalent
and trivalent metal ions prompt the flocculation of different
kinds of emulsions; meanwhile, univalent metal ion salts such
as NaCl are usually used to analyze the effect of ionic strength
on emulsion properties (41, 42). The change of ionic strength
results in the different flocculation degrees of emulsions. In
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this research, ionic strengths of 0–400 mmol/L were chosen to
cause a certain amount of flocculation (Figure 2), which could
improve the stability to some extent rather than destabilization of
TWIPNPEs. As a previous report, walnut protein/xanthan gum
complexes under the ionic strength of 500 mmol/L NaCl increase
the degree of dissipative flocculation (43). A certain quantity
of salt ions in the water phase inhibits electrostatic repulsion
between protein nanoparticles to promote closer packing at the
interface of emulsion droplets (44). The presence of a certain
amount of salt ions is crucial for forming stable Pickering
emulsions (45).

Here, the schematic diagram of flocculation stability of
TWIP stabilized Pickering emulsions under different ionic
strengths is shown in Figure 6. The viscosity and viscoelasticity
of TWIPNPEs increased under the ionic strength from 0
to 400 mmol/L to benefit for forming gel-like TWIPNPEs
(Figures 5A,B). The selection of appropriate ionic strength can
control the yield stress, contributing to that Pickering emulsions
meet the practical application of processability in the food
industry (1). TWIPNs flocculated with each other to form gel-
like stable emulsions in a certain concentration of ionic strengths
(Figure 5B). The microstructures of TWIPNPEs under different
ionic strengths of 0–400 mmol/L were also investigated by
CLSM (Figure 7). A reinforcement of the flocculation of the
TWIPNPEs was verified with the increase of ionic strengths,
especially above 200 mmol/L. This is consistent with a previous
report about the flocculated network due to the increase in
ionic strengths (46). The formation of a gel-like network in
TWIPNPEs was certainly due to relate with ionic strengths
in this study. However, it should be carefully considered
that shearing could damage the gel system above the yield
stress to destruct gel-like structures of Pickering emulsions,
leading to the coalescence and further instability of Pickering
emulsions (39).

When salt is added to the nanoparticle dispersion, salt ions
are selectively adsorbed at the particle surface to neutralize
the net charge to reduce the number of charges around the
nanoparticles and the thickness of the double electric layer,
furtherly forming the flocculation of emulsions (1). The valence
of metal ions is closely related to the flocculation of emulsions.
The flocculation degree of divalent and trivalent metal ions
is more than approximately 10–100 times that of univalent
metal ions at the same ionic strength (47). Within a certain
range, improving ionic strength can increase the hydrophobicity
of particles to promote the adsorption of particles at the oil
and water interface (48). An appropriate amount of ionic
strength can also reduce the electrostatic repulsion between
particles, which is conducive to the accumulation of particles
at the surface of emulsion droplets to form a layer (44).
Protein particles effectively adsorbed to the surface of the
emulsion droplets result in the change of the dependence of
emulsion droplets on ionic strength, thus allowing emulsions
to achieve the flocculation stability in a suitable ionic strength
range (17).

CONCLUSION

This work researched the effect of ionic strength on the
characteristics of TWIPNPEs under neutral conditions. First of
all, the d4,3 of TWIPNPEs in the aquatic phase increased more
than that in the SDS phase. Besides, ionic strength promoted
the aggregation of TWIPNs to increase the size of protein
particles for improving the flocculation of emulsion droplets
through the microstructure observation. With the increase in
ionic strength, the apparent viscosity and viscoelasticity of
TWIPNPEs increased, especially when the ionic strength was
above 200 mmol/L, showing good gel-like properties. This
was consistent with our hypothesis that TWIPNs adsorbed
to the oil-water interface would prompt flocculation between
different emulsion droplets under the high ionic strength to
form gel-like behavior. These findings can be utilized in the
food industry for improving the stabilization of Pickering
emulsions stabilized by tea proteins from tea residues under
a wide range of ionic strengths to broaden the utility and
application of Pickering emulsions in different environments of
food manufacture.
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