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Editorial on the Research Topic
Food Protein-Based Colloids:  Structure, Digestion, and
Nutrients Delivery

Introduction

There has been much interest over the years in protein-based colloidal systems
and utilizing the functionality of protein in food systems has been a target for many
researchers and there is a huge literature on their gelling, thickening, emulsifying, and
foaming properties. Proteins are seen as a natural alternative to synthetic emulsifiers and
stabilizers, which are generally perceived to be artificial and associated with unhealthy
ultra-processed foods. Therefore, this earlier research on protein functionality is now
being exploited to formulate protein-based colloidal structures with functionalities
capable of delivering health benefits. The papers in this special issue reflect very well the
current and emerging trends in protein-colloid research in the food and nutrition space.

Protein-based particles

Powder and particulate technology have been used to develop powdered or
granulated systems with a low water content, and hence long shelf life and low transport
costs, but could be reconstituted easily at point of use. By creating the right structure with
the right properties, such colloidal particles can be loaded with bioactive compounds
to improve storage stability and functionality. Zhang et al. showed that they could
create particles using the maize protein zein complexed with gum Arabic. The particle
stability was improved by adding tannic acid to enhance the intermolecular interactions.
Similarly, Chen et al. complexed zein with glycosylated lactoferrin to form nanoparticles
that could encapsulate the flavone 7,8-dihydroxyflavone (7,8-DHF), which had good
stability, high encapsulation efficiency and in vitro bioaccessibility of the DHF.
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Simple emulsion systems

Proteins can stabilize emulsions, but they are not always
as effective as small molecule emulsifiers, but they can add
other functionalities to an emulsion. The first example is from
Cai et al. where they tried to enhance the functionality of
thymol, a natural antibiotic by encapsulating it with lauric
acid in a caseinate stabilized emulsion. The caseinate emulsions
are highly stable, but readily digestible, making the thymol
available to control bacterial growth. Wang Q. et al. found that
certain ratios of whey protein and caseinate could stabilize the
emulsion against calcium induced aggregation and also improve
oxidative stability, potentially offering a solution to improve the
nutritional and functional properties of infant formulae.

Pickering emulsions

Pickering emulsions are stabilized by particles which are
held at the interface by surface interactions between the three
phases (oil, water, and particle). Their application in food
systems has been limited, and the most effective Pickering
particles are synthetic and not suitable for human consumption.
More recent work has focussed on the use of food grade particles,
such as protein aggregates to form food-suitable Pickering
emulsions. Ren et al. utilized insoluble protein nano-particles
from tea residues as natural, sustainable emulsifiers. The
emulsions showed tuneable rheological properties as a function
of ionic strength. The high stability of Pickering emulsions is
further demonstrated by Shen et al. who combined bacterial
nano-cellulose and soy protein to create strong, stable particles
through anti-solvent precipitation. These particles offered
excellent emulsion stability, and improved the bioavailability
of curcumin. A similar approach was used by Kiat Wong et
al. who also used cellulose and soy protein to form Pickering
emulsions which were incorporated into gel beads as a targeted
delivery device to control release of the encapsulated bioactive
compound. Finally, Wang J. et al. used whey protein aggregates
to stabilize emulsions containing the long chain fatty acid
DHA. This approach again improved the oxidative stability and
delivery of the DHA.

Emulsion gels

Emulsion gels are an interesting composite system as their
rheological and functional properties depend on both the
emulsion and the gel matrix as well as the interactions between
the phases. These areas have been reviewed by Abdullah et al.
showing how research on the gel-matrix interactions is being
applied to functionalities such as fat replacement, controlled
release and probiotic delivery, demonstrating the versatility
of these structures to provide multiple functionalities in food
products. This was demonstrated by Su et al. who found that
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high pressure processing could influence interactions between
the emulsion and gel phases, altering not only the gel properties
but also the delivery of encapsulated curcumin. Similarly, as
discussed earlier, the incorporation of Pickering emulsions into
gel beads could also be used to control release of bioactives (Kiat

Wong et al.).

Emulsifier replacement

There is a drive toward replacing artificial emulsifiers with
more natural alternatives. Protein-particles can create very stable
Pickering emulsions, but tend to have large droplet size, which
is not always desirable in food systems. To address this, the
surface activity and structure of the protein molecule itself needs
to be altered. Li et al. have reviewed a specific approach of
utilizing protein-polyphenol complexes to alter the secondary
structure, hydrophobicity and flexibility of the protein. This can
significantly improve the emulsifying properties of the protein,
leading to finer, more stable emulsions, acting as possible
replacements of artificial emulsifiers, whilst also adding further
functionalities such as improved oxidative stability and delivery
of bioactive compounds.

Plant based systems

Finally, another global food challenge is the move away
from animal protein toward plant-based systems. Most plant
proteins have poor solubility and require extensive processing to
improve functionality. Some of the papers already described are
addressing this challenge, to improve the functional properties
of plant proteins. All these papers are effectively utilizing the
poor solubility of plant proteins, to form particles to either act
as functional carriers themselves (Zhang et al.) or to stabilize
Pickering emulsions with plant protein-based particles (Kiat
Wong et al.; Ren et al.; Shen et al.).

Summary

The utilization of protein-based colloidal systems has been
based on many years of fundamental research into the molecular,
colloidal, structural, and functional properties of these systems.
This research is currently being applied to develop intelligently
designed structures with enhanced functionalities, particularly
the oxidative stability and bioavailability of beneficial bioactive
compounds whilst also addressing the demand for more natural
and sustainable food ingredients.
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Fabrication of Bacterial Cellulose
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In this study, the anti-solvent precipitation and a simple complex method were applied
for the preparation of bacterial cellulose nanofiber/soy protein isolate (BCNs/SPI)
colloidal particles. Fourier transform IR (FT-IR) showed that hydrogen bonds generated
in BCNs/SPI colloidal particles via the anti-solvent precipitation were stronger than
those generated in BCNs/SPI colloidal particles self-assembled by a simple complex
method. Meanwhile, the crystallinity, thermal stability, and contact angle of BCNs/SP!I
colloidal particles via the anti-solvent precipitation show an improvement in comparison
with those of BCNs/SPI colloidal particles via a simple complex method. BCNs/SPI
colloidal particles via the anti-solvent precipitation showed enhanced gel viscoelasticity,
which was confirmed by dynamic oscillatory measurements. Furthermore, high internal
phase Pickering emulsions (HIPEs) were additionally stable due to their stabilization
by BCNs/SPI colloidal particles via the anti-solvent precipitation. Since then, HIPEs
stabilized by BCNs/SPI colloidal particles via the anti-solvent precipitation were used
for the delivery of curcumin. The curcumin-loaded HIPEs showed a good encapsulation
efficiency and high 2,2-diphenyl-1-picrylhydrazyl (DPPH) removal efficiency. Additionally,
the bioaccessibility of curcumin was significantly increased to 30.54% after the
encapsulation using the prepared HIPEs. Therefore, it can be concluded that the
anti-solvent precipitation is an effective way to assemble the polysaccharide/protein
complex particles for the stabilization of HIPEs, and the prepared stable HIPEs showed
a potential application in the delivery of curcumin.

Keywords: BCNs/SPI colloidal particles, anti-solvent precipitation, high internal phase pickering emulsions,
antioxidation, delivery of curcumin
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Delivery of Curcumin

INTRODUCTION

Emulsion is a dispersed heterogeneous system composed of
two or more completely or partially immiscible liquids, which
has been widely used in foods, pharmaceuticals, cosmetics, and
other fields (1). Recently, high internal phase emulsions (HIPEs)
belonging to the class of concentrated emulsions with more than
74% (v/v) of the internal phase have aroused much interest in
the food industry because HIPEs offer a promising approach
for converting liquid oil into solid. However, the stability of
HIPEs is a critical challenge due to the usual occurrence of
phase transitions and an increase in the volume of the internal
fraction to a threshold. Traditional HIPEs are usually stabilized
by the high dosages (10-50%) of surfactants or small-molecule
emulsifiers, which were considered as a metastable system with
thermodynamic instability (2, 3). Therefore, Pickering emulsions
stabilized by solid particles have attracted great attention because
of their outstanding stability, resulting from the irreversible
adsorption of particles at an oil-water interface (4, 5). At present,
inorganic particles, including silicon dioxide, titanium dioxide,
and clay, are widely used as stabilizers for HIPEs due to their
efficient emulsifying capacity (6, 7). However, the application of
inorganic particles in the food industry is limited due to their
toxicity risks (8). Therefore, it is necessary to explore food-grade
stabilizers for HIPEs (9).

Recently, various food materials (such as proteins,
polysaccharides, and lipids) have been widely used for the
development of food-grade particles for Pickering emulsion
(10-12). However, it has been demonstrated that the solid
particles from proteins or polysaccharides alone display poor
emulsification properties as these are used for the stabilization
of HIPEs. Thus, chemical modifications are usually used to
improve the emulsifying capacity of polysaccharide or protein
particles while the chemical modification is unable to adapt
to the development of the green food processing industry
(13, 14). It has been reported that the complex particles of
protein and polysaccharides by the self-assembly can stabilize
the HIPE effectively. However, the self-assembly methods
would largely affect the properties of complex particles because
different self-assembly methods lead to different intermolecular
interactions between the complex particles (e.g., the electrostatic
interactions, hydrogen bonds, van der Waals' force, and
steric hindrance) (15). Thus, it is necessary to investigate
the effects of self-assembly methods on the properties of the
complex particles.

In this work, bacterial cellulose nanofiber/soy protein isolate
(BCNs/SPI) colloidal particles were prepared by using the
anti-solvent precipitation and a simple complex method.
Then, in this study, the properties of BCNs/SPI colloidal
particles, including microstructure, thermostability, contact
angle, and rheological behavior, were compared. Meanwhile,
BCNSs/SPI colloidal particles were used for the stabilization
of the HIPEs, and their stability was studied. Afterward, the
super stable HIPEs were used for the delivery of curcumin.
The present study has investigated the delivery properties,
including the antioxidant activity of curcumin, bioaccessibility
of curcumin during in vitro digestion, and release of free fatty
acids (FFAs).

MATERIALS AND METHODS

Materials

Bacterial cellulose (BC) producing strain Komagataeibacter
hansenii CGMCC 3917 was donated by the Fermentation
Technology Innovation Laboratory of Northwest A & F
University (Yanglin, Shaanxi, China). SPI (purity 95%),
curcumin, and bile extract were purchased from Yuanye Bio-
Technology Co., Ltd. (Shanghai, China). Sunflower seed oil was
purchased from the local supermarket (Xi’an, China). Porcine
mucin, porcine pepsin (>300 U/mg), and porcine pancreatin
(4,000 U/g) were obtained from Aladdin Bio-Technology
Co., Ltd. (Shanghai, China), and other chemicals were of
analytical grade.

Sodium Dodecyl Sulfate-Polyacrylamide

Gel Electrophoresis Measurements

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) measurements were measured according to the
method reported in a previous literature study (16). About
5.0% polyacrylamide stacking gels and 15.0% polyacrylamide
running gels were prepared by using a gel kit. Then, the gels
were stained with Coomassie Brilliant Blue. Next, the stained
gels were faded by using destaining solution (glacial acetic acid:
methyl alcohol: water = 10: 45: 45 v: v: v). Finally, the gel imager
(Bio-Rad, Hercules, CA, USA) was used for performing scanning
and analysis.

The protein composition of SPI was analyzed by using
SDS-PAGE and mainly consists of 7S and 11S globulin
(Supplementary Figure 1). Three electrophoretic bands were
separated clearly as shown corresponding to the molecular
weights of 72, 68, and 52 kDa, which were observed as
the o) «, and B subunits of 7S globulin. Electrophoretic
bands corresponding to the molecular weights of 35 and
20 kDa represent the acidic and basic peptides of 11S
globulin, respectively.

The Preparation of BCNs

Bacterial cellulose was produced according to the method in
our previous study (17). Briefly, K. hansenii CGMCC 3917 was
cultured at an aerobic environment (30°C) in a fermentation
medium (pH 5.0) containing glucose 2% (w/v), yeast extract 0.5%
(w/v), KaHPOy4 0.1% (w/v), MgSO4 1.5% (w/v), and ethanol 2%
(v/v). Cellulose membranes were harvested after the 14-day static
cultivation. Then, the membranes were rinsed under running
water overnight, followed by the treatment with 0.1 M NaOH
solution at 80°C for 2 h. After that, the membranes were washed
several times with deionized water until it was natural. Next,
BC was hydrolyzed with 2.5M HCI solution at 70°C for 1h
under magnetic stirring conditions (200 rpm). Afterward, the
suspension was washed with deionized water and centrifuged at
10,000 g until the pH was neutral. Finally, BCNs suspension was
obtained and stored in a fridge at 4°C for a successive study.

Preparation of BCNs/SPI Complex

Particles
Bacterial cellulose nanofiber/SPI complex particles were prepared
by using the anti-solvent precipitation and a simple complex
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method. For the anti-solvent precipitation, SPI stock solution
(1.25%, w/v) was obtained by dissolving an SPI powder in ethanol
solution (70%, v/v) through stirring at room temperature (25°C).
BCNs suspension with the concentration of 0.1% (w/v) was
prepared by dissolving BCNs in deionized water. Then, SPI
solution and BCNs solution were mixed in the ratio of 1:2.5
(v: v). Next, BCNs/SPI mixtures were prepared in the ratio of
1:5 (w/w) and sheared at 8,000 rpm for 4 min using a high-
speed homogenizer (S10, SCIENTZ, Zhejiang, China). Finally,
ethanol and excess water were removed by rotary evaporation
and centrifugation, and BCNs/SPI colloidal particles with a
concentration of 2% were obtained and marked as A-BCNs/SPL.
For a simple complex method, SPI stock solution (1.25%, w/v)
was obtained by dissolving a powder in deionized water through
stirring at room temperature (25°C). BCNs suspension was
prepared by dissolving these in the deionized water. Then,
BCNSs/SPI mixtures were prepared in the ratio of 1:5 (w/w) and
sheared at 8,000 rpm for 4 min using a high-speed homogenizer
(S10, SCIENTZ, Zhejiang, China). Finally, excess water was
removed by centrifugation (4,000 rpm, 10 min), and BCNs/SPI
colloidal particles with a concentration of 2% were obtained and
marked as S-BCNs/SPL

Preparation of HIPEs

A-bacterial cellulose nanofiber/soy protein isolate colloidal
particles and S-BCNs/SPI colloidal particles were used as a
stabilizer to prepare HIPEs, which were marked as A-HIPEs and
S-HIPEs, respectively. Oil in water (O/W) HIPEs were prepared
with the oil fraction of 75% by one-step homogenization. Briefly,
the continuous phase (BCNs/SPI complex particle solution 2%)
and dispersed phase sunflower seed oil were homogenized at
25,000 rpm for 3min using a high-speed homogenizer (S10,
SCIENTZ, Zhejiang, China).

The Loading of Curcumin

In this study, three types of systems were used for the loading
of curcumin. Type I: curcumin was added into the oil with a
concentration of 0.5 mg/ml (w/v), then the curcumin-loaded
oil was obtained and marked as cur-oil. Type II: the HIPEs
(oil fraction, 75%) stabilized by BCNs/SPI colloidal particles
via the anti-solvent precipitation were used for the loading of
curcumin. Briefly, the continuous phase (A-BCNs/SPI colloidal
particle solution, 2%) and dispersed phase (curcumin-loaded oil)
were homogenized at 25,000 rpm for 3 min, then the curcumin-
loaded HIPEs were obtained and marked as cur-HIPEs. Type III:
emulsions (oil fraction, 50%) stabilized by a surfactant (Tween
80 solution, 2%) were used for the loading of curcumin and set
as a control group (18). Briefly, the continuous phase (Tween
80 solution, 2%) and dispersed phase (curcumin-loaded oil) were
homogenized at 25,000 rpm for 3 min, then the curcumin-loaded
emulsion stabilized by Tween 80 was obtained and marked
as cur-TEs.

Zeta-Potential Measurements

The particle charge [zeta- (¢-) potential] of colloidal particles
and HIPEs was performed using the nano-zeta potential analyzer
(Malvern Instruments Ltd., Malvern, UK). Briefly, the samples

were diluted to 0.01% (v/v), and 0.5 ml of diluted dispersion was
injected into a measurement cell for measurement. Al and RI
of samples were set as 0.010 and 1.590. Each experiment was
measured three times.

Particle Size

The particle size and polydispersity index of BCNs, SPI, and
BCNs/SPI colloidal particles were measured by using a laser
particle analyzer (Brookhaven, NY, USA). The samples were
diluted 50-fold before the measurement. And each experiment
was measured three times.

Microstructures

The microstructure of BCNs/SPI complex particles was
characterized using scanning electron microscopy (S-3400N,
HITACHI, Tokyo, Japan) The freeze-dried samples were coated
with gold by an E-1045 sputter coater (HITACHI, Tokyo,
Japan). The images were collected with 10,000x and 1,000x
magnification at an accelerating voltage of 10.0 kV (19).

The microstructures of HIPEs were observed using the Axio
Imager Upright Microscope (ZEISS, Oberkochen, Germany). A
drop of HIPE was put on the glass microscope slide, then the
prepared samples were observed under the microscope (20).

FT-IR Spectroscopy

The FTIR spectra of BCNs/SPI complex particles were recorded
using a FT-IR spectrometer (BRUKER, Vertex70, Karlsruhe
Germany) at 4,000-400 cm ! with a resolution of 4 cm™! (21).

X-Ray Diffraction

X-ray diffraction (XRD) patterns were recorded using an x-ray
diffractometer (Rigaku, Smart Lab, Tokyo, Japan) at 40 kV and
45mA. The samples were scanned from 5 to 50° with a step of
0.02° 20 intervals (4).

Thermostability Analysis

The thermostability analysis of colloidal particles was
characterized using the thermogravimetric analysis (TGA)
and differential scanning calorimetry (DSC). Thermogravimetry
(TG) was performed with 5mg of nanoparticles under nitrogen
atmosphere (N, flow was 20 ml/min) using a Thermoanalyzer
System (Q1000DSC + L NCS + FACS Q600SDT, TA Instrument,
New Castle, DE, USA) according to the previous method. The
samples were heated from 20 to 800°C for 10°C/min, and the
derivative thermogravimetry (DTG) was obtained by using the
derivation for the TGA curve (22).

Differential ~ scanning  calorimetry  (Flash  DSC1,
Schwerzenbach, Switzerland) was carried out for thermal
analysis. About 3 mg of freeze-dried samples were placed in an
aluminum pan and measured at the rate of 10°C/min over the
range of 20-250°C (23).

Fluorescence Spectroscopy

The fluorescence intensity of samples was determined by
using the previously reported method, with some modifications
(24). A fluorescence spectrophotometer (F-7000, HITACHI,
Tokyo, Japan) was used, the concentration of colloidal particle
dispersions was fixed to 2 mg/ml. The emission spectra were
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recorded between 290 and 450 nm. The scanning parameters
were set as follows: the excitation wavelength of 280 nm, the
scanning speed of 100 nm/min, and the slit width of 10 nm for
excitation and emission. All data were the average of three runs.

Contact Angle

An optical contact angle measuring device (OCA20, Dataphiscis
Instruments GmbH, Filderstadt, Germany) was used for the
evaluation of the hydrophilic/hydrophobic characteristics of
BCNs, SPI, and BCNs/SPI colloidal particles. In brief, the samples
were spread on the tablets and dried at 37°C. Then the dried
samples were placed in the equipment platform, 2 pl ultrapure
water (pH 7.5) was successively deposited on the surface using
a high-precision syringe. The water drop image was recorded
via a high-speed video camera for a second. After that, the
droplet profile data was fitted to the LaPlace-Young equation,
and the contact angle was calculated according to the pervious
description (25).

Rheological Properties

Dynamic rheometer (ZX7M-AR1000, TA Instruments, New
Castle, DE, USA) was used for the measurement of the
rheological properties of BCNs/SPI colloidal particles and HIPEs
(10). The linear viscoelastic domain of particles was determined
via an oscillatory stress sweep at a fixed frequency (1 Hz) before
carrying out the oscillatory measurements. Then, a storage
modulus (G/) and loss modulus (GU) were measured from 0.1
to 1,000 Pa at a frequency of 1 Hz. A steady shear flow model
was used for the measurement of the viscosity of particles. The
viscosity (1) was recorded from 0.1 to 100 s~1 at 25°C under
the condition of linear mode. For a thixotropic property analysis,
the initial shear rate was set at 0.1 s~! for 300s. Then, the shear
rate was increased to 10 s~! for 300s. Finally, the shear rate was
recovered to 0.1 s~! for 300 s, and the viscosity (1) was recorded.

Stability of HIPEs

Long-term storage was performed for testing the stability of
HIPEs. Briefly, HIPEs were sealed in a serum bottle for 1 month
at room temperature. The visual appearance and droplet size
distribution of HIPEs were monitored for 1 month. The particle
size and size distribution of HIPEs were determined using a
laser particle size analyzer (LS13320, Beckman, Indianapolis, IN,
USA). HIPEs were sufficiently diluted by deionized water to avoid
multiple scattering. The refractive indexes of oil droplets and
water (dispersants) were 1.46 and 1.33, respectively (26).

Retention Rate of Curcumin

The retention rate of curcumin in HIPEs stabilized by A-
BCNSs/SPI colloidal particles was measured under accelerated
oxidation (27). About 1g of samples were dissolved in 4ml
chloroform and then centrifuged at 3,000 rpm for 10 min, the
absorbance of supernatant was read at 419 nm. The curcumin
concentration of samples was calculated by the calibration
curve of curcumin standards. The retention rate after emulsion
formation and retention rate under accelerated oxidation were

calculated by Equations (1) and (2), respectively:

c
Retention rate after emulsion formation (%) = 2 100%
(&)
(1)
C
Retention rate under accelerated oxidation (%) = 2 % 100%
C1
(2)

where ¢; represents the initial concentrations of curcumin
encapsulated in HIPEs, ¢, represents the initial concentrations
of curcumin loaded in oil, and ¢3 represent the concentrations of
curcumin loaded in samples under accelerated oxidation.

DPPH Removal Efficiency

About 1g of samples were mixed with 4ml ethanol and
centrifuged at 3,000g for 15min. Then, 1 ml of supernatant
was mixed with 3ml of DPPH solution (1 mM). The mixture
was incubated for 30 min in a dark environment. Then, the
absorbance was measured with a spectrophotometer (UV-3000,
Insmark, Shanghai, China) at 517nm (28). DPPH removal
efficiency was calculated with the following equation.

A—A

DPPH removal efficiency (%) = (1 — ) x 100% (3)

where A represents adsorption after incubation, Ay represents the
adsorption of the initial DPPH solution, and A; represents the
adsorption of the mix solution.

Lipid Oxidation

The contents of primary lipid oxidation products [lipid
hydroperoxide (LH)] and secondary lipid oxidation products
[malondialdehyde (MDA)] in oil, cur-oil, HIPEs, and cur-HIPEs
were determined under accelerated oxidation (60°C, 10 days)
according to the method in a previous study (29).

In vitro Digestion Model

A gastrointestinal tract model was utilized to evaluate the
potential gastrointestinal fate of curcumin in a HIPE system (30).
The samples were preheated at 37°C and contain the same level
of oil.

For the mouth stage, 20 ml of HIPEs was mixed with 20 ml of
mucin solution, which was prepared by using PBS with the mucin
concentration of 0.03 g/ml. Then, the pH of the whole system was
adjusted to 6.8 and incubated in a table concentrator (37°C, 100
rpm) for 10 min.

For the stomach stage, 15ml of the sample collected from
the mouth stage was mixed with 15ml of simulated gastric
fluids (SGFs, 3.2 mg/ml pepsin, 2 mg/ml NaCl), and the pH
was adjusted to 2.0. Next, the mixture was incubated in a table
concentrator (37°C, 100 rpm) for 120 min.

For the intestine stage, 1.5ml of simulated intestine fluids
(SIFs, 10mm CaCl, and 150 mm NaCl) and 3.5 ml of bile salt
(20 mg/ml) were added into 30 ml samples from the stomach
stage for adjusting the pH to 7.0 using 0.1 M NaOH. Then, 2.5 ml
of mixed solutions containing 2.4 mg/ml pancreatin and 3.6
mg/ml lipase were added to the system. Finally, the mixture was
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incubated in a water bath with magnetic stirrers (37°C, 100 rpm)
for 120 min.

The Release of FFAs

The degree of lipolysis was measured by the release of FFAs
(31). During the intestinal digestion, NaOH was added into the
whole system to neutralize the FFAs. The consumption of NaOH
was recorded for every 10 min. The fraction of FFA release was
calculated by Equation 4.

VNaOH X MNaOH X Miipid
2 X Wipid

FFA (%) = x 100% (4)

where V0w is the volume of the NaOH for the neutralization of
the FFAs, mna0H is the concentration of NaOH solutions (0.1 M),
Miipiq is the average molecular mass of oil, and Wipiq is the total
content of oil during the intestinal digestion.

Bioaccessibility of Curcumin

After intestinal digestion, the samples were collected for the
determination of the bioaccessibility of curcumin. The samples
were centrifuged at 10,000 g for 30 min. Then, the clear micelle
phase and raw digesta, which dissolved curcumin, were measured
by using HPLC (32). The curcumin concentration of samples was
calculated by the calibration curve of curcumin standards. The
bioaccessibility of curcumin was calculated by Equation 5.

Cmicelle

Bioaccessbility (%) = x 100% (5)

digest

where cpicelle 1S the concentration of curcumin in micelle and
Cdigest 18 the concentration of curcumin in the whole digest.

Statistical Analysis

Analysis of variance (ANOVA) of the data was performed by
using the SPSS 22 (SPSS Inc., Chicago, IL, USA), and the data
were expressed as mean values = SD with a CI of 95%. All data
were plotted using the Origin 2019 software (Origin Lab Inc.,
Northampton, MA, USA).

RESULTS AND DISCUSSION

Zeta-Potential and Particle Size

Distributions

In this study, the particle size distribution and ¢-potential of
BCNs, SPI, and BCNs/SPI colloidal particles were analyzed. As
described in Table 1, the average size of BCNs/SPI colloidal
particles with these two self-assembly methods displayed a
significant difference (p < 0.05), where the average size of
S-BCNs/SPI colloidal particles (1,495.41 + 248.01nm) was
significantly larger than that of A-BCNs/SPI colloidal particles
(1,059.53 £ 104.77 nm). In addition, the polydispersity indexes
of complex colloidal particles via the anti-solvent precipitation
and a simple complex method were 0.27 £ 0.03 and 0.24 & 0.02,
respectively, which were lower than that of BCNs (0.37 £ 0.03)
and SPI (0.33 4 0.02). This result suggests that colloidal particles
showed a better distribution in comparison with the single
BCNs and SPI. The ¢-potential of SPI and BCNs was —33.07 £

TABLE 1 | Average size, polydispersity index (PDI), and zeta- (¢-) potential of
bacterial cellulose nanofibers (BCNs), soy protein isolate (SPI), and BCNs/SPI
colloidal particles with different self-assembly mechanisms.

Types BCNs SPI A-BCNs/SPI S-
BCNSs/SPI
Average size 366.71 + 45.29 947.24 + 1059.53 + 1495.41 +
(nm) 157.42° 104.77° 248.012
PDI 0.37 £ 0.03? 0.33+£0.0228 0.27 £0.038° 0.24 +0.02°
Zeta potential —15.61 £ —33.07 £ —35.97 £ —14.80 £
(mV) 0.65° 3.978 1.548 1.06°

Data are presented as means + SD with three replications. Different letters (a and b) show
a significant difference in the same row.
9 This indicated a significant difference between the groups.

3.97 and —15.61 % 0.65 mV, respectively (Table 1). For complex
particles, the ¢-potential of A-BCNs/SPI (—35.97 £ 1.54 mV) was
significantly higher than that of S-BCNs/SPI colloidal particles
(—14.80 £ 1.06 mV), suggesting that the repulsive forces between
the particles self-assembled by the anti-solvent method were
intensively larger than those between BCNs/SPI particles self-
assembled by a simple complex method. Thus, particles with
weaker repulsive forces were easy aggregated, thus leading to
the larger particle sizes as described earlier. Additionally, the ¢-
potential of BCNs/SPI self-assembled by the anti-solvent method
was higher than that of both BCNs and SPI, indicating that
surface patch binding would participate in the formation of
BCNs/SPI colloidal particles (33).

Microstructure of BCNs, SPI, and

BCNs/SPI Colloidal Particles

The morphologies of BCNs, SPI, and BCNs/SPI colloidal particles
with different self-assembly methods were observed by using the
SEM. As displayed in Figure 1A, BCNs revealed an irregularly
interconnected 3D network, which was in agreement with
our results in a previous study (23). The structure of SPI
showed a lamellar structure with smooth surfaces as a result
of the sample treatment in SEM analysis (Figure 1B). The
structure of BCNs/SPI colloidal particles with different self-
assembly methods displayed a cross-linked structure with long
fibers and an SPI matrix. The structure of BCNs/SPI colloidal
particles self-assembled by a simple complex method showed
a smooth agglomerate with a less fiber structure (Figure 1D).
This phenomenon suggested that BCNs were covered by SPI and
there were less structural rearrangements. However, BCNs/SPI
colloidal particles self-assembled by the anti-solvent precipitation
displayed a rough surface, where a large number of fibers passed
through and were distributed in an SPI matrix (Figure 1C).

Fourier Transform-IR Spectroscopy

In this study, to investigate the changes in the chemical structure
of colloidal particles with different self-assembly methods, FT-IR
analysis was performed. As shown in Figure 2A, in the spectrum
of BCNs, a wide band in the range of 3,600-3,000 cm ™! belonged
to O-H stretching of hydroxyl groups of BCNs, which was
in accordance with the reported result (34). The characteristic
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FIGURE 1 | Scanning electron microscopy (SEM) images of bacterial cellulose nanofibers (BCNs) (A, at 10.0 K magnification), soy protein isolate (SPI) (B, at 1.5K
magnification), A-BCNs/SPI colloidal particles (C, at 1.0 K magnification), and S-BCNs/SPI colloidal particles (D, at 1.0 K magnification). Water contact angle values of
BCNs (E), SPI (F), A-BCNs/SPI colloidal particles (G), and S-BCNs/SPI colloidal particles (H).

peaks at around 2,908 and 1,428 cm ™! were associated with the ~ (23). Furthermore, the crystallinity of A-BCNs/SPI colloidal
dissymmetric stretching vibration and unsymmetric distortion  particles was higher than that of S-BCNs/SPI colloidal particles,
vibration of methylene (-CH2-). In the spectrum of SPI, the  which was likely because the rough surface of fiber structures
characteristic peak of O-H stretching vibrations exhibited at  was largely covered by the SPI in the particles self-assembled
3,274 cm™!, and obvious absorption peaks at 1,554 and 1,643 by a simple complex method, confirmed by the SEM results as
cm~! were assigned to the N-H bending vibration (amide II)  described earlier.

and C-O stretching vibration (amide I), respectively (35). The

absorption peaks of N-H bending vibration (amide II) and C-

O stretching vibration (amide I) in BCNs/SPI colloidal particles ~ Thermostability

self-assembled by the anti-solvent precipitation were observed =~ The TGA and DTG curves of BCNs, SPI, and BCNs/SPI colloidal
at 1,523 and 1,615 cm ™!, respectively while the corresponding  particles were shown in Figure 2C. The weight loss stages at
peaks shifted to higher wavenumbers of 1,542 and 1,620 cm™!  relatively low temperatures were associated with the volatilization
in BCNs/SPI colloidal particles with a simple complex method,  of the physical and chemical bound water or other volatiles and
respectively. This result indicated that hydrogen bonds are  the dehydration in all samples, and the weight loss was about 1%,
generated in BCNs/SPI colloidal particles, which is in agreement ~ which was in agreement with the result reported in the literature
with the results reported in the literature (36). In addition,  (39). With an increase in temperature, the thermograph showed
the shift distance of A-BCNs/SPI colloidal particles was larger  different degradation behaviors between BCNs and BCNs/SPI
than that of S-BCNs/SPI colloidal particles, indicating that  colloidal particles, where the main degradation of BCNs started
the strengthening of hydrogen bonds generated in BCNs/SPI  at 200°C while the main degradation of BCNs/SPI colloidal
colloidal particles self-assembled by the anti-solvent method  particles started at around 150°C, which was attributed to the
seemed to be stronger than those generated in BCNs/SPI colloidal ~ thermal denaturation of soybean protein components including

particles self-assembled by a simple complex method. B-conglycinin and glycinin fractions. Additionally, the main
. . degradation temperature of BCNs/SPI colloidal particles via
X-Ray Diffraction the anti-solvent precipitation was relatively higher than that

The crystal properties of BCNs, SPI, and BCNs/SPI colloidal ~ of BCNs/SPI colloidal particles via a simple complex method.
particles were investigated via an XRD analysis. As displayed  Based on the DTG analysis, the main degradation temperature
in Figure 2B, there were no peaks in the pure SPI, suggesting  of SPI was 325°C, which was in coincidence with the result
that amorphous humps were presented in pure SPI, which were  reported in the literature (40). The peaks at 360 and 370°C
in accordance with the reported result (37). There were three = were presented in the curves of BCNs/SPI colloidal particles self-
characteristic peaks appearing at 20 = 14.22, 16.81, and 22.52°  assembled by a simple complex method and the anti-solvent
in the XRD profile of BCNs, suggesting that BCNs possess a  precipitation, respectively. The main degradation temperature of
typical cellulose I structure with a high crystal structure, which ~ BCNs/SPI colloidal particles via different methods increased in
was in agreement with our previous result (38). The crystallinity = comparison with that of SPI, indicating that the thermostability
of BCNs/SPI colloidal particles obtained via different methods  of colloidal particles was improved by BCNs. The present
shows a decreased value in comparison with that of BCNs, which ~ result showed that the temperature of the maximum weight
was probably due to the interactions between BCNs and SPI  reduction of A-BCNs/SPI colloidal particles was markedly higher
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FIGURE 2 | Fourier transform IR (FT-IR) (A), x-ray diffraction (XRD) (B), thermogravimetric analysis (TGA) (C), differential scanning calorimetry (DSC) (D), and
fluorescence spectrums (E) of SPI, BCNs, and BCNs/SPI colloidal particles prepared by using different self-assembly methods.

than that of S-BCNs/SPI colloidal particles, suggesting that A-  colloidal particles in comparison with that of S-BCNs/SPI, which
BCNGs/SPI colloidal particles possessed higher thermal stability ~ was confirmed by the XRD results as described earlier.

in comparison with S-BCNs/SPI colloidal particles. This result The differential scanning calorimetry curve was displayed in
was mainly caused by the higher crystallinity of A-BCNs/SPI ~ Figure 2D. Two endothermic peaks at 63.26 and 134.28°C in
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BCNs were attributed to the degradation of crystalline water
molecules and the degradation of polymers, respectively. A clear
endothermic peak at 50-125°C was presented in SPT and complex
colloidal particles, which was mainly attributed to f-conglycinin
(7S) and glycinin (11S) in SPI (41). This result indicated that
the physical interaction between BCNs and SPI was generated
during a self-assembly process other than a chemical interaction,
which was confirmed by the FT-IR results as described earlier.
In addition, with an increase in temperature, a melting peak at
230°C in the DSC curve was observed in SPI and disappeared in
the curve of BCNs/SPI colloidal particles, indicating that BCNs
improved the thermostability of SPI, which was in consistent with
the TGA profile as described earlier.

Contact Angle

The interfacial wettability of colloidal particles is an important
property for evaluating the emulsifying capacity of colloidal
particles as Pickering stabilizers (42). Contact angle measurement
is a direct method for the characterization of the partial
wettability of a solid particle. As shown in Figure 1, the contact
angle values of BCNs and SPI were 27.21° £ 0.42° and 53.31° £+
0.26°, suggesting strong hydrophilicity as a result of the hydroxyl
groups of BCNs and SPI, which is in agreement with the FT-IR
results as described earlier. Moreover, the contact angle values
of colloidal particles were higher than those of both BCNs and
SPI. This result was probably due to the hidden and closed
surface hydrophobicity groups of SPI getting exposed during the
self-assembly process as a result of the presence of hydrogen
bonds between the hydroxyl groups of BCNs and carbonyl groups
of SPI (43). It has been demonstrated that 6 value is much
closer to 90°, the wettability of particles facilitates more effective
adsorption and accumulation at the droplet surface, which is
more suitable for the preparation of stable Pickering emulsion
(1). The contact angle of A-BCNs/SPI colloidal particles (83.62°
=+ 0.33°) was higher than that of S-BCNs/SPI colloidal particles
(64.37° £ 0.20°), suggesting that A-BCNs/SPI colloidal particles
displayed a better amphiphilic property as a result of their contact
angle values closer to 90°. Thus, the emulsifying capacity of A-
BCNGs/SPI colloidal particles was higher than that of S-BCNs/SPI
colloidal particles.

Fluorescence Property

In the present study, the conformational changes of proteins
were determined using fluorescence spectroscopy. As shown in
Figure 2E, the fluorescence intensity of BCNs was much lower
than that of SPI, which was likely due to the non-protein structure
of BCNs. SPI presented a typical fluorescence emission peak at
340 nm, which was in agreement with a previous study (44). The
wavelength of maximum emission did not show a distinct shift in
both two types of colloid particles while the fluorescence intensity
of colloid particles obviously (p < 0.05) decreased as a result of
the presence of BCNs, which was in agreement with the reported
result that the protein conformation was altered as a result of the
interaction with other biopolymers (45). Moreover, the intensity
of A-BCNs/SPI colloidal particles was significantly lower than
that of S-BCNs/SPI colloidal particles, indicating that the effect
of the anti-solvent precipitation on the protein conformation

was more dramatically in comparison with that of a simple
complex method.

Rheological Properties of BCNs/SPI

Colloidal Particles

In this study, the rheological behavior of BCNs/SPI colloidal
particles via different methods was investigated. As shown in
Figure 3A, colloidal particles exhibit a storage modulus (G ),
which is higher than a loss modulus (G"), indicating that all
particles possessed gel-like behaviors of elastic solids, which
was in agreement with the reported result (46). The G of
BCNs/SPI colloidal particles self-assembled by the anti-solvent
precipitation was higher than that of the colloidal particles self-
assembled by a simple complex method at the linear viscoelastic
interval, suggesting that the colloidal particles self-assembled by
the anti-solvent precipitation had stronger gel viscoelasticity.
With an increase in stress, an obvious intersection (yield point)
appeared, which indicated the changes of gel viscoelasticity,
showing the conversion from gel-like behaviors to sol-like
behaviors (47). The corresponding crossover point increased
from 106 Pa for S-BCNs/SPI colloidal particles to 958 Pa for A-
BCNs/SPI colloidal particles. These results suggested that the
texture of colloidal particles using the anti-solvent precipitation
was stronger than that of colloidal particles self-assembled using
a simple complex method.

Figure 3B describes the dynamical viscosity (17) of colloidal
particles as a function of shear rate (dr/dt) at 25°C. It was
observed that the apparent viscosity of all colloidal particles
displayed a constant decrease with an increase of shear rate at
a relatively lower shear rate (0-50 s 1), showing a shear-thinning
behavior, suggesting that BCNs/SPI colloidal particles belonged
to the category of Newtonian fluid at a relatively lower shear
rate (48). However, the apparent viscosity of all colloidal particles
displayed stable and unchangeable values at a higher shear rate
(60-100 s~1), in accordance with the Non-Newton fluidity. In
addition, the viscosity of S-BCNs/SPI colloidal particles was
lower than that of A-BCNs/SPI colloidal particles, indicating that
BCNs/SPI colloidal particles self-assembled by the anti-solvent
precipitation showed stronger gel strength, in agreement with the
results of the stress sweep curve as described earlier.

The structural recovery properties of both two types of
colloidal particles were shown in Figure 3C. The viscosity of A-
BCNs/SPI colloidal particles was significantly higher than that of
S-BCNs/SPI colloidal particles at all time intervals, which was
in agreement with the dynamic viscosity as described earlier.
The structural recovery degree was evaluated using the value
of maximum viscosity at a third interval divided by the end
viscosity of the first interval. The structural recovery degree of A-
BCNs/SPI colloidal particles and S-BCNs/SPI colloidal particles
was 98.47 and 30.69%, respectively. According to a previous
study, the recovery percentage larger than 70% was regarded
as a better thixotropic recovery (49). Thus, the result indicated
that the structural recovery property of A-BCNs/SPI colloidal
particles was better than that of S-BCNs/SPI colloidal particles,
which was mainly due to a stronger gel structure demonstrated
in the stress sweep as described earlier.
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FIGURE 3 | Stress sweeps (A), apparent viscosity (B), and thixotropic recovery (C) for BCNs/SPI colloidal particles prepared by using different self-assembly methods.

To better understand the underlying mechanism of BCNs/SPI
colloidal particles with different self-assembly methods, we
proposed a schematic illustration to explain the formation
route of BCNs/SPI colloidal particles with different self-assembly
methods (Supplementary Figure 2).

Properties of HIPEs Stabilized by the

Prepared Two Types of Colloidal Particles

In the present work, the properties of HIPEs stabilized by
the prepared BCNs/SPI colloidal particles with different self-
assembly methods were investigated. The microstructures of
HIPEs stabilized by different types of BCNs/SPI colloidal
particles were observed by using an optical microscope. As
shown in Figure 4, the droplets were interconnected and closely
arranged. This is basically consistent with the fact that a gel-like
network for HIPEs would be formed (50). It was obvious that
HIPEs stabilized by A-BCNs/SPI colloidal particles presented a

small and uniform spherical droplet, whereas HIPEs stabilized
by S-BCNs/SPI colloidal particles presented uneven spheres. This
result was mainly due to a stronger steric force and the surface
activity of the A-BCNs/SPI colloidal particles.

The droplet size distribution of these two types of HIPEs
was shown in Figure 4C, it was observed that both two types
of HIPEs showed a single peak, whereas the average sizes of
these two types of HIPEs displayed a significant difference,
where the average size of HIPEs stabilized by A-BCNs/SPI
colloidal particles (40.54 & 2.66 um) was lower than that of
HIPEs stabilized by S-BCNs/SPI colloidal particles (73.96 +
8.43 um). Furthermore, the droplet distribution and average
size of HIPEs stabilized by A-BCNs/SPI colloidal particles
displayed no significant change after 1 month of storage at
room temperature, suggesting that HIPEs stabilized by A-
BCNs/SPI colloidal particles were very stable. However, there
were dramatic changes in the droplet distribution and average
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the HIPEs stabilized by BCNs/SPI colloidal particles using different self-assembly methods (C: new preparation; D: 1 month later).

size for HIPEs stabilized by S-BCNs/SPI colloidal particles,
where the average size of HIPEs stabilized by S-BCNs/SPI
colloidal particles significantly increased after 1 month of
storage. Moreover, HIPEs stabilized by S-BCNs/SPI colloidal
particles seemed to show an oil layer on the top of HIPEs,
denoted by a red arrow (Figure4D). This result suggested
that HIPEs stabilized by A-BCNs/SPI colloidal particles were
more stable in comparison with those stabilized by S-BCNs/SPI
colloidal particles.

The ¢- potential of HIPEs was shown in Table 2. Both these
types of HIPEs seemed to possess a negative charge, which was
mainly due to the colloidal particles with a negative charge in
an oil-water interface. The ¢-potential of HIPEs stabilized by A-
BCNs/SPI colloidal particles and S-BCNs/SPI colloidal particles
were —35.97 + 1.54 and —24.30 £+ 3.84mV, respectively. It
has been reported that the absolute value of ¢-potential >30
can confer stability in which the emulsion system will resist
aggregation (51). In this regard, HIPEs stabilized by A-BCNs/SPI
colloidal particles showed better stability than those stabilized by
S-BCNs/SPI colloidal particles, which were consistent with the
results of the droplet distribution and long-term storage test as
described earlier.

TABLE 2 | Average size and ¢-potential of A-HIPEs and S-HIPEs.

Types S-HIPEs A-HIPEs
Average size (um) 73.96 + 8.43?2 40.54 + 2.66°
Zeta potential (mV) —24.30 + 3.84° —35.97 + 1.542

Data are presented as means + SD with three replications. Different letters (a and b) show
a significant difference in the same row.

To better understand the internal structures and
physicochemical properties of these emulsions, in the present
study, the rheological properties of HIPEs stabilized by BCNs/SPI
colloidal particles with different self-assembling methods were
investigated. Figure5 showed the storage modulus (G'), loss
modulus (G"), viscosity, and structural recovery properties of
HIPEs stabilized by different types of colloidal particles. HIPEs
stabilized by different types of colloidal particles showed a
storage modulus (G)), which was higher than a loss modulus
(G”) in a linear viscoelastic domain while a crossover point
at 75.65Pa was observed in the curve of HIPEs stabilized by
S-BCNs/SPI colloidal particles, indicating a weaker structure
formed by the S-BCNs/SPI colloidal particles at an interface
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FIGURE 5 | Stress sweeps (A), apparent viscosity (B), and thixotropic recovery (C) for HIPEs stabilized by BCNs/SPI colloidal particles with different self-assembly
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(5). The stress sweep of HIPEs demonstrated that HIPEs
stabilized by A-BCNs/SPI colloidal particles presented better
gel viscoelasticity in comparison with the HIPEs stabilized by
S-BCNs/SPI colloidal particles. This result was mainly due to
an efficient rearrangement of A-BCNs/SPI colloidal particles at
an interface into a more ordered network (52). The viscosity
test showed that two types of HIPEs presented a characteristic
of shear thinning, which was probably due to the squeezing
between droplets, leading to a sharp shrink of the continuous
phase, in agreement with the result in previous research (1).
Additionally, HIPEs stabilized by A-BCNs/SPI colloidal particles
displayed a higher viscoelasticity than those stabilized by
S-BCNs/SPI colloidal particles, suggesting that the structural
recovery degree of HIPEs stabilized by A-BCNs/SPI colloidal
particles (99.86%) was significantly higher than that of HIPEs
stabilized by S-BCNs/SPI colloidal particles (78.51%). This
result was mainly due to improved gel viscoelasticity of HIPEs
stabilized by A-BCNs/SPI confirmed by the stress sweep and
viscosity test as described earlier.

Loading Properties of Curcumin in

Different Systems

In this study, three types of systems (Type I: curcumin was loaded
with only bulk oil; Type II: curcumin was loaded with HIPEs
stabilized by BCNs/SPI colloidal particles via the anti-solvent
precipitation; and Type III: curcumin was loaded with emulsions
stabilized by Tween-80 solution) were used for the loading of
curcumin, and the properties of curcumin-loaded systems were
investigated. The encapsulated efficiency and retention rate of
curcumin in the three systems were evaluated and compared.
As shown in Figure 6A, the retention rate of curcumin after the
emulsion formation in Type II and Type III systems was 94.18
=+ 2.97 and 80.25 £ 2.04%, respectively. After a 10-day storage,
the retention rate of curcumin in Type II system showed the
highest (69.51 £ 2.14%), followed by that in Type III system
(42.22 £ 2.04%), whereas the retention rate of curcumin in
Type 1 system was the lowest (27.90 £ 7.57%). These results
suggested that HIPEs stabilized by BCNs/SPI colloidal particles
via the anti-solvent precipitation displayed better protection for
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FIGURE 6 | Evolution of lipid hydroperoxides (LHs) (A), malondialdehyde (MDA) (B) retention rate (C), and 1,1-diphenyl-2-picrylhydrazyl (DPPH) removal efficiency (D)

curcumin in comparison with the emulsion stabilized by Tween-
80 and bulk oil.

DPPH removal efficiency was evaluated under accelerated
oxidation. As shown in Figure 6B, the initial DPPH removal
efficiency of all samples was very similar. However, after 10
days of storage, the DPPH removal efficiency of curcumin in
Type I system decreased to 39.39 & 0.58% from 95.15 £ 2.17%.
The DPPH removal efficiency of curcumin in Type II system
was the highest (70.40 & 6.28%), followed by that in Type III
system (56.15 = 1.19%), which indicated that the antioxidant
ability of curcumin was obviously improved using the system
of HIPEs stabilized by BCNs/SPI colloidal particles via the anti-
solvent precipitation.

Lipid Oxidation

To better understand the change in the antioxidant ability
of curcumin-loaded HIPEs stabilized by BCNs/SPI colloidal
particles via the anti-solvent precipitation under accelerated
oxidation, the contents of lipid oxidation markers (LH and MDA)
in the samples were detected. As shown in Figure 6, LH and

MDA contents of bulk oil and cur-oil were significantly increased
after the storage for 10 days at 60°C. It was obvious that the
antioxidant effects of HIPEs systems were significantly better
than those of a bulk oil system, which was mainly attributed to
the formation of a solid physical barrier at an oil/water interface
because of the irreversible adsorption of BCNs/SPI colloidal
particles via the anti-solvent precipitation (52). Furthermore,
the barriers would protect the oil from oxygen, thus improving
the antioxidant effect of the HIPE system. LH and MDA
contents of curcumin-loaded oil and curcumin-loaded HIPEs
were obviously lower than the bulk oil and HIPEs during the
storage, respectively, suggesting that the curcumin decreased the
lipid oxidation rate in agreement with the previous result as
reported in the literature (5).

Digest Properties of Curcumin in Different
Systems
In the present work, three types of systems (Type I: curcumin

was loaded with only bulk oil; Type II: curcumin was loaded
with HIPEs stabilized by BCNs/SPI colloidal particles via the
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anti-solvent precipitation; and Type III: curcumin was loaded
with emulsions stabilized by Tween-80 solution) were used for
the delivery of curcumin, and the in vitro digestion properties
of curcumin-loaded systems were investigated. Figure 7A shows
the FFA release profiles of curcumin in the three types of
systems. For all systems, an increase in the FFA release rate was
observed during the simulated gastric digestion, which was due
to the conversion of triglyceride into FFAs and glycerides by the
absorption of lipase on the surface of an oil droplet in agreement
with the previous research (31). Type I system showed the highest
FFA release rate (72.40 = 1.05%) while the FFA release rate of
Type II system was the lowest (43.52 & 1.71%), followed by that
of Type III system being 57.58 £ 1.49%. This phenomenon was
mainly attributed to the formation of a solid physical barrier in
the HIPE system formed by BCNs/SPI colloidal particles because
it has been demonstrated that the solid physical barriers were

hardly disrupted by surface active bile salts and lipase due to their
irreversible adsorption at an oil/water interface (53). In contrast,
the adsorption of Tween-80 at an oil/water interface was unstable,
and the structure of the emulsion was destroyed during gastric
digestion. In contrast, the adsorption of Tween-80 at an oil/water
interface was unstable, thus the structure of emulsion was easily
disrupted during in vitro digestion.

The concentrations of curcumin in different systems during
in vitro digestion were determined by using HPLC. As shown
in Figure 7B, the initial curcumin concentration of all systems
was similar (121.06 £ 2.71 pg/ml). After in vitro digestion, the
concentration of curcumin in Type II system was the highest
with a value of 69.95 & 3.14 ug/ml whereas the concentration
of curcumin in Type I and Type III systems was 20.73 =+
1.71 and 37.01 £ 1.58 pg/ml, respectively. Thus, after digestion,
the retention rate of curcumin in Type II system was the
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highest (57.78%) while that of curcumin in Type I and Type
III systems was 17.12% and 30.57%, respectively. This result
indicated that the HIPEs potentially protect the curcumin from
getting destroyed from the simulated digestion fluids during
in vitro digestion. To investigate the change in the antioxidant
ability of curcumin during in vitro digestion, DPPH removal
efficiency was evaluated. As shown in Figure 7C, the DPPH
removal efficiency of all systems was 79.81% =+ 5.25%. After in
vitro digestion, the DPPH removal efficiency of curcumin in Type
I system was decreased to 17.40% =+ 1.15%, whereas the DPPH
removal efficiencies of curcumin in Type II and Type III systems
were 39.81% £ 1.58% and 26.86% =+ 1.75%, respectively. This
result suggested that the structure of HIPEs increased the DPPH
removal efficiencies of curcumin during in vitro digestion, in
agreement with the change in curcumin concentration during in
vitro digestion as shown in Figure 7C.

The bioaccessibility of curcumin in different systems during
in vitro digestion was shown in Figure 7D, the bioaccessibility
of curcumin in Type I, Type II, and Type III systems was 2.10%
£ 0.25, 30.54% =+ 1.25, and 10.65% = 0.56%, respectively. The
bioaccessibility of curcumin in Type II system was higher than
that of curcumin in Type I and Type III systems. This result
was probably obtained by HIPEs having the ability to improve
the solubility of curcumin in micelle after in vitro digestion. In
the HIPE system, the undigested BCNs/SPI colloidal particles
may improve the solubility of curcumin in mix micelle (54). In
contrast, the solubility of curcumin in mix micelle from Type
I and Type III systems was relatively lower, thus leading to the
reduced bioaccessibility for curcumin.

CONCLUSION

In this study, BCNs/SPI colloidal particles were prepared by
using the anti-solvent precipitation and a simple complex
method. The ¢-potential of colloidal particles indicated that the
surface patch binding gets induced during the self-assembly
of BCNs and SPI. FT-IR analysis showed that BCNs/SPI
colloidal particles were assembled by using the anti-solvent
precipitation and a simple complex method through hydrogen
bonds. Moreover, the intensity of hydrogen bonds generated
in BCNs/SPI colloidal particles self-assembled by the anti-
solvent precipitation was stronger than those particles self-
assembled by a simple complex method. Meanwhile, the droplet
size, crystallinity, thermal stability, and contact angle values
of composite colloidal particles self-assembled by the anti-
solvent precipitation were better than the colloidal particles self-
assembled by a simple complex method. Dynamic oscillatory
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The present work aimed to investigate the swelling behavior, in vitro digestion, and release
of a hydrophobic bioactive compound, thymoquinone (TQ), loaded in Pickering emulsion
incorporated in alginate-chitosan hydrogel beads using a simulated gastrointestinal
model. In this study, oil-in-water Pickering emulsions of uniform micron droplet sizes
were formulated using 20% red palm olein and 0.5% (w/v) cellulose nanocrystals-soy
protein isolate (CNC/SPI) complex followed by encapsulation within beads. FT-IR was
used to characterize the bonding between the alginate, chitosan, and Pickering emulsion.
2% (w/v) alginate-1% (w/v) chitosan hydrogel beads were found to be spherical with
higher stability against structural deformation. The alginate-chitosan beads displayed
excellent stability in simulated gastric fluid (SGF) with a low water uptake of ~19%.
The hydrogel beads demonstrated a high swelling degree (85%) with a superior water
uptake capacity of ~593% during intestinal digestion in simulated intestinal fluid (SIF).
After exposure to SIF, the microstructure transformation was observed, causing erosion
and degradation of alginate/chitosan wall materials. The release profile of TQ up to 83%
was achieved in intestinal digestion, and the release behavior was dominated by diffusion
via the bead swelling process. These results provided useful insight into the design of
food-grade colloidal delivery systems using protein-polysaccharide complex-stabilized
Pickering emulsions incorporated in alginate-chitosan hydrogel beads.

Keywords: alginate, chitosan, hydrogel beads, Pickering emulsion, in vitro digestion
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Thymoquinone-Encapsulated Pickering Emulsion Hydrogel

INTRODUCTION

Thymoquinone (TQ), a major essential oil component of Nigella
sativa seeds, has attracted significant attention in recent years
to be used as an alternative to chemical drugs. TQ has been
known to possess therapeutic benefits such as anti-oxidant,
anti-inflammatory, and anti-cancer with minimal adverse effects
and no severe toxicity (I, 2). Furthermore, several studies
showed that TQ could induce apoptosis in human colorectal
cancer cells by abrogate the stress response pathway sensor
CHEKI1 (3) and inhibit the proliferation of human colon cancer
cells by increasing the phosphorylation states of the mitogen-
activated protein kinases (4, 5). These findings suggest that
TQ could be a critical component in formulating nutraceutical
food products for colon cancer prevention. However, the
application of TQ in food systems has been limited because
of its high hydrophobicity due to the low dissolution profile
when delivered orally. Hence, it exhibits low bioavailability at
the target-diseased site (6). In addition, researchers found that
TQ also suffers from chemical decomposition and enzymatic
degradation in the gastrointestinal tract, which further limits
the oral administration of TQ (7). These limitations could be
effectively overcome by physically entrapping TQ in delivery
colloid carrier systems to enhance its bioavailability and
therapeutic ability.

Natural resources such as protein, lipid and polysaccharides
have been used as environmentally sustainable biomaterials
for the active coating of the bioactive agent (8). One of the
prominent carriers for encapsulation, the alginate hydrogel
beads, have been investigated extensively over the last decade
because of their unique properties such as good aqueous
solubility, biocompatibility, biodegradability, and non-toxicity.
These characteristics make them helpful in encapsulating food
ingredients, drugs, or natural extracts in the food industry
and drug delivery system (9-12). The system can encapsulate
small and large molecules at high efficiencies (13). It can
readily form a three-dimensional gel-like structure, known as
the egg-box model, when crosslinking with divalent cations
such as Ca?* (14). However, mainly hydrophilic molecules are
selected as encapsulants resulting from many free hydroxyl and
carboxyl groups along the alginate backbone (15). To encapsulate
hydrophobic molecules, chemical modification is required by
introducing hydrophobic groups such as lipid into the hydrogel
beads matrix.

Emulsions are a mixture of two or more immiscible
liquids, often stabilized with surfactants or surface-active
particles. They have been widely used in food products
due to their excellent stability and high nutritional value
(16, 17). Due to the lipophilic property of TQ, an oil-in-
water (O/W) emulsion is a perfect carrier system for the
encapsulation of TQ. In particular, Pickering emulsions
(PE) are emulsions stabilized with solid particles in place
of surfactants. PE has shown numerous advantages of
robust stabilization against coalescence with enhanced
phase separation due to a dense layer of solid particles
adsorbed irreversibly around the emulsion droplets (18).
Liu and Tang confirmed that soy protein nanoparticles

(0.5-6.0%, w/w) could formulate Pickering emulsions
with properties tailored by changing the concentration
and emulsification process (19). Yi et al. found that the
combined use of soy protein isolate (20 mg/mL) and gallic
acid (0.5-1.5 mg/mL) as the Pickering stabilizers contributed
to great stability, excellent anti-oxidant, and antimicrobial
abilities (20). Most recently, Wong et al. demonstrated the
preparation of highly stable yet uniform red palm olein-in-water
Pickering emulsions using cellulose nanocrystals-soy protein
isolate (1.0%:1.0%, w/w) nanoconjugates as the food-based
stabilizer (21).

However, protein particles-stabilized PE is often susceptible
to changes in pH, especially during gastric digestion.
Hence, by dissolving TQ in the oil phase of PE, followed
by encapsulating the TQ-loaded PE within the alginate
hydrogel matrix, bioactive compounds can be protected
from the harsh external environment by improving the
bioavailability of orally administered hydrophobic molecules
(22, 23). Several studies have demonstrated the application
of hydrogel in the immobilization of Pickering emulsion. For
instance, Xiao et al. fabricated curcumin-loaded Pickering
emulsion alginate hydrogel with improved processing
stability and controlled digestion profile (24). In addition,
Yan et al. reported the encapsulation of alfacalcidol in
alginate beads using Pickering emulsion as a template,
and the composite beads exhibited sustained release
performance (11). In another study, Lim et al. successfully
prepared  chitosan-stabilized  Pickering emulsions with
immobilization efficiency exceeding 99% using calcium-alginate
hydrogel (25).

To improve the stability and rigidity of alginate hydrogel
beads, chitosan, a deacetylated product of chitin, which is
the second most abundant polysaccharide after cellulose, can
be employed as a supporting polymer. Chitosan has excellent
biocompatibility, biodegradability, and mucoadhesive properties,
and it is the only polysaccharide exhibiting cationic character,
making it a suitable material in the food and nutraceutical
industry (26, 27). When used together in forming hydrogel
beads, the cationic amine group (—NH;‘) of chitosan could
bind to the carboxylate group (-COO™) of alginate, forming
crosslinked alginate-chitosan complexes, providing an enhanced
protective coating for the encapsulated moieties (28, 29). It is
also reported that the stability of the protein-based delivery
system could be benefited from the chitosan coating, where
proteins hydrolysis can be decreased during gastrointestinal
digestion (30).

To date, the encapsulation of Pickering emulsions in alginate-
chitosan beads with a hydrophobic bioactive component is
rarely reported, especially when using a polysaccharide-protein
complex as the Pickering emulsifier. This study combined the
highly efficient encapsulating performance of alginate-chitosan
(Alg-Chi) hydrogel beads with cellulose nanocrystals-soy
protein isolate (CNC/SPI)-stabilized Pickering emulsion to
develop a new delivery formulation for the loading of the
hydrophobic bioactive model, TQ. The CNC/SPI-stabilized
Pickering emulsion (TPE) was prepared by ultrasonication using
a probe based on a previous study (21) and an ionic gelation
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FIGURE 1 | The schematic illustration of the preparation of thymoquinone loaded alginate-chitosan beads by immobilized CNC/SPI-stabilized Pickering emulsion.
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method to fabricate Alg-Chi-TPE hydrogel beads, as shown in
Figure 1. The morphology, encapsulation efficiency, in vitro
digestion and release performance of Alg-Chi-TPE hydrogel
beads were investigated. The findings of the current work
could contribute to the practical applications of polysaccharide-
protein-based Pickering emulsions in nutraceutical and
functional food products.

MATERIALS AND METHODS

Materials

Cellulose nanocrystals (CNC) (freeze-dried) were procured from
the University of Maine, United States. Soy protein isolate (SPI)
was provided by Shandong Wonderful Industrial Group Co.,
Ltd. (Shandong, China). Sodium alginate, calcium chloride and
low molecular weight chitosan (50-190 kDa) were purchased
from Sigma Chemicals Co. (St. Louis, MO, USA). Red palm
superolein (275 ppm p-carotene, melting point 19°C) was
acquired from Sime Darby Jomalina Sdn. Bhd., Malaysia.
Ultrapure water (18.2 M§2 cm™ ') was obtained from the Milli-
Q® Plus apparatus (Millipore, Billerica, USA) and was used in
all the experiments. All other chemicals and reagents used were of
analytical grade.

Preparation of Thymoquinone-Loaded
Oil-in-Water (O/W) Pickering Emulsion
(TPE)

CNC/SPI complex was used as the solid stabilizer in forming
O/W Pickering emulsion with red palm olein (deep orange color)
as the oil phase and deionized water as the continuous aqueous
phase. Thymoquinone (TQ) was firstly dissolved in the oil phase
with magnetic stirring at 500 rpm at room temperature for 1h.
Next, emulsions with a fixed oil content were prepared by mixing
20% (v/v) palm olein with aqueous suspensions of 0.5% (w/v)
CNC/SPI complex at pH 7, adjusted by 1 M HCl and 1 M NaOH.
Subsequently, the mixture was emulsified for 5min using the
ultrasonic horn at 60 W, and the emulsion was stored in glass
vials for further usage. The measured average droplet size of
formulated TPE was found to be ~23.5 4 2.2 um with a zeta
potential of 34.3 & 1.4 mV (21). Pickering emulsions without TQ
was prepared similarly as control.

Preparation of Alginate-Chitosan (Alg-Chi)
Beads Immobilized TPE

According to a previously described method (31), alginate-
chitosan beads immobilized Pickering emulsions (Alg-Chi-TPE)
were produced using the ionic gelation method with
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modification. Firstly, sodium alginate was dissolved in
ultrapure water to give sodium alginate solutions of different
concentrations (1%, 2%, 3%, 4% w/v). These sodium alginate
solutions were degassed for 30 min to discharge air bubbles
before being utilized. Next, freshly prepared Pickering emulsions
were added in alginate solutions at a 1:1 (v/v) ratio and mixed
homogeneously under magnetic stirring for 10 min to produce
Pickering emulsion-alginate solutions with final alginate
concentrations (0.5%, 1%, 1.5%, 2% w/v). Then, Pickering
emulsion-alginate solution was added dropwise into a mixed
solution of 2% (w/v) calcium chloride solution in ultrapure water
and 1% (w/v) chitosan solution in 1% (v/v) acetic acid solution
under gentle stirring through a 21-gauge needle syringe. The
formed beads were hardened in the mixed solution for 30 min
before collection and washed with ultrapure water. The mixed
and washing solutions were kept to measure the encapsulation
efficiency of thymoquinone in the Pickering emulsion-filled
alginate-chitosan beads.

Characterization of Alginate-Chitosan

(Alg-Chi) Beads Immobilized TPE

Shape and Size of Hydrogel Beads

The shape and average size of freshly formed Alg-Chi-
TPE hydrogel beads and dried Alg-Chi-TPE hydrogel beads
were investigated using a Stemi microscope (Stemi2000, Zeiss,
Germany). The size of the beads was measured using the
ZEN2012 Blue software and was averaged based on eight
replicates. The shrinking ratio of freshly prepared and dried
alginate-chitosan beads was calculated using the following
Equation (1).

Sf— Sa
Shrinking ratio (%) = Tx 100% (1)
f

Where S¢ is the average size of freshly prepared beads and Sq is
the average size of dried beads.

FT-IR Spectroscopy

Alg-Chi-TPE hydrogel beads were crushed using mortar and
pestle before analysis. The FTIR spectra over the wavelength
range of 400-4,000 cm™! were recorded using the attenuated
total reflectance Fourier transform infrared (ATR-FT-IR)
spectrometer (Nicolet iS10, Thermo Fisher Scientific, USA).

Measurement of Encapsulation Efficiency (EE)

According to the previously described method for O/W
emulsions (32), the encapsulation efficiency was analyzed by
centrifugation with modification. In brief, 1 mL of O/W emulsion
was added dropwise into a mixture of isopropanol and hexane
(1:1 v/v, 10mL) and subjected to vortex for 20s to break the
emulsion. Then, the mixture was centrifuged at 4,500 rpm
for 10 min. The amount of thymoquinone in the supernatant
was measured at the wavelength of 290nm by a UV-Vis
spectrophotometer (Genesys 10s UV, Thermo Fisher Scientific,
USA). O/W emulsion without thymoquinone was prepared
similarly and used as a blank. The encapsulation efficiency of
thymoquinone in O/W emulsions (EE.) was calculated based

on a standard calibrated curve of thymoquinone based on the
following Equation (2).

EE, (%) = (Amount of thymoquinone in the supernatant)

Amount of total thymoquinone

x 100% (2)

According to the previously described method for O/W
emulsion-filled alginate-chitosan (Alg-Chi-TPE) hydrogel beads,
the encapsulation efficiency was calculated by measuring the
leakage during the crosslinking process (30). After the hardening
process of beads, the absorbance of the mixed solution (CaCl,
and chitosan) and the washing solution was measured at the
wavelength of 290 nm by a UV-Vis spectrophotometer (Genesys
10s UV, Thermo Fisher Scientific, USA). The encapsulation
efficiency of thymoquinone in Alg-Chi-TPE hydrogel beads
(EEp,) was calculated using the following Equation (3).

Amount of thymoquinone in the mixed solution
EE, (%) =(1—

Amount of total thymoquinone
x 100% (3)

In vitro Digestion

Simulated digestion of Alg-Chi-TPE hydrogel beads in gastric
and intestinal phases was performed according to a previously
described method (32) with modification. Simulated gastric fluid
(SGF) and simulated intestinal fluid (SIF) were prepared as
described below. SGF was prepared by dissolving 2 g of NaCl,
3.2 g of pepsin and 7ml of 12M HCl in 1L of ultrapure water.
SIF was prepared by adding pancreatic lipase (4 mg/mL), bile salt
(4.3 mg/mL), and 0.6 mM CaCl, in phosphate buffer solution
(pH 7.5). The mixture was stirred until homogenized for 1h
before use. Pepsin is responsible for breaking down protein
during gastric digestion, while pancreatic lipase is important in
the dietary triacylglycerol breakdown during intestinal digestion.

Water Uptake Study

The water uptake of the Alg-Chi-TPE hydrogel beads was
performed in two different digestive media: SGF and SIF.
Accurately weighed beads were immersed in 20 mL of respective
medium in a sealed conical flask and placed in an incubator
shaker (100 rpm) at 37°C. The beads were separated from the
medium at specific time intervals, wiped gently with filter paper
and weighed. The weight change of the beads to time was
determined using the following Equation (4).

W, —W;
Water uptake (%) = W x 100% (4)

1

Where Wy is the weight of the beads in swollen state and Wj is
the initial weight of the untreated beads.

Swelling and Erosion Study

The swelling and erosion of the Alg-Chi-TPE hydrogel beads
were performed in two different digestive media: SGF and SIF.
Beads were immersed in 20 mL of respective medium in a sealed
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FIGURE 2 | Digital images of wet and dry alginate-chitosan hydrogel beads immobilized Pickering emulsion obtained with different alginate concentrations.
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conical flask and placed in an incubator shaker (100 rpm) at
37°C. The beads were removed from the medium at specific time
intervals, wiped gently with filter paper, and the diameter was
measured. The swelling degree and erosion degree of the beads
to time were determined using the following Equations (5) and
(6), respectively.

D — D;

Swelling (%) = x 100%

)

1
W; — W,
——— x 100%

1

Erosion (%) =

(6)

Where Dy is the diameter of the beads in the swollen state, Dj is
the initial diameter of the untreated beads, W, is the weight of
the dried beads in the swollen state, and Wj is the initial weight
of the untreated beads.

Microstructures of Beads After Digestion

The microstructures of Alg-Chi-TPE hydrogel beads after
gastric digestion and intestinal digestion were observed through
a variable pressure scanning electron microscope (VP-SEM,
Hitachi s3400N-1I1, Japan) and an upright fluorescent microscope
(Nikon Eclipse 90i, Nikon Instrument Inc., USA). For VP-SEM
preparation, the samples were air-dried, sputter-coated with gold
under a vacuum before analysis. The samples were observed at
an accelerating voltage of 10 kV. For the fluorescent microscope,
the lipid phase of the emulsions was stained with Nile red (0.01%
w/v) during the preparation process. A bead was placed on a
microscopic slide and gently covered with a coverslip. The edge
of beads was observed.

Release Study of Thymoquinone During Digestion
The release of thymoquinone (TQ) from Alg-Chi-TPE hydrogel
beads in gastric digestion and intestinal digestion were evaluated
according to the method described in section Measurement of
Encapsulation Efficiency (EE). In brief, the hydrogel beads were
immersed in 20 mL of respective medium in a sealed conical
flask and placed in an incubator shaker (100 rpm) at 37°C. The
hydrogel beads were treated with SGF for 120 min followed by
SIF for another 240 min. Then, at specific time intervals, 2 mL of
the medium was withdrawn from the conical flask and topped up
with the fresh medium. The release profiles of TQ were fitted to
the Peppas model by the following Equation (7) (33).

Mt
— = kt"

Mi @

Where Mt/Mi is the cumulative release ratio at time t, k is the
kinetic constant, and n is the diffusional exponent.

RESULTS AND DISCUSSION

Fabrication and Characterization of
Alginate-Chitosan Beads Immobilized

Thymoquinone-Loaded Pickering Emulsion
Thymoquinone (TQ) was first dissolved in the red palm olein
phase before the emulsification process. Next, the cellulose
nanocrystals-soy protein isolate (CNC/SPI) complex was used
as the Pickering stabilizer and dispersed in the aqueous phase.
The alginate-chitosan (Alg-Chi) hydrogel beads were then
prepared by external gelation method through dripping a
mixture of TQ-loaded CNC/SPI-stabilized Pickering emulsion
(TPE) with different alginate concentrations into a pre-mixed
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TABLE 1 | The mean sizes and the shrinking ratio of Alg-Chi hydrogel beads were determined by ZEN2012 Blue software.

Wet (mm)

0.5% Alg-1.0% Chi
1.0% Alg-1.0% Chi
1.5% Alg-1.0% Chi
2% Alg-1.0% Chi
2% Alg

1.598 + 0.106%
1.987 +0.118°
2.339 + 0.1565°
2.699 + 0.097¢
2.651 + 0.1024¢

Dry (mm) Shrinking ratio (%)
1.138 £ 0.0772 28.65 £ 0.10
1.383 4+ 0.052° 31.84 £ 1.47
1.554 + 0.068° 34.96 + 1.39

1.613 + 0.061%4 40.13 £ 0.11
1.583 + 0.044¢%4e 40.94 £ 0.63

Values expressed as the mean =+ standard deviation. Different letters in the same column indicate significant differences (p < 0.05).

CaCl,/chitosan solution (Figure 1). The digital images of the wet
and dry Alg-Chi-TPE hydrogel beads are shown in Figure 2.
Both wet and dry beads exhibited uniformly spherical shapes
when 2% (w/v) alginate was used. However, when lower alginate
concentrations were used, the shape of the beads was deformed,
resulting in rough and collapsed surface morphology. This
deformation is inevitable when water was evaporated from the
wet hydrogel beads during the drying process, causing volume
shrinkage of hydrogel beads (34).

Table 1 summarizes the percentage of weight change after the
drying process. It could be observed that 2% (w/v) alginate beads
exhibit the highest difference in shrinking ratio compared to the
rest due to the higher concentration available to form larger wet
beads with more water content. Generally, increasing the alginate
ratio in beads formulation causes the beads amplification
and weight change. However, hydrogel beads obtained with
2.0% (w/v) alginate concentration displayed the least structural
deformation after the drying process and demonstrated better
stability than the other hydrogel beads. It is worth noting that the
colors of the beads became darker when the beads shrink, which
could be due to the increase in the concentration of immobilized
TPE within the beads after the water has evaporated.

FTIR spectra of thymoquinone-loaded Pickering emulsion
(TPE), Alg, Alg-TPE, Chi, and Alg-Chi-TPE hydrogel beads
are shown in Figure 3A. The typical bands for the fatty acid
hydrocarbon chains of palm olein in TPE could be observed at
2,921, 2,852, and 1,743 cm™! for the asymmetric and symmetric
stretching vibrations of C-H (-CH2) and carbonyl group (C=0)
from ester (35). The FTIR spectrum of Alg-Chi-TPE beads
revealed similar profiles as the TPE with the additional strong
peaks at 1,592 and 1,416 cm~!, attributed to the asymmetric
and symmetric stretching vibrations of the -CO bond in the
carboxylate (-COO™) group of alginate (36). The shift observed
from 1,603 to 1,592 cm™' and 1,427 to 1,416 cm™! in the
spectra could be due to ion-induced alginate gelation by Ca?*
and cationic chitosan. The similarities of the palm olein bands
revealed no interaction between the Pickering emulsion and wall
materials, indicating that the Pickering emulsion is physically
entrapped within the Alg-Chi beads system. Chitosan spectrum
shows characteristic bands at 1,651 and 1,583 cm™! due to
the C=0 vibration of the acetylated units (-CONH, groups)
(37). The C=O0 vibration in the Alg-Chi-TPE spectrum shifted
to a lower wavelength (1,651 to 1,592 cm™!), denoting the
electrostatic interaction of chitosan with alginate in the hydrogel
beads. On the other hand, the FTIR spectra (Figure3B) of

Alg-Chi-TPE hydrogel beads with different Alg concentrations
displayed similar profiles suggesting that Alg concentration
does not affect the physicochemical interactions between the
immobilized TPE and the wall materials.

According to Equation (2), the encapsulation efficiency
(EEe) of thymoquinone (TQ) in the freshly prepared Pickering
emulsion system was determined to be >99%. This is reasonable
since TQ first fully dissolves in the oil phase before turning
into an O/W emulsion. Alternatively, based on the hydrogel
shells formed by external gelation that immobilized the O/W
emulsion loaded with TQ, the TQ’s encapsulation efficiency
(EEp) according to Equation (3) of the Alg-Chi-TPE beads was
determined to be 89.18 & 3.63%, revealing an excellent loading
efficiency using hydrogel beads. A decrease in the encapsulation
efficiency could be due to the release of TQ during the ionic
gelation and the hardening process.

Effects of Digestion on Alginate-Chitosan
Beads Immobilized Thymoquinone-Loaded

Pickering Emulsions

Figure 4 illustrates the water uptake of Alg-Chi-TPE hydrogel
beads with different Alg concentrations in simulated gastric fluid
(SGF) and simulated intestinal fluid (SIF). All hydrogel beads
exhibited a weight increase of ~15% after 30 min of gastric
digestion. The increase in weight can be justified where the void
regions within the hydrogel beads get filled up by water due
to osmotic pressure asserting on the hydrogel beads. The water
uptake ratio of all the beads continued to rise to a maximum of
23% for beads formed with 2.0% (w/v) Alg. The water uptake
is minimal at the low pH of gastric fluid because alginate
precipitates to form alginic molecules in the form of aggregates
linked by hydrogen bonding leading to higher stability (38).
When the hydrogel beads were introduced to the gastric digestive
fluid, denser alginate structures were believed to be due to the
weakened electrostatic repulsion among the alginate molecules.
The pH of the SGF was maintained at pH 1.5, and the pK,
of alginate was at about 3.5, causing the alginate to reduce its
negative charges (39).

The water uptake of beads was accelerated during intestinal
digestion, which is ideal for digesting oils. Hydrogel beads
obtained with 0.5% and 1.0% (w/v) alginate were disintegrated
and deformed, where the weight measurement of the swollen
beads could not proceed (Figure 4B). Generally, the water uptake
ability of all beads during intestinal digestion improved with
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FIGURE 3 | FTIR spectra of (A) TPE, Alg, Chi, and Alg-Chi-TPE beads (B) different alginate concentrations (0.5-2.0% w/v).

increasing alginate concentration. The water uptake ratios of
2.0% (w/v) alginate and 2.0% (w/v) alginate-chitosan beads were
significantly different at 120 min (P < 0.05) and continued to
achieve 643 and 593%, respectively at 240 min, demonstrating
substantial intestinal digestion of hydrogel beads in SIF. The
destabilization of the alginate polymer network at intestinal pH
is due to the ion exchange between Na' ions in the intestinal
digestion fluid and Ca’* ions in the hydrogel beads (40).

The calcium ions dissociate and form calcium phosphate salts
which no longer crosslink with the alginate matrix, leading
to the structural degradation of the hydrogel matrix. On the
other hand, the ionization of alginate at intestinal pH produces
electrostatic repulsion forces between alginate chains, increasing
weight gain (32).

Table 2 shows the swelling and erosion degrees of Alg-
TPE and Alg-Chi-TPE hydrogel beads after 120 min of gastric

Frontiers in Nutrition | www.frontiersin.org

30

October 2021 | Volume 8 | Article 752207


https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Wong et al.

Thymogquinone-Encapsulated Pickering Emulsion Hydrogel

digestion and up to 240 min of intestinal digestion. The swelling
degree measures the diameter of the swollen beads after
treatment. The swelling degree for both hydrogel beads reduced
after 120 min of gastric digestion, demonstrating the shrinking

of beads. The shrinking occurs due to the dissociation of Ca?*
ions at low pH, the COO™ groups become protonated, resulting
in the formation of hydrogen bonds within the alginate chains
(41). In contrast, the swelling degree increased tremendously

B
25 * . 700
- i I
1 * T 600 -
20 *
500
S Q i al
= (=
g 154 g 400 x - =
el —=—0.5% Alg-1.0% Chi P
2 —e—1.0% Alg-1.0% Chi 2 300
= 10+ —A— 1.5% Alg-1.0% Chi = ]
R —v—2.0% Alg-1.0% Chi R . —=—0.5% Alg-1.0% Chi
] —+—2.0% Alg i —e—1.0% Alg-1.0% Chi
5 —A—1.5% Alg-1.0% Chi
100 —v—2.0% Alg-1.0% Chi
1 —4—2.0% Alg
0 5 T T T T 0 T T T T
0 60 120 180 240 0 60 120 180 240
Time (min) Time (min)
C
0.5% Alg 1.0% Alg 1.5% Alg 2.0% Alg 2.0% Al
-1.0% Chi -1.0% Chi -1.0% Chi -1.0% Chi Lo AE
0 min
Gastric
digestion
240 min
0 min
Intestinal
digestion
240 min

FIGURE 4 | The water uptake of alginate-chitosan hydrogel beads immobilized Pickering emulsion obtained with different alginate concentrations during (A) gastric
digestion (B) intestinal digestion. (C) The visual appearance of beads before and after gastric and intestinal digestion. Error bars represent the standard deviation of
three replicates. *Marks significant differences (p < 0.05). A comparison was made between 2.0% Alg and 2.0-1.0% Chi.
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TABLE 2 | The swelling and erosion degrees of alginate hydrogel beads and alginate-chitosan hydrogel beads during gastric digestion and intestinal digestion.

2.0% Alg 2.0% Alg-1.0% Chi
Time (min) Swelling (%) Erosion (%) Swelling (%) Erosion (%)
SGF-120 —3.38 £3.76% 8.24 £ 0.48° -9.12 +£3.32° 6.56 & 0.84¢
SIF-30 27.51 £ 4.92° 4.49 £ 0.45° 18.64 + 4.03° 3.83 & 1.04¢
SIF-60 56.27 £ 6.74° 6.23 + 0.61° 48.55 £ 5.29° 4.66 + 0.56¢
SIF-120 75.06 £ 7.92° 7.81 £ 0.23° 54.75 £ 5.47° 5.76 £ 0.79¢
SIF-180 90.13 £ 7.022 12.18 + 0.90° 68.72 & 6.82° 7.66 + 0.85¢
SIF-240 100.23 4 8.83% 16,18 £0.77° 85.22 & 6.01° 13.83 £1.01°

Values expressed as the mean =+ standard deviation. Different letters in the same row indicate significant differences (p < 0.05). A comparison was made between 2.0% Alg and

2.0-1.0% Chi. SGF—gastric digestion, and SIF—intestinal digestion.
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FIGURE 5 | SEM images of (a,b) 2.0% Alg hydrogel beads, (c,d) 2.0% Alg-1.0% Chi hydrogel beads, (e,f) 2.0% Alg- 1.0% Chi hydrogel beads after 120 min gastric
digestion, (g-n) 2.0%- 1.0% Chi hydrogel beads after 30-240 min intestinal digestion at x47 magnification (left) and x300 magnification (right).
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to around 100 and 85% after 240 min of intestinal digestion
for Alg-TPE and Alg-Chi-TPE hydrogel beads, respectively.
This observation is in line with other studies where alginate-
based hydrogel beads shrunk during gastric digestion and
swell during intestinal digestion, possibly due to the changes
in electrostatic forces of the wall matrix at different pH
(31, 40). It is worth noting that the hydrogel beads with
chitosan illustrated a lower swelling degree than the hydrogel
beads without chitosan. The addition of chitosan onto alginate
leads to the formation of a more entangled system developed
by the blending of both polymers forming polyelectrolyte
complexes between the amino groups of chitosan and carboxylate
groups of alginate (31). These factors improved the stability of
Alg-Chi-TPE hydrogel beads and exhibited increased resistance
to osmotic pressure.

On the other hand, the erosion degree measures the weight
loss of the dried hydrogel beads after treatment. From Table 2,
the erosion degrees for both Alg-TPE and Alg-Chi-TPE hydrogel
beads after gastric digestion were 8.24 and 6.56%, respectively (P
< 0.05). A significant reduction in the weight of hydrogel beads
can be related to the syneresis effect in an acidic environment
where shrinkage is favored (42). Nevertheless, the erosion degree
of the hydrogel beads in an alkaline environment begins to
rise with time, with the maximum erosion degree of 13.83% at
240 min for hydrogel beads coated with chitosan and 15.13%
for hydrogel beads without chitosan. The erosion degree for
hydrogel beads coated with chitosan was lower than hydrogel
beads without chitosan, demonstrating enhanced stability of the
hydrogel beads when chitosan was introduced. As the treatment
continues, the degradation, and dissolution of the bead matrix
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were enhanced over time. As a result, the final weight of the
dried and treated hydrogel beads became lower, displaying time-
dependent erosion properties.

The hydrogel beads prepared by 2.0% alginate were used to
study the effects of digestion on the microstructures and bioactive
release profile based on the swelling performance reported above.
Scanning electron micrographs of dry alginate hydrogel (Alg-
TPE) beads, chitosan-coated alginate (Alg-Chi-TPE) beads and
Alg-Chi-TPE beads after specific digestion in SGF or SIF are
illustrated in Figure 5. The Alg-TPE and Alg-Chi-TPE hydrogel
beads exhibited spherical shape after air drying, and a detailed
examination of the surface structure revealed a rough and folded
appearance. There was not much difference between alginate and
alginate-chitosan beads in terms of surface structure. However,
a closer observation on SEM images with higher magnification
(x300) illustrated the presence of more rough surfaces with
irregular dents on the crosslinked alginate-chitosan hydrogel
beads (Figures 5b,d). This could be attributed to the effect of
chitosan polymer coating onto the surface of the alginate matrix,
creating patchy-like textures associated with a shielding effect by
the insoluble chitosan layer. The results can be correlated to the
lower swelling profile of chitosan-coated alginate beads than the
uncoated beads [swelling degree of 85 vs. 100% at 2.0% (w/v)
alginate concentration].

As shown in Figures 5d,f, there is no significant variation
in the microstructure of beads after gastric digestion with
similar roughness and compact surfaces. This observation agrees
with the swelling behaviors of hydrogel beads, where alginate
displayed excellent stability in a medium of low pH. The stability
of the alginate-chitosan beads or capsules depends strongly on

the differences in their assembly (43) and the amount of chitosan
bound to the capsules (44). The present study employed a one-
step preparative procedure by dropping the emulsion-alginate
mixture into a chitosan solution containing calcium chloride.
Hydrogel bead formation was achieved by the ionic gelation
effect, and chitosan formed the outer layer of the beads. An earlier
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FIGURE 7 | In vitro release profiles of thymoquinone from alginate-chitosan
hydrogel beads immobilized Pickering emulsion in SGF, SIF, and 2 h in SGF
followed by SIF. Error bars represent the standard deviation of three replicates.
*Marks significant differences (o < 0.05). A comparison was made between
2hin SGF followed by SIF and SGF/SIF.
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FIGURE 6 | Fluorescent images of alginate-chitosan hydrogel beads immobilized Pickering emulsion surface after gastric and intestinal digestion (scale bar, 100 wm).
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TABLE 3 | Diffusional exponent (n), correlation coefficient (R?), and the transport mechanism of thymogquinone release profile.

n R? Transport mechanism
During gastric digestion 1.147 0.947 Case-Il transport
During intestinal digestion 0.311 0.991 Fickian diffusion
After gastric digestion and during intestinal digestion 0.298 0.999 Fickian diffusion

study reported that the chitosan molecules could diffuse into the
alginate matrix, creating a 3D hydrogel network interconnected
by alginate molecules, chitosan polymer bridges, and cationic
calcium ions (45). The SEM micrographs revealed minimal
changes in the surface morphology of alginate-chitosan beads
upon 120 min exposure to SGF. A similar observation was also
made in a previous work conducted by Li et al. (46). In addition,
Chew et al. concluded that the chitosan-alginate coacervated
beads appear to resist in an acidic medium where the structure
remains intact because of the ionic bonds of calcium-alginate-
chitosan complexation through electrostatic interactions (47).
The micrographs of Alg-Chi-TPE hydrogel beads at a different
time point of intestinal digestion are illustrated in Figures 5g-n.
After 30min of intestinal digestion, the microstructure of
hydrogel beads displayed a smoother surface, indicating the
degradation of the hydrogel bead wall materials (Figures 5g,h).
The compact structure gradually transforms into a heterogeneous
structure with disorderly folded and significant dents when the
intestinal digestion time increased to 120 min. The change in the
microstructures of hydrogel beads could be due to the swelling
process, which coincides with the erosion and dissolution of
swollen beads (32). A slight deformation on the morphology
of hydrogel beads (spherical to oval) after 60 min of intestinal
digestion (Figures 5i,j) could be related to the swelling process
and erosion of beads where the degradation of chitosan-coated
alginate matrix as the wall materials of the beads has begun.
At 240 min of intestinal digestion, micrographs of hydrogel
beads (Figures 5m,n) with severe cleavages and uneven surfaces
could be observed in the later stage. As shown in Figure 6,
the fluorescent micrographs showed a similar microstructure of
beads after gastric digestion without any substantial difference.
However, the micrographs of beads displayed significant changes
at different time points of intestinal digestion. The original
compact surface has gradually transformed into a loose structure,
indicating the loss of lipid phase from the beads. These results
suggest that the digestion could start from the surface toward
the center of the beads (48), causing the release of immobilized
Pickering emulsion within the beads into the external medium.

Release of Thymoquinone From
Alginate-Chitosan Beads Immobilized

Thymoquinone-Loaded Pickering Emulsion
The release of encapsulated thymoquinone (TQ) from the
hydrogel beads was achieved during gastrointestinal digestion.
The TQ release profiles from Alg-Chi-TPE hydrogel beads
in three different digestion systems [SGF, SIF, and SIF after
pre-soaked in SGF for 2h (SGF/SIF)] are presented in Figure 7.

The release curves in SIF and SGF/SIF media showed a burst
release in the initial stage (0-30 min) and then a slow release in
the following stage (30-240 min). In the first 30 min, hydrogel
beads in SGF/SIF medium demonstrated a faster release of TQ
than in the SIF medium (37 vs. 23%, P < 0.05), while TQ releases
in the SGF medium is undetected. Only about 4% of TQ was
detected after the end of gastric digestion (240 min). The total
TQ release in SIF medium and SGF/SIF medium was 48 and 83%,
respectively (P < 0.05), showing the extensive release of TQ when
the hydrogel beads were pre-soaked in the SGF medium before
introducing to the SIF medium. The introduction of intestinal
fluid at an alkaline pH and the extensive water uptake properties
of the hydrogel beads could account for the initial rapid release
(11). In addition, the presence of lipase in SIF could initiate the
lipolysis process, breaking down lipid droplets into triacylglycerol
molecules, mixed micelles, non-digested fat droplets, or smaller
fractions of free fatty acids (49, 50), thus releasing TQ in short-
chain fatty acids that could be absorbed in the small intestine.

By comparing the TQ release in the SIF medium alone
and SGF/SIF medium, it can be denoted that two possible
mechanisms regulate the bioactive release out of the hydrogel
beads: the swelling process and the diffusion process (31). When
the hydrogel beads were soaked in the SGF medium, a syneresis
process occurs, resulting in the shrinking of beads. These shrunk
beads with lesser volume were later transferred into the SIF
medium to initiate intestinal digestion. Following the changes in
different pH, the external gelation network structure of hydrogel
beads was affected, producing more enormous pores/cleavages,
accelerating the swelling process. Then, the encapsulated TQ
can be released by diffusion process through the increasingly
large openings. During the later stage (60-240 min), the rate
of swelling of the beads decreased, and the diffusion process
determines the amount of bioactive release.

The results were analyzed using the Peppas model to
distinguish the release mechanisms of TQ from the alginate
beads. For hydrogel beads, the diffusional exponent (n) specifies
the mechanism of release. The calculation of the n value was
measured up to the initial 60% release of the bioactive. If the
values of n are equal or <0.43, the release is associated with
Fickian diffusion. If n values are within 0.43 to 0.85, the release
is indicated with Fickian diffusion and Case-II transport (caused
by the swelling process). If the values of n are more than 0.85,
the release is solely contributed by Case-II transport (32, 51). The
results shown in Table 3 indicate that the TQ release from Alg-
Chi-TPE hydrogel beads in gastric digestion is associated with
Case-II transport since the n value is more significant than 0.85.
Thus, the swelling of hydrogel beads only controlled the bioactive
release in the gastric stage. In contrast, the n values for TQ release
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in intestinal digestion, with and without gastric treatment, were
lesser than 0.43, indicating that the Fickian diffusion governs
the release. The n values in both cases are relatively similar,
suggesting that the diffusion of bioactive molecules mainly
dominates the release mechanism out of the beads as the digestive
medium hydrates the beads.

CONCLUSION

This work demonstrates in vitro digestion and hydrophobic
thymoquinone (TQ) release from alginate-chitosan hydrogel
beads immobilized Pickering emulsion (Alg-Chi-TPE). 2.0%
(w/v) alginate hydrogel beads with spherical shape demonstrated
the highest stability against structural deformation during the
drying process. The presence of chitosan in beads formation
improved the wall materials properties, providing a lower
swelling degree and a rougher microstructure. Alg-Chi-TPE
hydrogel beads demonstrated good stability during gastric
digestion, and the release of encapsulated TQ was observed
during intestinal digestion. Up to 83% of total TQ was
released from the hydrogel beads after 2h gastric digestion
followed by 4h treatment in the simulated intestinal fluid.
The bioactive release mechanisms were incorporated with the
Peppas model, which exhibited a Case-II transport caused
by the swelling process during gastric digestion and Fickian
diffusion during intestinal digestion. This study contributes
to a better understanding of the swelling and digestion
behaviors of alginate-chitosan hydrogel beads immobilized
with food-grade Pickering emulsions to release a hydrophobic
bioactive compound. This provides valuable information about
its potential application in developing the colloids-based
nutraceutical delivery system.
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QOil-in-water emulsions are widely encountered in the food and health product industries.
However, the unsaturated fatty acids in emulsions are easily affected by light, oxygen, and
heat, which leads to oxidation, bringing forward difficulties in controlling emulsion quality
during transportation, storage, and retail. Proteins are commonly used as emulsifiers
that can enhance the shelf, thermal and oxidation stability of emulsions. Polyphenols are
commonly found in plants and members of the family have been reported to possess
antioxidant, anticancer, and antimicrobial activities. Numerous studies have shown that
binding of polyphenols to proteins can change the structure and function of the latter.
In this paper, the formation of protein—polyphenol complexes (PPCs) is reviewed in
relation to the latters’ use as emulsifiers, using the (covalent or non-covalent) interactions
between the two as a starting point. In addition, the effects polyphenol binding on
the structure and function of proteins are discussed. The effects of proteins from
different sources interacting with polyphenols on the emulsification, antioxidation, nutrient
delivery and digestibility of oil-in-water emulsion are also summarized. In conclusion,
the interaction between proteins and polyphenols in emulsions is complicated and still
understudied, thereby requiring further investigation. The present review results in a
critical appraisal of the relevant state-of-the-art with a focus on complexes’ application
potential in the food industry, including digestion and bioavailability studies.

Keywords: protein, polyphenol, interaction, oil-in-water emulsion, antioxidant, stability, nutrient delivery, ligand

INTRODUCTION

Oil-in-water emulsions are widely used in the food industry and often play specific functions
such as flavor carriers or as functional substances. Functional oils in oil-in-water emulsions (fish
oil, algal oil, etc.) are rich in polyunsaturated fatty acids such as eicosapentaenoic acid (EPA)
and docosahexaenoic acid (DHA), which are beneficial for the health of elderly and young
children. These oils have health functions such as lowering cholesterol and promoting brain
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development. However, oil-in-water emulsion systems are
generally unstable, as they are prone to oxidation, stratification,
breakage and other phenomena in the process of storage,
transportation and processing, making the emulsions’ quality
decline. The instability of unsaturated oils in oil-in-water
emulsion systems is mainly caused by oxidation, and the
oxidation itself is mainly due to three processes: autoxidation,
photosensitive oxidation and enzymatic oxidation; of these the
autoxidized chain reaction is the most significant (1). Free
radicals are mainly responsible for the oil automatic oxidation.
Free radicals are mainly derived from normal metabolic processes
in cells and generated by the reaction between metal ions (cobalt,
copper, iron, etc.) and oil during the processing (2). The outer
layer of the free radical electron shell has an unpaired electron,
which has a strong affinity to free electrons, so it can play the role
of a strong oxidant. The chain reaction of free radicals causes the
auto-oxidation of oils and fats. When the oil in the emulsion is
autoxidized, the stability of the emulsion decreases and the flavor
deteriorates, resulting in stratifying and other phenomena (3).
Therefore, it is necessary to improve the oxidative stability of oil-
in-waters emulsion in the application process of food industry.

Efficient emulsifiers can form a layer on the oil-water interface
of droplets and protect again coalescence, hence increase the
storage stability of the emulsion. Proteins are often used as
emulsifiers to improve emulsion stability. Some milk protein-
derived proteins, such as whey proteins, can form interfacial
layers able to offer protection against not only coalescence, but
also to inhibit the oxidation of oil-in-water emulsions during
storage and transportation (4).

Some milk proteins have strong antioxidant ability. In
oil-in-water emulsions, the antioxidant capacity of interfacial
emulsifiers could have a conspicuous influence on the rate of
lipid oxidation by affecting the reactivity and location of the
pro-oxidative transition metals, lipid hydroperoxide and free
radicals (5, 6). For example, caseins have been shown to have
significant antioxidant properties in oil-in-water emulsions, and
the antioxidant activity of casein has mainly been attributed to its
ability to bind pro-oxidants (7).

Polyphenols have antibacterial, anti-cancer, cardiovascular
disease-preventive, anti-oxidative, and other health-related and
functional properties (8). However, phenolic compounds are

Abbreviations: ABTS, 2,2’-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid);
ACN, Anthocyanin; LO", Alkoxyl; B-LG, p-lactoglobulin; BSA, Bovine serum
albumin; C, (+)-catechin; CA, Catechin acid; CD, Circular dichroism; CI,
Creaming index; CS, Casein; CT, Catechin; DHA, Docosahexaenoic acid; DPPH,
1,1-diphenyl-2-picrylhydrazyl; DSC, Differential scanning calorimetry; EAI
Emulsifying activity index; EGC, (-)-epigallocatechin; EGCG, (-)-epigallocatechin
gallate; EPA, Eicosapentaenoic acid; ESI, Emulsion stability index; FPP, Flaxseed
polyphenols; FPI, Flaxseed protein isolate; FRAP, Ferric reducing activity
power; GA, Gallic acid; GSP, Gliadin-grape seed proanthocyanidins; GTNP,
Gliadin and TA nanoparticles; HIPE, High internal phase emulsion; LE
Lactoferrin; LOOH, Lipid hydroperoxide; MALDI-TOF-MS, Matrix-assisted
laser desorption/ionization time-of-flight mass spectrometry; O/W, Oil-in-water;
ORAC, Oxygen radical absorbance capacity; OVA, Ovalbumin; LOO", Peroxyl;
PPCs, Protein—-polyphenol complexes; RBP, Rice bran protein; SDS-PAGE,
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis; SP, Soybean protein;
SPI, Soy protein isolate; TA, Tannin acid; TBARS, Thiobarbituric acid reactive
substance; Td, Decomposition temperature.

apt to oxidize to quinones under oxygen, ozone, or polyphenol
oxidase (9). Therefore, polyphenols have strong antioxidant
properties but poor emulsifying ability. The interaction between
polyphenols and proteins improves protein antioxidant activity
and also broadens the application of polyphenols. A previous
research reported that, compared to egg white protein, egg white
protein (EWP)-epigallocatechin gallate (EGCG) complexes could
significantly improve the emulsifying properties and the stability
of emulsions (10). Proteins, interacting covalently and/or non-
covalently with polyphenols, could change the structure and
function of the former, which affects their role as emulsifiers
in oil-in-water emulsions. Milk proteins a-casein (a-CS) and B-
CS interactions with tea polyphenols were analyzed by spectral
analysis (identifying substances and determining their chemical
composition and relative content) and docking experiments
(studying the interaction between molecules). It was found that
the interactions change the secondary structure of proteins and
improve their antioxidant activity, which is consistent with the
previous cases (11).

The present paper reviews the formation of complexes
between proteins and polyphenols through covalent and non-
covalent interactions. Both these modes of action induce
PPCs (protein-polyphenol complexes) to have good interfacial
properties on the surface of the emulsion. For example, PPCs can
form a thick film on the surface of the oil droplets, which can
prevent the oxidation of the oil droplet and improve the stability
of the emulsion. Therefore, they can be used as emulsifying agents
that enhance the oxidation stability, emulsification stability and
thermal stability of oil-in-water emulsions. Moreover, after PPCs
are formed, the particle size and electric potential are reduced,
making it potentially easier to attach to the surface of oil droplets
and be used to resist enzymes in the stomach environment, and
then allow them to slowly release in the intestines. Of course,
their relevant effectiveness in the presence of bile salts remains
to be examined. In addition, the emulsions can be used to carry
bioactive substances in oil, so the oil droplets loaded with PPCs
will also be more conducive to the transportation and release of
active substances.

To sum up, understanding the interactions between protein
and polyphenol offers the potential to substantially improve the
mode of utilization of proteins in the food industry, and their
applications in stabilizing oil-in-water emulsions can open new
possibilities in functional food design. PPCs also have a great
significance in improving the storage stability of the oil-in-water
emulsions, and their application in the food industry.

PROTEIN-POLYPHENOL COMPLEXES
(PPCs)

Formation Mechanisms of

Protein-Polyphenol Complexes

The interactions between protein and polyphenol can be
divided into reversible interactions and irreversible interactions.
Reversible interactions are carried out by non-covalent bonds
such as hydrogen bonds, hydrophobic bonds and van der
Waals forces, while irreversible interactions are generally the
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ones where proteins and polyphenols combine into complexes  products, such as half quinone radicals of nucleophilic residues,
by covalent bonding, thus affecting the respective structural interact with amino acids (e.g., methionine, lysine) on the
properties of proteins and polyphenols (12). Among the two  protein side chain. Finally, protein and polyphenol form
kinds of interactions, the non-covalent interactions are the most ~ covalent bonds (14). If polyphenols are partially oxidized and
abundant in nature. Interactions involving non-covalent bonds  then combined with proteins, they may also form complexes
are susceptible to environmental factors, such as changes in  with proteins, at times improving the latter’s emulsification
temperature and pH, which will affect the binding of protein  and antioxidant properties (15). For example, oxidized tannin

and polyphenols. (TA) and catechin acid (CA) can covalently combine with
porcine plasma proteolytic products as to form complexes under

Covalent Interactions alkaline conditions, improving the emulsifying and antioxidant

The covalent interactions between proteins and polyphenols are  properties of polypeptides (9).

usually through C-N or C-S$ linkage (Figure 1). Under alkaline Proteins are reported to bind to polyphenols by enzymatic

conditions, polyphenols form the corresponding quinones in the ~ and non-enzymatic methods (3, 15). Non-enzymatic methods
presence of enzymes and oxygen (13). In the process of forming  mainly involve free radical grafting, hydrogen peroxide and
PPCs, the polyphenols enzymatic oxidation intermediate  ascorbic acid as redox systems. The free radical grafting process
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involves proteins binding to polyphenols and is considered as a
better method to produce high active PPCs, as it can improve the
antioxidant activity of proteins more efficiently than the alkaline
method (3). Feng et al. (16) grafted ovalbumin (OVA) with
catechins such as (+)-catechin (C), (-)-epigallocatechin (EGC)
and (-)-epigallocatechin gallate (EGCG) as to form covalent
complexes. The binding of OVA to polyphenols was confirmed
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF-MS). Covalent
interaction of gelatin-gallic acid/catechin (gelatin-GA/CT),
p-lactoglobulin-catechin (B-LG-CT), a-lactalbumin-CT, and
lactoferrin-chlorogenic  acid/epigallocatechin  gallate/gallic
acid (LF-CA/EGCG/GA) were successfully prepared via this
method, and the effect of polyphenol modification on the
structural and functional properties of these proteins have been
estimated (17-19).

Non-covalent Interactions

The non-covalent interactions (Figure 2) between protein and
polyphenols mainly occur via hydrogen bonds, hydrophobic
interactions and electrostatic interactions (20). Hydrogen
bonding and hydrophobic interactions are the main forces
involved in the non-covalent synthesis of complexes between
proteins and polyphenols (20, 21).

Hydrogen Bonds
The polyphenols can be used as hydrogen donors to form a
hydrogen bond with the C = O group of the protein (22). When
interacting with proteins, as long as hydrogen bonds are formed
through carbon-oxygen double bonds, interaction forces between
proteins and polyphenols are exerted, resulting in bonding.
Besides, hydrogen bonds also form via the interactions between
the OH groups of polyphenols and oxygen or nitrogen, especially
the hydroxyl (-OH) and amino (-NH;) groups of proteins (23).
It has been shown that casein residues (Phe23, Phe24,
Phe28, Phe32, and Val31) can interact with catechins via
hydrogen bonds (24). In addition, the main mode of interaction
between plant proteins such as pea protein and grape seed
pro-anthocyanidins is hydrogen bonding, and the interaction
between pea protein and pro-anthocyanidins can make emulsion
more stable (25), which also extends the application field of
non-covalent interactions between protein and polyphenols in
emulsion systems.

Hydrophobic Interactions

Surface hydrophobicity (Hp) is an important parameter affecting
the surface-related functions of proteins (26). The hydrophobic
interaction between proteins and polyphenols is one of the
main forces involved in the formation of PPCs, hence plays
an important role in the formation of non-covalent protein—
polyphenol complexes. Several researchers, such as Yuksel
et al. (27), Hasni et al. (11), and Staszawski et al. (28),
reported that the interaction between proteins and polyphenols
is mainly accomplished through hydrophobic forces. They also
reported that cytochrome adsorbed on a gel column containing
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immobilized polyphenols could be eluted by anion and non-
anion eluents, thus proving that hydrophobic interaction
between proteins and tannin acid (TA) may be influenced
by surfactants.

In addition, studies have shown that some hydrophobic
amino acids, such as leucine and glycine, can interact with
the non-polar aromatic rings of polyphenols, highlighting the
nature of the main PPCs hydrophobic interactions (12, 29).
Through docking studies, Kanakis et al. (29) found that tea
polyphenols had a weak binding hydrophobic interaction with
p-lactoglobulin (LG) in emulsions. In addition, they discovered
that the hydrophobic interaction of polyphenols with B-LG
altered the secondary structure of the protein (29), making it
more stable, a property beneficial to the stability of relevant
PPCs-stabilized emulsions. Therefore, hydrophobic interactions
between proteins and polyphenols can change the structure and
interfacial environment of proteins.

lonic Binding Forces

Amino acids are the structural units of proteins, which
possess different electrically charged, uncharged polar, and
hydrophobic side chains. The charges side chains may interact
with polyphenols via ionic binding interactions (30). The ionic
bond and force interaction between proteins and polyphenols
are mostly due to the attractions between the positively-charged
amino acids, such as lysine, and the negative-hydroxyl groups of
polyphenols. For example, Han et al. (30) reported that lysine,
having a higher positive charge than hemoglobin or immune
protein, demonstrated stronger ionic interactions with catechin
(CT). Therefore, the degree of ionic interaction between proteins
with different side chain groups and polyphenols is different,
which will further influence the functional differences of protein-
polyphenols complexes. Of course, as the charges of proteins
and (conditionally) of PPCs are strongly dependent on pH, these
interactions are pH-specific.

EFFECTS OF PROTEIN-POLYPHENOLS
INTERACTION ON THE PROTEIN
STRUCTURE AND ITS FUNCTIONAL
PROPERTIES

Changes in Protein Structural Properties

When proteins interact with polyphenols to form PPCs,
the secondary, tertiary and quaternary structures of proteins
can be affected. The polyphenols can change the secondary
conformation of proteins mainly by the conversion between o-
helical, B-sheet, B-turn, and random coil (11). Ge et al. (31)
used circular dichroism (CD) to analyze the secondary structure
of soybean soluble protein bound with tea polyphenols. They
found that tea polyphenols increased the content of a-helix
and the loose structure of random coils disappeared, which
contributed to a stabler conformation of the protein (31). Liu
et al. (32) analyzed and determined the structure of lactoferrin
(LF) after coupling with polyphenols and measuring by CD.
Moreover, they also found that the wavelength band of far-UV

caused by conjugation and the negative peak-to-peak position
related to a-helix increased. The complexes of LF and CA or
EGCG caused a small change in the band intensity from 210
to 230 nm. It can be concluded that the conjugation of LF with
polyphenols gave rise to an increased fraction in a-helix with
a parallelly-decreasing fraction in the random coil structure,
indicating restructure behavior effect on LF. Nevertheless, it was
reported that the interaction of CA with bovine serum albumin
(BSA) would cause a decreased fraction of a-helix together with
increased portions of other structures, which might be influenced
by the differences in the physicochemical characteristics between
LF and BSA, as well as by the methods used to prepare these
conjugates (13).

Information can be obtained about the conformational and/or
dynamic changes of proteins during their interaction with
phenolics by fluorescence spectroscopy analysis. The structures
of LF-EGCG, LF-CA, and LF-GA complexes were measured by
fluorescence spectrophotometer, and it can be concluded that
the conjugation phenomenon of LF-polyphenol complexes may
change the tertiary structure of LF (32). Usually, the maximum
emission wavelength of LF is 342nm, while the measured
maximum emission wavelength of LF-EGCG, LF-CA, and LF-
GA are 351, 345, and 344 nm, respectively (32). The fluorescence
intensity of the interaction between LF and polyphenols
decreased significantly, and the maximum emission wavelength
showed a red shift caused by the transfer of tryptophan residues
to a more hydrophilic environment. It could be deduced that the
interaction between LF and polyphenols induced conformational
changes that might lead to the unfolding and denaturation of
LF. It should be stressed that the derivatization of polyphenols
will also affect the protein. Klaus et al. (33) showed that the
binding of derivatization chlorogenic acid (CA) to f-LG affected
the protein amino acid composition in experiment involving
rats; while high derivatization level could affect the nutritional
quality of B-LG. It might be the concentration of the reactants
that causes the structural change. An explanation for this is
that the interaction between protein and polyphenols is affected
by the type of protein, or by differences between in vitro and
in vivo experiments (33). Therefore, the effect of polyphenols
on proteins is different on a case-by-case basis: Some proteins
are not affected by the interaction with polyphenols, while they
are influenced by external factors like the concentration of the
reaction solution.

Changes in Protein Functional Properties
Protein—polyphenol complexes not only affect the structure of
proteins but also change their functional properties. For example,
the interactions between proteins and polyphenols can improve
their emulsification properties and oxidation resistance capacity.
The interactions between proteins and polyphenols can
significantly increase the stability of protein-based colloid
systems and protein-stabilized emulsions (34). Liu et al. (35)
showed that the average diameter and polydispersity index of
the droplets coated with LF-polyphenol complexes were less
than those coated with LF alone. According to this report, the
emulsifying properties of LF have been greatly improved after
being covalently modified by EGCG. Staszewski et al. (6, 28)
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also showed that the stability of oil-in-water emulsion emulsified
by sunflower protein-CA complexes was higher than that of
plain sunflower protein. These might be because the combination
of polyphenols with LF increases its surface hydrophobicity
and enhances its surface activity, and/or leads to the formation
of a thicker interfacial layer. Other research also showed that
the improvement of emulsification performance might be due
to the increase of protein flexibility, solubility, and surface
hydrophobicity, thus improving the ability of protein adsorption
on oil-water surfaces (36).

Whey protein is one of the main proteins of milk, has good
emulsifying properties and is widely used in the food processing
industry (37). Whey protein can stabilize emulsions on its own,
while studies have shown that it has a strong non-covalent affinity
to tannic acid (TA), leading to complexes that will not only affect
the secondary structure of the protein, but will also reduce the
stability of emulsions (38). However, other studies have shown
that the covalent and non-covalent interactions between TA and
other proteins, such as gliadin, can improve the emulsification
ability of the protein (39), thus enhancing the stability of the
emulsion produced with the relevant PPCs. These are cases where
the non-covalent interactions between protein and polyphenol
are not good for the stability of oil-in-water emulsions, while
covalent binding between protein and polyphenol is beneficial to
the stability of emulsions, and has a profound influence on the
latter’s during storage. Of course, such examples relate to very
few proteins and should not be generalized. It should be noted
that phenolic acids and flavonoids reacting with soy protein
may destroy amino acids (Lys, tryptophan) and amino acid
residues (cysteine residues) in protein molecules, thus affecting
the availability of the protein’s amino acids (13).

Antioxidant activity is one of the most important properties
of protein—polyphenol complexes. The following studies
concluded that protein-polyphenol complexes exhibited
stronger antioxidant activity than the unmodified proteins.
Sun et al. (40) showed that the antioxidant capacity of EWP
was significantly improved when coupled with catechin (CT)
and CA. Studies have shown that under the same protein
concentration, the DPPH free radical scavenging capabilities of
EWP-CT and EWP-CA are 38.0 and 67.7%, respectively, which
were 2.5- and 4.5 fold than that of unmodified EWP (40). As
reported earlier, Staszewski et al. (6) also concluded that the
combination of tea polyphenols with B-LG could improve the
oxidation stability of oil-in-water emulsions, while the complexes
had stronger antioxidant activities than the pure B-LG. This
can be attributed to the fact that the compound-stabilized
emulsion had lower concentrations of hydroperoxide, which
can account for its better stability (6). You et al. (41) also found
that 2,2’-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS) radical scavenging activity, ferric reducing activity power
(FRAP), and oxygen radical absorbance capacity (ORAC) of
ovotransferrin—-CT complexes were increased by 4-5 times as
compared to those of native ovotransferrin (14). In addition,
Feng et al. (16) revealed that complexes of ovalbumin (OVA)
with EGCG, EGC, or CT synthesized by free-radical grafting
showed stronger ORAC, 1,1-diphenyl-2-picrylhydrazyl (DPPH)
and ABTS radical scavenging activities than OVA alone. Gu et al.

(42) measured the antioxidant activities of EWP, of the mixture
of EWP and CT, and of the EWP-CT complexes by reference to
the previous ABTS free radical scavenging ability experiment,
and the results showed that the antioxidant activity of EWP-CT
complexes were much higher than those of pure EWP. Moreover,
the complexes of EWP and tea polyphenols could enhance the
antioxidant activity of EWP (43). In this work, the DPPH radical
scavenging activity of EWP was significantly improved (P < 0.05)
after covalent conjugating with TP alkaline/free radical methods
(44). In addition, the thiobarbituric acid reactive substance
(TBARS) of FPI and FPI-FPP were measured in the design of the
antioxidant performance test of PPCs, and the results of 15 days-
old specimens showed that the TBARS of the FPI-FPP complexes
were significantly lower than that of FPI (34). Furthermore, the
antioxidant capacities of PPCs were improved because of the
introduction of hydroxyl groups from polyphenols into proteins
(23, 41, 43). Therefore, protein-polyphenol complexes can be
used to enhance antioxidant properties with an aim to improve
the oxidative stability of several lipid-based foods.

Many foods need heat treatment such as sterilization,
pasteurization, and cooking in the process of manufacture or
use, so it is useful to detect the effect of heating on the
stability of emulsions (35). The addition of polyphenols affects
the thermal stability of the protein. For example, after free
radical grafting of LF with EGCG, CA, and GA, respectively,
the melting temperature of LF increased from 5 to 15.2°C (32).
The melting temperature of milk protein also increased with the
addition of EGCG, which improved the stability of the produced
emulsion (45). They also verified that covalent complexes had
better thermal stabilities than non-covalent complexes, as shown
by the thermal decomposition temperature (Ty). This suggested
that covalently modified milk proteins needed less energy to
unfold, because they are more stable. This might be due to the
spatial expansion of milk protein in the chemically modified
part of EGCG. In addition, studies showed that the stability
of emulsion stabilized with LF was low when compared to
that of LF-CA complex emulsions (35). This might be due
to the spatial expansion of LF above the thermal denaturation
temperature, resulting in a strong hydrophobic force between
lipid droplets. As a result, the droplets flocculated/coalesced.
However, the emulsion coated with LF-CA was highly stable to
high temperature processing. Differential scanning calorimetry
(DSC) measurements of protein thermal behavior showed that
the denaturation temperatures of LF-CA complexes were higher
than that of natural LF.

The interaction between proteins and certain polyphenols will
also affect the functional properties of proteins due to structural
differences between the different polyphenols and the relevant
interactions. For example, some researchers have reported that
egg protein and tea polyphenol complexes can increase the
resilience of air/water surfaces and enhance foamability (46).
In addition, Li et al. (36) showed that the binding between LF
and procyanidins improved the foaming properties of LF, which
could be used to improve the quality-related properties of natural
functional foods. Other researchers considered tannic acid (TA)
and caseinate (CS) complexes, and found that complexes would
actually decrease their foamability (47).
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TYPES OF PROTEIN-POLYPHENOL
COMPLEXES

Animal Proteins and Polyphenols

Animal protein mainly comes from poultry, livestock and fish
meat, and from eggs and milk. The dominant proteins are the
caseins (extracted from milk), which can be better absorbed and
utilized by adults (48). Compared with plant protein, animal
protein has more essential amino acids. The interactions between
animal proteins (such as the previously-mentioned EWP, CN,
OVA and LF) and polyphenols (such as CA, CT, and EGCG)
not only enhanced most of the studied functional properties of
protein (Table 1), but also expanded the application of animal
proteins in food and cosmetic industry. For example, EWP
has a high surface activity and is often used as a foaming
agent in food industry (50). Quan et al. (14) also showed
that EWP enhances emulsion stability, and is often used in
food as an emulsifier. In addition, Sun et al. (40) found that
the covalent complexes between EWP and polyphenols (CT
or CA) can significantly improve the antioxidant activity and
emulsifying performance of EWP, thus improving the oxidative
and coalescence stability of emulsions. Moreover, LF is often used
to interact with polyphenols, polysaccharides or other proteins to
improve its emulsifying properties. Recent reports suggested that
the complexes formed by LF and some reactive small molecules
such as polyphenols can improve the emulsion antioxidation
properties (51). Furthermore, Liu et al. (32) calculated the
emulsifying activity index (EAI) and emulsion stability index
(ESI) parameters of the unmodified LF and LF-polyphenol
complexes, and the results showed that the ESI of LF-EGCG
was improved and the emulsion stability was higher than that of
LF (32). In addition, gelatin-anthocyanin complexes can change

the functional properties of hydrophilic gelatin proteins and thus
improves the stability of emulsions (49).

Plant Proteins and Polyphenols

The use of plant protein to replace animal protein is becoming
the trend of more and more food companies (Table 2). Because
of its good surface activity, pea protein can be used as a
natural emulsifier for application in emulsions; however, it was
shown to exhibit inferior oxidation inhibition effect compared to
other proteins (48). Other studies reported that the interactions
between pea protein and proanthocyanidins can improve the
antioxidant ability of pea protein, thus improving the stability of
oil-in-water emulsions (25). Rice bran protein (RBP), composed
of albumin, globulin, gliadin, and glutenin, is a complete protein.
However, most of rice bran is still used as animal feed, which
is a serious waste of resources. RBP-CT complexes can affect
the structural and functional properties of RBP, improve its
emulsifying performance, and thus enhance the stability of
relevant oil-in-water emulsions (36). The study showed that the
addition of CT reduced the incidence of RBP a-helix and B-
sheet. The surface hydrophobicity of RBP was enhanced and
the interfacial tension between oil and water was decreased. In
addition, the emulsion stabilized by RBP-CT had smaller particle
size and better emulsifying properties (36).

Microbial Proteins and Polyphenols

Generally, microorganisms can use sugar, volatile fatty acids,
and carbon dioxide and nitrogen sources to form amino acids.
Under the appropriate energy supply, the amino acids are
then converted to microbial proteins (Table 2). Microorganisms
contain a multitude of enzymes that can break down food, so
microbial proteins are often present in the form of enzymes.

TABLE 1 | Typical animal protein-polyphenol complexes.

Complexes Combining with the way Characterization methods Functions References
EWP/CA/CT Covalent: free radical graft; alkaline Circular dichroic (CD) spectroscopy; Improving antioxidant activity and (40, 44)
methods fluorescence analysis emulsifying performance
LF-EGCG Covalent: free radical graft FTIR spectroscopy; DSC Improving solubility and emulsifying (32)
measurement; fluorescence properties
spectroscopy
Gelatin-Anthocyanin -~ Non-covalent interaction: hydrogen Gircular dichroism (CD); isothermal Improving antioxidant activity (49)
titration calorimetry (ITC)
TABLE 2 | Typical plant and microbial protein-polyphenol complexes.
Complexes Combining with the way Characterization methods Functions References
OVA-CT/EGC/EGCG Covalent: free radical graft Circular dichroic(CD) spectroscopy; Improving antioxidant activity and (16)
DSC measurement; FTIR interfacial accumulation
spectroscopy
PP-PC Non-covalent interaction: hydrogen; Isothermal titration calorimetry Antioxidants (25)
hydrophobic interactions analysis; molecular docking
RBP-CC Non-covalent interaction: hydrogen; FTIR spectroscopy Higher viscosity and viscoelasticity; (36)

hydrophobic binding
Lysozyme-Proanthocyanidins  Non-covalent interaction: hydrogen

Gel permeation chromatography

Increased hydrophobicity
Improve protein foam stability

1)
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Microbial proteins have a high affinity to polyphenols (such as
proanthocyanidins) at a suitable pH. Lysozyme is a spherical food
protein (52). Prigent et al. (21) showed that the affinity between
lysozyme and proanthocyanidins was strong at higher pH,
and the stabler form of lysozyme-proanthocyanidins complexes
appeared at higher pH (pH 7.5). In addition, microbial proteins
can be produced thousands of times more efficiently than
in animals or in plants (53), hence the microbial protein—
polyphenol materials may have wider development prospects in
the food industry.

EFFECT OF PROTEIN-POLYPHENOL
COMPLEXES ON STABILITY OF
EMULSIONS

Zeta-Potential and Particle Size

The protein adsorbed on the surface of the oil droplets in
an oil-in-water emulsion may provide charges on the surface
of oil droplets. The ¢-potential is a measure of the surface
charge density of a particle, which typically relates to the ¢-
potential of the emulsion system onto whose droplets the
proteins are adsorbed (54). Li et al. (36) measured the ¢-potential
of RBP and RBP-CT complexes and found that it first increased
and then decreased with increasing polyphenol concentration.
When the polyphenol concentration was 0.15 (%, W/V) and
protein concentration was 0.1 (%, W/V), the ¢-potential reached
its maximum value. RBP-CT complexes emulsions exhibited
significantly higher (p < 0.05) absolute g-potential, suggesting
greater negative charge density at the interface. The increased
absolute ¢-potential of emulsions led to a high energy obstacle
between emulsion droplets, thereby providing good electrostatic
stabilization. The increase in absolute ¢-potential is because
catechins let the secondary structure of RBP change, and then
protein structure becomes extended, decreasing the exposure
of the positively charged groups, hence increasing the apparent
negative charge of the protein (36). The pI values of EWP-
CT and EWP-CA complexes were mildly lower than those of
EWP, suggesting that CT and CA complexes changed the surface
charge characteristics of EWP. It can be explained that CT or
CA complexes possibly decreased the number of exposed positive
groups on the surfaces of the protein, or increased the number of
exposed negative groups (40). This is consistent with the findings
of Liet al. (36).

The addition of polyphenols can induce protein aggregation
and depolymerization, so the particle size of PPCs may change
with the addition of polyphenols. Research showed that the
average diameter of B-CG-EGCG co-assembled nanoparticles
increased in the presence of EGCG. Moreover, scanning electron
microscopy confirmed that the particle size gradually increased
with the increase of EGCG concentration (55). Staszawski et al.
(6) measured the distribution size of 3-LG and tea polyphenol
particles in emulsions prepared with similar materials. They
concluded that B-LG formed nanocomplexes with polyphenols,
with B-LG-polyphenols particles being larger than pure p-LG
ones. The increase in particle size was attributed to the binding
of polyphenols with proteins occurring on the hydrophobic

side chain and near-plane side chain, which is mainly due to
the aforementioned accumulation of polyphenol rings on the
hydrophobic side chain (6). Finally, the complexes of polyphenols
with proteins are evenly dispersed an oil-in-water emulsion, and
have higher stability.

By measuring the droplet size of PPCs, one may obtain
information on the stability of the oil-in-water emulsions
containing protein—polyphenol. The particle size may be related
to the pH value. Feng et al. (16) studied the particle size of oil
droplets of OVA and OVA-polyphenol when the pH were 3.5
and 7. The particle size of OVA-stabilized oil droplets under the
two pH values was double than that of oil droplet, which might
be due to droplet aggregation and/or coalescence. However, the
stable droplet size of OVA—polyphenol complexes were all smaller
than that of OVA, and there was little difference between pH 3.5
and 7. This showed that the conjugation of OVA and polyphenol
had beneficial stability effects against droplet aggregation and
coalescence (16).

Rheology and Gel Texture

Rheological properties are among the most important attributes
of food emulsions, and are closely related to their texture,
sensory properties, and shelf life (16, 32). The gelling properties
of the proteins contribute substantially to the stability of the
emulsion rheology. The researchers thought that the improved
emulsion stability may be due to the formation of gel-
like microstructure, which has been significant in stabilizing
emulsions prepared by SPI and whey protein (26, 56). Emulsions
stabilized by OVA showed a higher viscosity with a more distinct
pseudoplastic behavior as compared with those stabilized by
OVA-CT complexes, as evidenced by their higher consistency
coefficient (k) but lower rheological index (n). This showed that
OVA-coated emulsions were more prone to flocculate, which
manifested in their larger particle size (16).

Studies have shown that water or oil crystallization will
cause phase separation during freeze-thaw processes, and the
increase of emulsion viscosity can prevent this phenomenon (45).
Protein gels can also enhance the stability of the emulsion by
forming a three-dimensional network structure (14). Many plant
polyphenols are able to interact with proteins, thus improve the
gelling properties (57). Gels formed by covalent interactions are
more rigid and heat stable than those formed by non-covalent
interactions. The complexes formed by the binding of B-LG and
tea polyphenols significantly enhanced the gelation ability of -
LG, because tea polyphenols enhanced the gelation speed of the
protein (28). Tea polyphenols can also increase the whey protein
gel hardness or viscosity, depending on the case (58). Yan et al.
(59) reported that the conjugate of GA or rutin into gelatin from
walleye pollock (Theragra chalcogrammay) skin at a concentration
of 20 mg/g dry gelatin significantly increased gel strength. In
addition, the viscous modulus and elastic modulus of gelatin gel
were improved by the crosslinking of carboxyl group skeletal and
C-N-C group of gelatin molecules with rutin or GA.

Microstructure
Microstructure refers to the structure of substances, organisms,
cells under the microscope, and also refers to structures in
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the nano scale, the molecular scale, the atomic scale, and
even the subatomic scale. Through the electron microscope,
it can be found that protein sample which is not conjugated
to polyphenols exhibited a morphology characteristic without
fibrillar or sheet-like structures (50). For example, soybean
protein (SP) has a variety of structures which can interact with
tea polyphenols to form complexes, and the microstructure
of soybean protein can be observed by scanning electron
microscopy (60). This work showed that the study of SP
microstructure can be used to study the function of complexes
in emulsions. In addition, Cryo-SEM images of soy protein
isolate-anthocyanin (SPI-ACN) composite nanoparticles and
emulsion showed that the SPI-ACN composite nanoparticles
were spherical and had diameters ranging from 200 to 500 nm. In
addition, increasing the amount of ACN at low temperatures led
to the formation of highly porous structures (61). The researchers
suggested that this might be due to the covalent interactions
between ACN and SPI, which then untied the protein-
peptide chain, then the latter interacting with adjacent droplets,
eventually forming emulsions in a bridging flocculation-type
induced structure (62). The structure of the bridged emulsion was
the typical structure of the protein-stabilized emulsion, which
can accelerate the formation of the network structure of the
emulsion and thus enhanced the stability of the emulsion. In
addition, the emulsion stabilized by SPI-ACN showed that the
droplets dispersed were good without obvious coalescence. With
the increase of ACN, the particle size of droplets decreased
significantly. Moreover, it was observed that SPI-ACN adhered
to the surface of emulsion droplets densely.

Furthermore, Gu et al. (3) prepared B-CG-EGCG assembled
particles in an ethanol-mediated process and used this assemble
complexes to stabilize a high internal phase emulsion (HIPE).
Using scanning electron microscopy, they found that the
spherical composite nanoparticles gradually increased when the
concentration of EGCG-B-CG particles increased. From the
optical microscope observation, it could be inferred that most of
the droplets in these HIPEs were closely packed, and in many
cases, two adjacent droplets shared the same interface layer,
again in a bridging flocculation-type of structure. High internal
emulsion thus showed a more homogeneous and stable state (3).

Creaming and Flocculation

Food emulsions usually consist of aqueous (continuous) and
oil (dispersed) phases (63). The presence of two phases in the
emulsion causes flocculation and aggregation of the emulsion
during processing, storage and transportation (64). Such
temporal instability can be followed by permanent destabilization
via coalescence and/or Ostwald ripening. As a result, the
emulsions tend to revert to the original two phases state. The
protein—polyphenol complexes are added to the emulsion as an
emulsifier and adsorbed on the surface of the emulsion droplets
to form a dense film. It can reduce the interfacial tension of
the protein on the surface of the droplet, which reduces the
coalescence rate, as well as reduces the extent of flocculation of
the emulsion, thus enhancing its stability. Thus, the emulsion
can be prevented from instability caused by such causes as
coalescence or Ostwald ripening (15, 63). Therefore, under such

interactions, the emulsification of protein and the stability of the
emulsion stabilized by protein-polyphenol complexes would be
improved (42, 43).

One of the key factors to produce emulsion is the density
difference between lipid phase and water phase. The creaming
index (CI) is known as a useful indicator in terms of quantifying
the extent of separation of lipids from the water phase in
an emulsion (65). It is typically a function of the density
difference, particle size, continuous phase viscosity and extent
of flocculation, among others. Ju et al. (65) proposed that
the emulsion formed by SPI-ACN complexes nanoparticles
had higher stability at room temperature, which might be
due to its low CI value. Therefore, it can be considered that
the enhancement of emulsion stability might be attributed
to the change of protein microstructure after interacting
with polyphenol, which was of significance in stabilizing SPI
emulsions or whey protein and chitin emulsions (26, 56). Zhu
et al. (39) studied the interaction between gliadin and TA
nanoparticles (GTNP) in order to stabilize the emulsion, and
measured the relevant CI. The results showed that the CI of
majority of the studied emulsions increased significantly within
short term and subsequently stabilized. For example, the CI of
GTNP complexes appeared to plateau at 10h, whereas the CI
of the other emulsions appeared to plateau within 5h, which
indicated the slowest creaming rate of the GTNP complexes-
stabilized emulsions. This is due to the observation that the
particle size of gliadin-TA complexes decreased, due to the best
emulsification properties of the complexes (39).

According to related studies, B-LG and CT covalent complexes
formed by the free radical method can stabilize the oil-in-water
emulsion more effectively than B-LG itself (18). Chen et al. (66)
showed that the porcine plasma protein-CA complexes could
be rapidly adsorbed to the oil surface to form an interfacial
film, which indicated an improved emulsifying property of the
complexes. The improvement of the emulsifying properties of the
protein—polyphenol complexes can also reduce the flocculation
and eventual instability of emulsions (14). Therefore, the stability
of the emulsions can be conditionally enhanced by the interaction
of proteins and polyphenols, thus alleviating the flocculation and
coalescence of the produced emulsions.

Antioxidant Ability

Oil-in-water emulsions are easy to be oxidized during storage and
processing. This is mainly because the interaction between lipid
oxidation products and amino groups on proteins can accelerate
protein oxidation (67). Some researchers have reported that
transition metals are the main oxidants of oil-in-water emulsions
(68). In emulsions, transition metals mainly promote oxidation
by decomposing lipid hydroperoxides on the droplet surface
into free radicals. Some proteins are good emulsifiers, but they
do not often display strong antioxidant capacity. However, after
combination with polyphenols, their antioxidant capacity can be
greatly enhanced (14, 50).

More and more researchers have been carrying out in-depth
studies on the antioxidant properties of protein-polyphenol
complexes. The ability of protein-polyphenol complexes to
control droplet oxidation have been demonstrated in a number
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of works. The concentration of hydrogen peroxide in plain B-LG
stabilized fish oil emulsion from 20 to 214meq/kg oil during the
30 days storage process (18). On the other hand, the hydrogen
peroxide content of the emulsions formed by p-LG-polyphenol
complexes never exceeded 40 meq/kg oil during the 30 days
storage process, which suggested that 8-LG and polyphenols
complexes are highly efficient antioxidants. That was because
B-LG and polyphenols complexes formed a surface film on the
droplet interface, the adsorbed entities blocking the free radicals
before entering the oil droplet surface, thus avoiding oxidation.
The interface region formed by the complexes was the contact
region between lipid and water, which was also the key region
for the development of oxidation (69). PPCs were captured and
located at this interface as antioxidants to prevent lipid oxidation.

In addition, continuous phase proteins in oil-in-water
emulsion can also inhibit lipid oxidation by scavenging free
radicals. Although many amino acids can participate in free
radical scavenging, cysteine and tyrosine are reported to be
the two most important free radical scavengers. However,
proline and cysteine are the main binding sites of protein to
polyphenols. Free radicals are another main factor leading to
oxidation of droplets of oil-in-water emulsion. Waraho et al.
(70) concluded that protein—polyphenol complexes can make an
important contribution to free radical scavenging. They showed
that OVA-CT complexes can scavenge free radicals and/or
inactivate promoters such as transition metals at the lipid-
water interface (70), thereby preventing lipid hydroperoxide
(LOOH) from decomposing into alkoxyl (LO/) and peroxyl
(LOO") free radicals. In addition, the activity of these highly
active free radicals, which extracted hydrogen from unsaturated
fatty acid (LH) to form new free radicals was inhibited (5). In
addition, compared with the OVA stabilized fish oil emulsion,
the interfacial protein content (Fjp) of the OVA-CT complexes-
stabilized fish oil emulsion increased significantly, while the
continuous phase protein content (Fp) decreased significantly.
This might be due to the decrease in the interfacial tension of
the protein after the CT grafting reaction, which can be due to
the partial negation of the protein hydrophobicity: the covalent
interactions involved the non-polar parts of the protein, leading
to a stronger binding to the lipid-water interface once adsorbed
(45). Therefore, the lipid droplets in the emulsion stabilized by
the conjugate could have a denser and defect-free interface film,
thus effectively preventing the penetration and diffusion of the
oxidation initiators and thus arresting them from reacting with
w-3 polyunsaturated fatty acids.

Thermal Stability and Salt Stability

In some situations, the thermally-induced denaturation of
proteins is detrimental to the stability of emulsions (71). After
heat treatment, flocculation and coalescence often occur in oil-
in-water emulsion droplets which were stabilized by proteins,
and thereby affected the function of bioactive substances in
the emulsion. Droplet flocculation could be attributed to the
unfolding of the globular proteins adsorbed onto the lipid
droplet surfaces when heated above their thermal denaturation
temperature (72). This will result in increased exposure of
surface-active groups (such as hydrophobic and sulthydryl

groups), which will increase the attractive interaction between
droplets. The PPCs can effectively protect the emulsions
from heat treatment because of the interfacial film formed
on the surface of the emulsion droplets. The stability of
pB-carotene-containing emulsion stabilized by LF and LF-
polyphenol complexes was determined at 100°C for 20 min
(32). The study showed that the emulsion stabilized by protein
showed poor thermal stability, which could be attributed to the
unfolding of the LF macromolecules. The thermal denaturation
of the adsorbed globular protein led to the increase of the
hydrophobicity of the lipid droplet surface, which generated
a strong hydrophobic attraction between the lipid droplets.
Schmelz et al. (72) showed that LF-coated emulsions formed
gels when temperatures exceeded 70°C, which was because
the enhancement of hydrophobic attractions induced extensive
flocculation of denatured protein-coated droplets. However, the
emulsions coated by LF-CA and LF-EGCG complexes were
highly stable to heat, and their particle size distribution did not
change much with heating. In addition, DSC results showed
that protein—polyphenol complexes had higher denaturation
temperatures than protein alone. Thus, the emulsion stabilized
by protein—polyphenol complexes had better thermal stability.
It is worth noting that, precisely because of the higher thermal
stability of the covalent complexes, the covalently-modified
protein was relatively easy to expand, requiring very little energy
toward that aim (45). It also presented a new challenge for the
study of thermal stability of modified proteins in emulsions.

Under low salt concentrations, the average particle sizes
of the emulsions were relatively small, but under higher salt
concentrations, the average particle sizes increase, which is
related to the electrostatic shielding effect. That is, when salt
is added into the aqueous phase, counterions are gathered
around the charged surface groups, and the size and range of
electrostatic repulsion between oil droplets are reduced (63).
In addition, the effects of EWP, EWP + CT physical mixtures
(not essentially interacting) and EWP-CT covalent complexes
on emulsion were investigated (as mentioned above). For the
emulsion stabilized by EWP alone or EWP+CT mixtures, the
average particle size of the emulsion increased significantly when
the concentration of NaCl increased from 50 mm to 100 mM,
while for the emulsion with stable EWP-CT conjugates, the
average particle size of the emulsion increased significantly only
when the concentration of NaCl increased from 100 to 200 mM
NaCl. These results showed that the emulsions stabilized by
EWP-CT complexes had better salt stability than the other two
systems, which might be due to the stronger spatial repulsions
caused by the presence of polyphenols. Therefore, the oil-in-
water emulsions stabilized by EWP-CT had better thermal
stability and salt stability.

Digestive Characteristics

Studies of protein—polyphenol compound interactions aim to
better analyze and understand phenomena that take place during
digestion (43). The oil droplets, coated by protein—-polyphenol
complexes, enter the gastrointestinal tract, where they are
exposed to continuous alterations in shear fields, pH, enzymic,
salt and surfactant environments. Digestion simulations have
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been extensively used in order to probe such processes (Figure 4).
These studies aim to comprehend the basis of bioavailability and
fat absorption process from emulsions, and to lay a foundation
for the research of functional foods (73).

Jiang et al. (62) found that all protein components in
casein (CS) or WPI were fragmented into small peptides
during a simulated gastrointestinal pepsin—pancreatin digestion.
In both CS and WPI samples, the treatment with increasing
concentrations of catechin acid (CA) resulted in lighter peptide
bands, suggesting improved digestibility. In addition, for all
CS samples, only a few small peptides remained present
in the electrophoretic graph after 1h of simulated gastric
hydrolysis and almost no peptides were found after subsequent
pancreatic hydrolysis. With the increase of CA content, more
and more proteins were digested into smaller peptides which
were lysed after 1h of digestion (62). It can be illustrated
that the addition of CA promoted digestibility of both WPI
and CS. When the emulsion drops were digested in the
stomach, the pH value, ionic strength and enzyme activity
of the environment of the gastrointestinal would change, and
the particle sizes of the emulsions showed an increasing trend
in the gastric digestion stage (7). In the stomach stage, due
to the relatively low gastric pH value, the absolute value of
the g-potential of the emulsion decreased, thus reducing the
electrostatic repulsion between the lipid droplets, promoting
flocculation. Microscopy images showed that the droplets
formed by mixtures of LF and LF-EGCG was more physically
stable under this environment, and the droplet formed by
the covalent complexes was less stable and the droplets were
of uniform size distributions. The results showed that the
covalent bonds of EGCG and LF could improve the stability
of the systems during the digestive process. The absolute
value of the ¢-potential of the three emulsions was increased,
so the electrostatic repulsion between emulsion droplets also
increased. Microscopic image suggested that LF-EGCG covalent
complexes can render oil-in-water emulsions more stable during
intestinal digestion.

In addition, the extent of emulsion destruction depends
on the amount of free fatty acids released during intestinal
digestion (65). The amount of free fatty acids released from
protein-polyphenol emulsions was generally used to reflect the
decomposition of oil-in-water emulsion during digestion. Studies
have shown that LF-EGCG covalent complexes can delay the
release of fatty acids to some extent when in vitro measuring
the fat digestibility and digestibility of different samples in
small intestine by automatic pH titration (7). In the same way,
Zhou et al. (74) also reported that the free fatty acid released
from emulsions stabilized by gliadin were restrained when
proanthocyanins were added, which is because proanthocyanin
also found their way at the interface along the proteins. Moreover,
studies showed that the release rate of free fatty acids in fish
oil emulsions stabilized by gliadin-grape seed proanthocyanidins
(GSP) complexes was lower than that of normal emulsions. It
can be concluded that the digestion time of normal emulsion
was 20min, and that of complexes stabilized emulsion was
longer, with free fatty acid release rates of 92.5 and 63.3%,
respectively (49). The results showed that the digestibility of

emulsion stabilized with gliadin-GSP was lower than that of
free gliadin.

Nutrient Delivery Capacity

Oil-in-water emulsion delivery systems are potentially competent
of delivering functional oils or lipophilic active substances,
which can improve their solubilities and bio-availabilities, and
availably control release (Figure 3) (75). PPCs can be adhered
to oil-in-water (O/W) interfaces, supplying emulsions with both
protein surface activity and polyphenol antioxidant activity.
Recently, protein-polyphenol complexes have shown that they
possessed the binding affinity toward both hydrophobic and
hydrophilic compounds because of the amphiphilic properties
of their protein parts (76). Previous studies have shown that
PPCs can be utilized as carriers for liposomes (77), micelles (78),
and cyclodextrin/lipid complexes (79). These have been aroused
interest in the application of protein-polyphenol complexes-
based emulsifiers to create emulsion-based delivery systems
for encapsulation of bioactive compounds such as carotenoids,
curcumin, and lutein (15). In addition, this emulsion can be used
in yogurt, beverage, and iron supplements and other products,
and has good prospects for development.

It is well-known that p-carotene has been widely studied in
industry and academia because of its unique antioxidant and
vitamin A-promoting bioactivity. People have tried to design
delivery systems of fB-carotene as to improve its dispersion
and chemical stability, and finally enhance its functionality
(Figure 4). At the same time, oil-in-water emulsions have been
proved to be effective delivery systems for fat-soluble bioactive
components. p-Carotene stabilization was been reported in oil-
in-water nano-emulsions by conjugate-based delivery systems
such as a-lactalbumin-CT (18), B-LG-CT (19), and LF-CT
(32). Gu et al. (42) studied and determined the ability of
EWP-CT complexes synthesized by a free radical method to
form and stabilize B-carotene emulsion transport systems. The
results showed that the particle sizes of B-carotene emulsion
stabilized by EWP-CT increased more than those of EWP. It
can be assumed that the EWP-CT complexes produced smaller
droplets during the homogenization process, mainly because
the complexes reduced the interfacial tension of the protein.
Such processes are also known to favor droplet re-coalescence
and destruction during homogenization (80). Therefore, the
fact that the use of EWP-CT complexes led to larger droplets
was probably due to other factors. First of all, the adsorption
rate of EWP-CT complexes products to the droplet surface
during homogenization could be slow because of their high
molecular weight or their surface chemistry change, which might
lead to more re-coalescence in the homogenizer. Secondly, the
properties of the interface layer formed by EWP-CT complexes,
such as their thickness, hydrophobicity or charge, might change
the aggregation stability of droplets. For example, the formation
of complexes might change the colloidal interactions between
droplets. The complexes of polyphenols with proteins could
also increase the hydrophobic attraction between droplets.
On the contrary, the covalent binding of polyphenols with
proteins should increase the thickness of the interface coating,
thus increasing the spatial repulsion between droplets. The
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differences in particle size and potential of different proteins and
polyphenols have been described above. The average particle size
and stability of each emulsion was related to the type of protein
and polyphenol.

Moreover, Yi et al. (19) also improved the retention of f-
carotene in emulsions by free radical methods. The Z-average
diameters of B-carotene emulsion coated with a- LA (158.8 nm)
and a-LA-CT (162.7nm) were different. The PDI values of
a-LA and o-LA-CT stabilized nano-emulsions were 0.109 and
0.118, respectively. Compared with the a-LA ¢-potential of —57.5
(P < 0.05), the g-potential of a-LA-CT complexes was as low
as —61.9 (P < 0.05), which was consistent with the results
of Gu et al. (42). This was due to the negative charge of
catechins at neutral pH. Because the density of -carotene-loaded
oil droplets was quite different from that of dispersions, the
nanoparticles that tended to rise and aggregate on the surface
may be excited by gravity, which might be due to the great
difference in density between B-carotene-loaded oil droplets and
dispersions, so it could be caused by gravity. Nano-emulsions
are essentially thermodynamically stable colloidal dispersions.
The diameter stability of nano-emulsion is very important for
its application in food, because its texture, appearance and taste
depend on the stability of structure. In addition, temperature
might be an important factor determining the physical stability
of P-carotene nano-emulsions (18). It has also been reported
that the diameter increment of nanoparticles or emulsions
increases with increasing temperature, which was due to the fact
that the temperature effect leads to faster movement at higher
temperatures, thus increasing gravity flocculation (19, 81).

It was also found that a-LA-CT binding strongly inhibited
the degradation of B-carotene in the emulsion at different
temperatures. For example, the nano-emulsion prepared with
a-LA-CT conjugates had only 4.4% p-carotene degradation in
the first 2 days at 50°C, and 71.3% P-carotene degraded after
16 days, while at the end of the measurement (30 days at
50°C), there was still 56.7% f-residual carotene in the sample.
a-LA-CT complexes had excellent antioxidant activity, and its
mechanism was proposed: The complexes had a good ability
to scavenge hydroxyl radicals and protect B-carotene from
degradation. Secondly, the natural transition metal (Fe**) in
aqueous phase might be the main factor leading to the oxidation
and degradation of B-carotene (81). The protein—polyphenol
complexes can be used as powerful metal ion binders and
reducers, as shown by the relevant results, which could inhibit
Fe** from its role as an oxidizer, and protect f-carotene from
degradation. In short, compared with the nutrient emulsion
based on protein, the emulsion loaded with protein-polyphenol
complexes had a strong nutrient transport capacity, less loss and
strong stability.
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In this work, the lactoferrin (LF) was glycosylated by dextran (molecular weight 10,
40, and 70 kDa, LF 10K, LF 40K, and LF 70K) via Maillard reaction as a stabilizer
to establish zein/glycosylated LF nanoparticles and encapsulate 7,8-dihydroxyflavone
(7,8-DHF). Three zein/glycosylated LF nanoparticles (79.27-87.24 nm) with low turbidity
(<0.220) and polydispersity index (PDI) (<0.230) were successfully established by
hydrophobic interactions and hydrogen bonding. Compared with zein/LF nanoparticles,
zein/glycosylated LF nanoparticles further increased stability to ionic strength (0-
500 mM NaCl) at low pH conditions. Zein/glycosylated LF nanoparticles had nanoscale
spherical shape and glycosylated LF changed surface morphology of zein nanoparticles.
Besides, encapsulated 7,8-DHF exhibited an amorphous state inside zein/glycosylated
LF nanoparticles. Most importantly, zein/glycosylated LF nanoparticles had good water
redispersibility, high encapsulation efficiency (above 98.50%), favorable storage stability,
and bioaccessibility for 7,8-DHF, particularly LF 40K. Collectively, the above research
provides a theoretical reference for the application of zein-based delivery systems.

Keywords: zein, glycosylated lactoferrin, nanoparticles, bioaccessibility, 7,8-dihydroxyflavone

INTRODUCTION

An infrequent flavone monomeric compound existing in Godmania aesculifolia and Tridax
procumbens, 7,8-dihydroxyflavone (7,8-DHF) (Supplementary Figure 1), was authenticated as a
high-affinity tropomyosin receptor kinase B (TrkB) agonist (1, 2). It could mimic the physiologic
roles of brain-derived neurotrophic factor (BDNF) and its downstream signaling pathway (3).
Current literature confirm that 7,8-DHF can relieve a lot of BDNF-relevant human sickness, such
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as obesity, Parkinson’s disease, Alzheimer’s disease, and
depression (4-8). However, methylation, sulfation, and
glucuronidation of 7,8-DHF in the intestinal tract and
liver caused its extremely low oral bioavailability (9). In
our previous research, we testified that the permeability
coefficient of 7,8-DHF was lower than 3 x 107 cm/s, and
it had an active efflux mediated by multidrug resistance-
related proteins (MRPs, especially MRP 2 outflow) and
P-glycoprotein (P-gp) (10). Thus, the low chemical instability,
low oral bioavailability, and high intestinal efflux of 7,8-DHF
restricted its application as a functional component in the
food industry.

Encapsulating 7,8-DHF within well-designed nano-sized
carriers might be a promising alternative to overcome
the chemical instability and low bioavailability in food
industry. In our previous study, decorative liposomes
were fabricated to encapsulate 7,8-DHF with improved
stability, in vitro bioaccessibility, and permeability coefficient
across Caco-2 cell monolayers (11). Recently, food-grade
protein nanoparticles have been increasingly applied in
encapsulating health-promoting naturally occurring flavonoids.
For instance, epigallocatechin gallate and curcumin were
encapsulated by zein and caseinate (12, 13). Particularly,
zein has been the present research hotspot focus on
hydrophobic flavonoids delivery by antisolvent precipitation
(ASP) (14). Penalva et al. has fabricated zein nanoparticles
for encapsulating resveratrol to improve its chemical
instability and oral bioavailability (19.2-time increase in
rats) (15). Besides, astilbin-encapsulated zein nanoparticles
improved the absolute bioavailability of astilbin from 0.32 to
4.40% (16).

Nevertheless, when exposed to a certain temperature, ionic
strength, and pH range, zein nanoparticles are highly susceptible
to aggregation because of the strong hydrophobic attractions
between them. To address the abovementioned issues, in our
previous study, we used lactoferrin (LF) as a stabilizer to
confirm it had good stability in fabricating zein nanoparticles
at high salt concentration and wide pH range compared with
other proteins. However, at low pH range, salt tolerance of
zein/LF complex nanoparticles was poor (17). Thus, in our
study, we want to employ the Maillard reaction to form LF-
polysaccharides conjugates to overcome the above issues. The
Maillard reaction is a non-enzymatic reaction that involves the
condensation of the carbonyl group of a reducing carbohydrate
with a free amino group of a protein (either an N-terminal amino
group or a lysine residue), it is greatly accelerated by heat and
alkaline conditions.

Above all, the first objective of our research was to
explore the effect of selected glycosylated LF by Maillard
reaction on the stability of protein-based zein nanoparticles.
Subsequently, the chemical structure and microstructure of
zein/glycosylated LF nanoparticles to encapsulate 7,8-DHF
were explored by a series of characterization techniques.
Moreover, storage stability, in vitro digestion, and related
bioaccessibility of 7,8-DHF encapsulated nanoparticles
were evaluated for potential food and pharmaceutical
formulas applications.

MATERIALS AND METHODS

Materials and Chemicals

In this study, 7,8-DHF (>98%) was bought from TCI Co.,
Ltd. (Tokyo, Japan). LF (>98%) was bought from Glycarbo
Co., Ltd. (Tokyo, Japan). Pancreatin (4 x USP specification)
and zein (>95%) and was purchased from Sigma-Aldrich (MO,
USA). Dextran (10, 40, and 70 kDa) and kaempferol (>98%)
and was received from Aladdin Co., Ltd. (Shanghai, China).
Pepsin (activity 3,000-3,500 U/mg) and bile salts and were
obtained from Sangon Biotech Co., Ltd. (Shanghai, China). Other
chemicals and reagents used were of analytical grade.

Lactoferrin-Dextran Conjugates

Generation via Maillard Reaction

Dextran (1%, w/v, 10, 40, or 70 kDa) and LF (1%, w/v) were
all alone solubilized and stirred overnight at 4°C in phosphate-
buffered solution (PBS, 0.01 M, pH = 7.4). Subsequently, they
were blended at a 1:1 mass ratio for freeze-drying. The lyophilized
mixtures proceeded Maillard reaction in a sealed desiccator
containing saturated KBr solution (48 h, 60°C, and 79% relative
humidity). After conjugation, the LF-dextran conjugates (LF 10K,
40K, and 70K) were lyophilized again and preserved at —20°C
before study.

Lactoferrin-Dextran Conjugates

Characterization

Sodium Dodecyl Sulfate-Polyacrylamide Gel
Electrophoresis

A 5% stacking gel and an 8% acrylamide separating gel were used
for sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE). Furthermore, 5 il of LE, LF 10K, LF 40K, and LF
70K solutions (according to 2 mg/ml LF) were blended with 20
ul of protein loading buffer and then heated together for 5 min
in burning water. Each gel lane was loaded with 10 pl sample
and performed at 80-120 mV for electrophoresis. At the end of
electrophoresis, each gel was dyed with Coomassi bright blue R-
250 solution (0.25%, w/v), and decolorized by decolorizing agent
(50% methanol, 40% distilled water, and 10% acetic acid, v/v).

Conjugation Efficiency

To measure the conjugation efficiency of the samples, o-
phthaldialdehyde (OPA) method was applied (18). Briefly, 4.0 ml
of OPA working solution was blended with 200 1 of LF and three
glycosylated LF water solutions (according to 2 mg/ml LF) after
3 min reaction at 37°C for measuring at 340 nm absorbance. The
amino content standard curve was established via a suitable range
concentration of L-leucine (0.25-2.5mM). The conjugation
efficiency was calculated by the following formula:

Conjugation efficiency (%)

:<1_

Browning
The degree of browning caused by the Maillard reaction
was assessed using a UV-vis spectrophotometer at 420 nm

amine groups after conjugation (mM)

) x 100 (1)

amine groups before conjugation (mM)
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absorbance, LE, LF 10K, LF 40K, and LF 70K were dissolved in
distilled water (according to 1 mg/ml LF) for measuring.

Zeta Potential

Zeta potential was characterized using a dynamic light
scattering (DLS) instrument (Nano-ZS 90 analyzer, UK) at
25°C. LE, LF 10K, LF 40K, and LF 70K were dissolved in
deionized water (according to 2 mg/ml LF) for determining by
Smoluchowski model.

Circular Dichroism

Secondary structural characters of non-conjugates and
conjugates under analysis (according to 0.2 mg/ml LF) were
detected using a CD spectrometer (J-1500, JASCO, Tokyo,
Japan). The secondary structure scanning region was 190-
260nm with 0.1 cm path length, the scanning speed was 50
nm/min, and bandwidth was 1.0 nm. The data were evaluated by
Spectra Manager™ II Software equipped with CD spectrometer.

Fourier-Transform Infrared Spectroscopy

Pre-dried LE, LF 10K, LF 40K, and LF 70K under analysis was
produced using adding 99% KBr disc and scanned on a Fourier-
transform infrared (FTIR) spectrometer (Avatar 370, Nicolet,
Madison, W1, USA). Spectral sweep band was ranged from 4,000
to 500 cm ™! at a 4 cm™! resolution. The analytical results were
obtained by OMNIC version 8.0 software.

Zein/Glycosylated LF Composite

Nanoparticles Preparation

To prepare zein/glycosylated LF composite nanoparticles by ASP
method, zein was dissolved in 80% ethanol/water solution to
prepare the stock solution (1% zein, w/v). Then, the mother
liquor was quickly added into three glycosylated LF aqueous
solutions (antisolvent) with a 1:3 volume ratio under continuous
stirring at 800 rpm for 30 min, whereafter, ethanol was eliminated
by a rotary evaporator at an appropriate temperature. As control
samples, zein/LF and zein nanoparticles were prepared based on
the above method using LF aqueous solution and deionized water
as an antisolvent, respectively. The final concentration of zein,
LE and glycosylated LF in each nanoparticle were all 2.5 mg/ml.
Final nanoparticles were reserved at 4°C for subsequent research.
Zein/LF nanoparticles were named as Zein/LF, zein/glycosylated
LF nanoparticles with different molecular weight dextran were
denominated as zein/LF 10K, 40K, and 70K, respectively.

Physical Stability of Zein/Glycosylated LF

Composite Nanoparticles

pH Influence

The influence of pH on the stability of each colloidal particle was
evaluated within a pH 3-9 range using either 2 M HCI or NaOH.

lonic Strength Influence

Each zein colloidal particle was blended with NaCl to obtain
samples within 0, 25, 50, 100, 200, and 500mM NaCl
concentrations at different pH (pH 3-9) and stored after 24h
for observing.

Temperature Influence

The temperature influence on the stability of each colloidal
particle was tested by heating for 60 min at 95°C and then, cooled
at 25°C.

Storage Time Influence
Each freshly zein colloidal particle was stored at room
temperature for 1 month.

Particle size changes within complex dispersions were
recorded using DLS at 25°C. The light intensity at a fixed
scattering angle was 90 degrees, and the refractive index of water
was set at 1.45.

Encapsulation of 7,8-DHF Into Complex

Particles

In the current study, 7,8-DHF encapsulation was conducted in
the above methods described in section Zein/Glycosylated LF
Composite Nanoparticles Preparation. Zein and 7,8-DHF were
dissolved at 10:1 and 5:1 mass ratios in 80% ethanol-water
solution, respectively. The mass ratio of LF or glycosylated LF to
zein was 1:1 in the final reaction system. 7,8-DHF encapsulation
in zein, zein/LE and zein/glycosylated LF nanoparticles were
denoted as DHF-zein, DHF-zein/LF, DHF-zein/LF 10K, DHF-
zein/LF 40K, and DHF-zein/LF 70K, respectively. Loaded
complex particles were reserved at 4°C, other samples were
lyophilized for 48 h to conduct an in-depth study.

Polydispersity Index, Particle Size, Zeta

Potential, and Turbidity

Polydispersity index (PDI) and particle size of fresh dispersions
were characterized based on section Physical Stability of
Zein/Glycosylated LF Composite Nanoparticles. Zeta potential
was tested according to section Zeta Potential. The turbidity
of complex particles was tested at 600nm using a UV
spectrophotometer at 25°C.

Entrapment Efficiency Determination

The entrapment efficiency (EE) of encapsulated 7,8-DHF was
assessed by ultra-performance liquid chromatography (UPLC)
based on our previously described method (19, 20) and then
calculated depending on the following equation:

loaded 7,8 — DHF

EE (%) =
(%) = S ial 7.8 — DHF

x 100 2)

Transmission Electron Microscopy

The 10-fold diluted freshly loaded colloidal particles were
deposited on a copper grid with a 200-mesh formvar-carbon
coating. Then, the samples were dried in air and dyed with
2% uranyl acetate. Transmission electron microscopy (TEM)
(JEM-1200 EX, Tokyo, Japan) was performed for microscopic
observation at 120 kV accelerating voltage.

Field Emission Scanning Electron

Microscope
The surface morphology of lyophilized nanoparticles was
captured by using a field emission scanning electron microscope
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(FE-SEM) (GeminiSEM 300, ZEISS, Germany). Before analysis,
a gold layer with 3-6 nm thickness was covered on the sample
surfaces. The electron microscope acceleration voltage was
15.0 kV.

Differential Scanning Calorimetry

Thermal behavior of 7,8-DHE, lyophilized glycosylated LF and
freeze-dried nanoparticles were studied via differential scanning
calorimetry (DSC) (Mettler Toledo, Zurich, Switzerland). About
2-8 mg of samples were accurately weighed and hermetically
sealed in aluminum pots, an empty crucible under the same
condition was used as a reference. Scanning calorimetry was
performed at a range of 25-200°C in Nj atmosphere with a
10°C/min heating rate under 30 ml/min flow.

X-Ray Diffraction

The crystalline characteristic of selected samples was evaluated
on an X-ray diffractometer (Bruker D8, Karlsruhe, Germany).
This diffractometer tube current and accelerating voltages were
40 mA and 40 kV, respectively. Soller slit and divergence slit were
set at 2.5 and 0.5 degrees, respectively, the 20 angle ranged from
5 to 90 degrees.

Fourier-Transform Infrared

All analyzed colloidal dispersions were proceeded according
to the method described in section Fourier-Transform
Infrared Spectroscopy.

Storage Stability of 7,8-DHF

Furthermore, 7,8-DHF, DHF-zein, DHF-zein/LE, DHF-zein/LF
10K, DHF-zein/LF 40K, and DHF-zein/LF 70K were conducted
at 50°C for 72 h under dark and 25°C for 15 days under light. At
an appropriate point-in-time, a certain amount of suspension was
acquired for measuring by UPLC. The storage stability equation
was figured as follow:

retained 7,8 — DHF concentration 100

3)

Retention rate (%) = —— -
initial 7, 8 — DHF concentration

In vitro Simulated Gastrointestinal
Digestion

Based on the study of Yuan et al. via some amendments
(21), briefly, 10ml of simulated gastric fluid (SGE 3.2 mg/ml
pepsin and 2 mg/ml NaCl, pH = 2.5) and 10ml of 7,8-DHE
DHF-zein, DHF-zein/LE, DHF-zein/LF 10K, DHF-zein/LF 40K,
and DHF-zein/LF 70K were mingled for incubating in a 37°C
water bath shaker for 60 min at 100 rpm. After SGF digestion,
10 ml of above-mentioned simulated gastric digestive fluids were
modulated to pH 7.4 via 2M NaOH. Ten milliliter of simulated
intestinal fluid (SIF, 5 mg/ml bile salts, 4 mg/ml pancreatin,
6.8 mg/ml K,HPOy, and 8.8 mg/ml NaCl, and pH = 74)
was blended to incubate for 120 min at same temperature and
speed. Finally, the final digestive solution was centrifuged by
20,000 x g centrifugal force for 1h, and the supernatant was

collected. The bioaccessibility (%) was calculated based on the
following equation:

Bioaccessibility (%)
7,8 — DHEF concentration in the supernatant phases

x 100
(4)

7,8 — DHF concentration in the formulation

Besides, the digesta were gathered for acquiring particle size at
designed point-in-time (30, 60, 120, and 180 min). And the final
digesta were freeze-dried for FE-SEM observation.

Statistical Analysis

Mean £ SD was presented via at least three times for all data.
One-way ANOVA was utilized to assess the significant difference
among groups (p < 0.05). Unpaired two-tailed Student’s t-test
(***p < 0.001, **p < 0.01, and *p< 0.05), was applied to analyze
the significant differences between two groups. Data analysis
was carried out by using the GraphPad Prism 8.0 (GraphPad
Sofware, San Diego, CA, USA) and Origin 2021 (Origin Lab Co.,
Northampton, MA, USA).

RESULTS AND DISCUSSION

Preparation and Characterization of
Glycosylated LF via Maillard Reaction

As seen in Figure 1A, the molecular weight of LF and
glycosylated was tested through SDS-PAGE. The major molecular
weight band in native LF was at about 80 kDa (lane 0), which
was in agreement with the previous literature (22). Compared
with LE, after glycosylation with dextran, the bands of three LF-
dextran conjugates at 80 kDa were reduced and the color became
weaker, while the bands at the high molecular weight (between
85 and 270 kDa) became darker and stronger, resulting in high
mobility in molecular weight. It indicated that LF and dextran
generated high molecular weight glycosylated proteins (Lane 1-
3) through the Maillard reaction. At the same time, it was found
that the intensity and color of the bands in the high molecular
weight region of LF 10K and 40K were stronger and darker than
that of LF 70K, indicating that with the increase of molecular
weight and the decreasing number of reductive carbonyl terminal
inside dextran led to the weakening of Maillard reaction, and
short polysaccharide chains were easier to conjugate to LF protein
than long polysaccharide chains.

This result was confirmed by OPA results. The Maillard
reaction occurs when the free amino group of the protein
is covalently linked to the carbonyl group of the reducing
sugar to form a Schiff base (23). As seen from Figure 1B,
the grafting efficiency of LF with 10, 40, and 70 kDa dextran
was about 24.96, 16.54, and 11.39%, respectively. The data
certified that the molecular weight of dextran influenced the
conjugation efficiency of LF. A similar result has been reported
in the covalent binding of ovalbumin and dextran (18). The
color depth of Maillard reaction products can intuitively
reflect the degree of Maillard reaction, and the absorbance
value at 420nm is used as an indicator of the number of
Browning products (24). As seen in Figure 1B, the absorbance
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FIGURE 1 | Characterization of glycosylated lactoferrin (LF) via Maillard reaction. sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) profiles, lane
0, LF; lane 1, LF 10K; lane 2, LF 40K; lane 3, LF 70K (A). Conjugation efficiency and browning (B). Zeta potential, non-conjunction means the mix of LF and dextran
with 10, 40, or 70 kDa (C). Circular dichroism (CD) spectra (D). Fourier-transform infrared (FTIR) spectra (E).

at 420nm of the glycosylated substances of LF to dextran  significantly less than that of non-conjugated LF mixes and
with 10, 40, and 70 kDa was about 0.081, 0.041, and 0.030, LF (p < 0.05) (Figure 1C), which was due to the positive -
respectively. Furthermore, zeta potential of glycosylated LF was ~ NH; group in LF participating in the formation of Schiff base,
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resulting in the decrease of amount of positively charged -
NH; groups.

Circular dichroism spectroscopy can reflect the influence
of glycosylation on the secondary structure change of LF. As
observed from Figure 1D, CD scanning in the far-ultraviolet
region of LF showed the negative band at 208 and 215nm,
and a maximum band at 190-195 nm, which was a typical a-
helix and B-sheet structure for LF (25, 26). The inserts about
secondary structure composition in Figure 1D showed that the
a-helix and B-sheet of LF decreased (fall off 1.1-7.7% and 0.7-
4.1% corresponding to a-helix and B-sheet, respectively), while
the unordered structure increased after glycosylation (went up
5.4-8.7%), indicating that glycosylated secondary structure of LF
was changed by Maillard reaction to some extent (Figure 1E).
In FTIR spectroscopy, 3,300-3,600 cm™! absorption peak was
signified to the N-H stretching coupled with hydrogen bonding
(27). The spectra of LF exhibited 3,291 cm~! absorption peak,
which was identical with the result of anterior research (28).
As compared with LF glycosylated LF had a significant blue-
shift, and the absorption peak of LF 10K, 40K, and 70K were
increased by 114, 126, and 132 cm ™!, respectively, which implied
-NH; groups of LF took part in glycosylation reaction. Moreover,
the major peak at 950-1,150 cm™! reflected O-H deforming
vibration and C-O stretching (29). We found that the absorption
peak of the native LF at 1,060 cm~! occurred at 42, 44, and
43 ¢cm™! redshifts corresponding to LF 10K, 40K, and 70K,
respectively. As we know, dextran was rich in O-H and C-
O bonds, thus illustrating reduced carbonyl group of dextran
was involved in the LF Maillard reaction. In addition, after the
Maillard reaction, C=0 (amide I band, characteristic peak of
LF was at 1,652 and 1,651 cm~!) and C-N stretching vibration
(amide II band, characteristic peak of LF was at 1,538 and 1,538
cm~!) have been changed (30). Above all, the secondary and
chemical structure of LF protein changes has been changed after
glycosylation reaction.

Physical-Chemical Stability Study on
Zein/Glycosylated LF Nanoparticles

According to our previous research about Zein/LF (17), in our
research, the selected mass ratio of glycosylated LF to zein was
1:1, and the ASP method was used to construct zein/glycosylated
LF nanoparticles for the study of physicochemical stability. Zein
nanoparticles and zein/LF were used as the control.

pH Influence

As observed from Figure 2A, our previous study has proved that
bare zein nanoparticles occurred severe aggregation at pH 5.0-7.0
accompanied by a large rise in particle size. Besides, the addition
of LF greatly prevented zein nanoparticles from aggregation at
pH 5.0-7.0 due to that LF provided strong electrostatic repulsion
and steric exclusion (17). In addition, glycosylated LF adding
exhibited the same stabilizing effect compared with native LF at
a pH range of 3-9, no matter what zein/LF 10K, 40K, and 70K.
This might be ascribed to the shielding effect of particle surface
charge by protein-carbohydrate layer. The same result was found
in caseinate-carbohydrate conjugates coating zein nanoparticles
(31). Above all, glycosylated LF acted as protein emulsifiers,

exhibited the same advantages for zein nanoparticle stabilization
at pH 3-9 compared with LF.

lonic Strengths Influence at Different pH Condition
Colloidal systems will undergo different ionic environments
in the commercial food products and human digestive tract.
Thus, ionic strengths stability testing is necessary to evaluate
the functionality of colloidal particles (Figures 2B-E) (32).
Previously, it has been proved that zein unitary system is highly
sensitive to ionic strength, even at a low level of salt. Although
the zein/LF binary system with the addition of LF has been
improved, it was still highly sensitive to the ionic strength to
produce aggregation at low pH (3-5) (17). However, under
the presence of LF 10K, 40K, and 70K, the particle size of
zein/glycosylated LF nanoparticles maintained stable at a broad
pH range of 3-9 when adding 0-500 mM NaCl, particularly
zein/LF 40K and 70K. The mean particle size of zein/LF 40K
and zein/LF 70K was below 250 and 200 nm, respectively, at
a pH range of 3-9 when adding 0-500mM NaCl, zein/LF
70K showed the best stabilization effect. These results showed
that with the increase of the molecular weight of dextran, its
chain length increased correspondingly, resulting in a greater
steric hindrance, which prevented the agglomeration effect of
nanoparticles. At the same time, the interface layer formed by
glycosylated LF coating particle surface played a role in shielding
the external charge. It is demonstrated that zein/glycosylated
LF nanoparticles as nutritional ingredients will remain certainly
stable in commercial products, it is also manifested that they
as colloidal delivery systems may improve the stability and
bioaccessibility of bioactive compounds through the human
gastrointestinal tract with relatively high ionic strengths.

Thermal Treatment Influence

Heat treatment was often applied to sterilize and pasteurize food
or beverages. As seen in Figure 2F and Supplementary Figure 2
(photograph), after heating at 95°C for 60 min, the average
particle size of bare zein nanoparticles was above 400 nm. A
previous study has shown that bare zein nanoparticles are highly
sensitive to under heating conditions (33). However, under the
same heating conditions, the particle size of zein/LF, zein/LF
10K, zein/LF 40K, and zein/LF 70K had no significant change,
indicating the presence of native or glycosylated LF improved
thermal stability of zein nanoparticles.

Long-Term Storage Influence

In daily commodity circulation, it is critical to evaluate the
long-term stability of colloidal particles in room temperature
circumstances. As seen from Figure2G, individual zein
nanoparticles displayed highly instability accompanied by
aggregation range from pH 3.0 to 9.0 after 1-month storage.
However, whatever the presence of native or glycosylated LF, the
composite nanoparticles were stable to prevent aggregation for
30 days storage, demonstrating glycosylated LF coating exhibited
same effect at increasing the long-term storage stability for zein
nanoparticles compared with native LF.
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FIGURE 2 | Particle size of colloidal particles at pH 3-9 condition (A). Particle size of colloidal particles under 0-500 mM NaCl concentrations at pH 3-9 condition,
zein/LF (B), zein/LF 10K (C), zein/LF 40K (D), zein/LF 70K (E). Particle size of colloidal particles under thermal treatments (F). Particle size of colloidal particles in
1-month storage at 25°C (G).
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DHF-zein/LF 70K (E). Pictures were taken at x50,000 magnifications.

FIGURE 3 | Transmission electron microscopy (TEM) images of dihydroxyflavone (DHF)-zein (A), DHF-zein/LF (B), DHF-zein/LF 10K (C), DHF-zein/LF 40K (D), and

Encapsulation of 7,8-DHF

The influence of via glycosylated LF with different molecular
weight (LF 10K, 40K, and 70K) and 7,8-DHF concentration
on EE, PDI, particle size, zeta potential, and turbidity within

different delivery systems are summarized in Table 1. Without
7,8-DHE, zeta potential of bare zein particles was 4.66 mv, the
increase of positive charge occurred when supplementation with
glycosylated LE, displaying 21.63-23.45 mv zeta potential, which
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FIGURE 4 | Field emission scanning electron microscope (FE-SEM) images of bare zein nanoparticles (A), DHF-zein (B), DHF-zein/LF (C), DHF-zein/LF 10K (D),
DHF-zein/LF 40K (E), and DHF-zein/LF 70K (F). Pictures were taken at x50,000 magnifications.

was due to amino acid residue (-NH3*) in LF 10K, 40K, and 70K.  amino acid residue in LF participated in the Maillard reaction.
But zeta potential values of zein/glycosylated LF nanoparticles = Homogeneous colloid systems (79.27-87.24nm) came true
were all lower than that of zein/LE furtherly clarifying that by reducing the surface hydrophobicity of the zein protein
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when adding LF 10K, 40K, and 70K in contrast to bare zein
nanoparticle (169.56 nm). In addition, compared with zein/LF,
the particle size of zein/LF 10K, 40K, and 70K was larger,
which was due to long polysaccharide chains conjugated to the
surface of LF protein. In addition, turbidity and PDI showed
a similar trend to particle size The decrease manifested that
there is more glycosylated LF coating on the surface of zein
nanoparticles, which inhibits their micro-aggregation. At the 7,8-
DHEF to zein mass ratio was 1:5, EE of zein, zein/LF, zein/LF 10K,
zein/LF 40K, and zein/LF 70K was 37.27, 66.10, 72.41, 84.75,
and 83.61%, respectively. Above outcomes manifested that the
addition of LF glycosylation further increased EE of 7,8-DHF
(p < 0.05), particularly LF 40K and 70K. An identical result
was discovered at the mass ratio of 7,8-DHF to zein 1:10 (the
EE of DHF-zein/LF 10K, 40K, and 70K were all above 98%).
In general, as 7,8-DHF was embedded, it could disturb mutual
effect among hydrophobic groups of zein, leading to the stability
of zein particles, with the accompanying decline in particle size
(116.9-119.7 nm). However, the particle size of DHF-Zein/LF
10K, 40K, and 70K slightly increased compared with unloaded
nanoparticles but were all below 100 nm, displaying a small
nanoscale size. In addition, 7,8-DHF encapsulation led to the
increase of PDI and turbidity of nanoparticles, a homologous
tendency was reported by Sun et al. (34). After the lyophilized
DHE-zein/LF 10K, 40K, and 70K were redissolved in the distilled
water, the redispersibility was good, the redissolved nanoparticles
still maintained a good EE (above 93.43%), zeta potential (above
18.43 mV), particle size (below 108.2 nm), PDI (below 0.281), and
turbidity (below 0.267) value, which was owed to that hydrophilic
glycosylated LF adsorbing adequately on the surface of the zein
resulted in a decrease in the surface hydrophobicity. Collectively,
zein/glycosylated LF nanoparticles were a high-quality colloidal
delivery for 7,8-DHE, particularly zein/LF 40K and 70K.

Micromorphology
The microstructural features of loaded composite nanoparticles
were analyzed via TEM. As observed from Figure 3A,
the diameter of DHF-zein was above 100nm, which was
consistent with the DLS conclusions. In addition, DHF-zein
was interconnected, which may be due to the hydrophobic
interaction among zein particles after they were diluted 10
times, resulting in aggregation. However, after the addition of
glycosylated LE DHEF-zein/LF 10K, 40K, and 70K showed a
spherical shape in the range of 70-100 nm (Figures 3B-E) and
were homogeneously dispersed, indicating that the adsorption
of glycosylated LF could increase the electrostatic repulsion
and spatial repulsion effect. Thus, the aggregation of DHF-zein
could be prevented. In addition, the average particle size of
DHF-zein/glycosylated LF was relatively larger than that of
DHF-zein/LF, especially DHF-zein/LF 10K.
Furthermore, FE-SEM was applied to observe the differences
surface microscopic morphology of each composite
nanoparticle (Figure4). As seen from Figure4A, zein
nanoparticles and DHF-zein were typically of spherical shapes
with uniform in size (35), but the surface morphology of DHF-
zein emerged slightly rough, it was consistent with a preceding
study about curcumin (36). However, after adding glycosylated
LF, DHF-zein/LF 10K, 40K, and 70K were significantly changed
with irregular and rough surfaces in comparison to zein
nanoparticles and DHF-zein (Figures 4D-F). This appearance
was probably due to our hypothesis that glycosylated LF was
adsorbed on the surface of DHF-zein by some non-covalent
forces. This result was consistent with that of native LF adsorbed
on the surface of DHF-zein (Figure 4C). In addition, compared
with bare zein nanoparticles, the average particle size of the
binary system was decreased after encapsulating, which was
consistent with the results measured by DLS.

in
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TABLE 1 | Entrapment efficiency (EE), zeta potential, particle size, polydispersity index (PDI), and turbidity of 7,8-dihydroxyflavone (7,8-DHF) in different colloidal systems.

(Zein or LF): 7,8-DHF (w/w) Colloidal systems EE (%) Zeta potential (mV) Particle size (nm) PDI Turbidity
Without 7,8-DHF Zein - 4.66 +0.13% 169.6 + 0.54° 0.262 = 0.005° 1.465 4+ 0.05°
Zein/LF - 26.93 + 0.33° 74.6 £0.65° 0.199 £ 0.008° 0.140 £ 0.03°
Zein/LF 10K - 21.63 + 0.46° 87.24 + 0.16° 0.227 +0.0142 0.219 + 0.06°
Zein/LF 40K - 23.45 + 0.32° 79.27 4+ 0.96° 0.213 £0.010° 0.134 +£0.03°
Zein/LF 70K - 2317 £0.12° 78.67 £0.51°¢ 0.205 + 0.004° 0.125 £ 0.07°
5:1 Zein 37.27 +1.36° 10.23 £ 0.13° 119.7 £ 5.69° 0.361 + 0.010¢ 0.451 £ 0.07°
Zein/LF 66.10 £ 2.63° 2414 £0.36° 84.3 £1.21°¢ 0.384 £ 0.021¢ 0.206 + 0.04°
Zein/LF 10K 72.41 £212¢ 18.74 £ 0.16° 98.1 £1.41° 0.371 £0.014° 0.287 £ 0.06°
Zein/LF 40K 84.75 & 3.52° 20.41 £0.26° 88.41 £2.01°¢ 0.363 £ 0.024¢ 0.174 £0.02°
Zein/LF 70K 83.61 & 2.88° 20.31 £0.31°¢ 87.98 £2.16° 0.857 £ 0.030¢ 0.168 £ 0.03°
10:1 Zein 46.38 + 2.46° 11.24 £ 0.14° 116.9 £ 1.76° 0.291 4 0.020° 0.401 £ 0.08°
Zein/LF 98.31 + 4.12° 25.41 £ 0.43° 82.3 +1.01°¢ 0.321 £ 0.014¢ 0.145 + 0.05°
Zein/LF 10K 98.66 + 3.54% 19.74 £0.23° 95.6 &+ 1.41°¢ 0.345 =+ 0.037°° 0.280 £ 0.09°¢
Zein/LF 40K 99.41 + 4,142 21.45 4+ 0.31° 85.79 4+ 0.87°¢ 0.334 £ 0.047¢ 0.138 £ 0.02¢
Zein/LF 70K 99.21 £ 4.142 21.31 £0.61° 85.64 £+ 1.26° 0.330 + 0.034¢ 0.127 £ 0.06°
10:1 Redissolved Zein/LF 92.66 + 3.54% 24.31 £0.832° 103.6 + 1.41° 0.265 + 0.037°° 0.165 £ 0.05°
Redissolved Zein/LF 10K 93.43 + 2.56% 18.43 £ 0.41° 108.2 4+ 1.43° 0.273 + 0.024° 0.267 £ 0.04°
Redissolved Zein/LF 40K 94.21 +3.212 21.01 £0.24° 105.83 £ 1.75° 0.281 £ 0.021%° 0.154 £ 0.03°
Redissolved Zein/LF 70K 94.25 + 4.35% 2113 £0.32° 106.7 &+ 1.24° 0.278 =+ 0.042 0.152 £ 0.03°

Values are the means + SD (n = 3). Different letters in the same column indicate significant differences (p < 0.05) based on one-way ANOVA followed by Tukey’s honest significant

difference post-hoc tests.

Differential Scanning Calorimetry

As a thermal and crystallographic analysis technique, DSC
was used to understand the thermal behavior associated
with phase transformation of biomaterials via thermodynamic
characterization (37). As shown in Figure 5A, for the pure 7,8-
DHE, the embedded thermograms showed a narrow and sharp
peak at 246.24°C, which might be attributed to the melting of
7,8-DHEF crystals (38). Besides, compared with other flavonoids,
such as curcumin (39), the endothermic peak of 7,8-DHF was
higher. The DSC curve of zein exhibited broad endothermic
peaks at around 71.12°C, this result was less than the reports of
Dai et al. (40), which showed that endothermic peaks of zein were
at around 81.16°C. Furthermore, the characteristic endothermal
peak of LE LF 10K, LF 40K, and LF 70K was at around
75.41, 80.56, 86.22, and 88.12°C, respectively, confirming that
glycosylation reactions jointed with polysaccharides improved
the thermostability of LF. After Maillard reaction, its affinity with
bound water became strong (41), and the polysaccharide chain
was longer, the binding water ability was stronger. After 7,8-DHF
encapsulation, no distinctive endothermic peaks of 7,8-DHF in
DHF-zein, DHF-zein/LE, DHF-zein/LF 10K, DHF-zein/LF 40K,
and DHF-zein/LF 70K were discovered, which suggested that 7,8-
DHF changed from the crystalline state to the amorphous state.
Some similar observations have been reported about curcumin
(42) and B-carotene (43). Besides, the endothermic peak of
DHF-zein was decreased from 71.12 to 68.57°C compared with
bare zein nanoparticles (Figure 5B), the decrease in melting
temperatures might be attributed to intermolecular interactions
between 7,8-DHF and zein. In addition, Wei et al. reported
the existence of resveratrol declined the thermal stability of

zein nanoparticles (44). Most intriguingly, after adding native
LF and glycosylated LF, the endothermic peak of DHF-zein/LF,
DHF-zein/LF 10K, DHF-zein/LF 40K, and DHF-zein/LF 70K
was shifted to 72.61, 75.74, 80.89, and 85.60°C (Figure 5B),
indicating that they improved the thermal stability of DHF-Zein
nanoparticles, particularly LF 70K.

X-Ray Diffraction

X-ray diffraction ranging from 5 to 90 degrees at 26 values was
applied to examine the physical state of 7,8-DHF in different
nanoparticles. As known in Figure 6, 7,8-DHF was extremely
crystalline with multiple sharp diffraction peaks at the 5-40
degrees range. In contrast, when the diffraction angles of zein and
LF in the 20 range were 9.3 and 19.6 degrees and 9.7 and 18.6
degrees, respectively, two flat humps without sharp diffraction
maximum have appeared in the XRD spectrum, besides, LF
10K, 40K, and 70K had similar peak pattern to native LE
indicating that glycosylated LF were all in an amorphous form
(40). However, no distinctly characteristic diffraction maximum
for 7,8-DHF was found in zein/glycosylated LF composite
nanoparticles. Such behavior indicated 7,8-DHF was completely
loaded into zein/LF 10K, 40K, 70K, and existing in an amorphous
state. This discovery confirmed the results based on DSC analysis.
Furthermore, similar outcomes were discovered by previous
studies about coenzyme Q10, curcumin, and resveratrol (45-47).
Astonishingly, in contrast to DHF-zein, the diffraction peak of
DHF-zein/LF and 70K at 19.6 degrees was remarkably increased
and the peaks of DHF-zein/LF 10K and 40K at these diffraction
angles almost disappeared. This result can be explained that due
to changes in the interactions (hydrophobic effect, hydrogen
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and DHF-zein/LF 70K.

bonding, and electrostatic interaction) along with zein, LF and
glycosylated LF within the different systems, distinguishable
behaviors of in DHF-zein, DHF-zein/LE DHF-zein/LF 10K,
DHF-zein/LF 40K, and DHF-zein/LF 70K were observed (44).

Fourier-Transform Infrared

Fourier-transform infrared is a versatile tool for monitoring
changes within the functional groups of biopolymers and
evaluating interactive force among components post-particle
formation. As shown in Figure7, the O-H group stretching
characteristic peak of zein was 3,306 cm~! (Figure 7A) (48).
When zein was combined with glycosylated LF to form zein/LF
10K, 40K, and 70K, the hydrogen bonds characteristic peaks
were transformed from 3,306 to 3,406 cm~! and 3,404 and 3,417
cm™!, respectively, indicating the hydrogen bonds existed in
the binding of zein and glycosylated LF. Besides, the forming
hydrogen bonds were stronger than that of Zein/LF. In addition,
2,953 cm™! is considered to be the hydrophobic C-H group
stretching vibration peak in zein (49). After the formation of
zein/LF 10K, 40K, and 70K, their characteristic peaks redshifted
from 2,953 t0 2,932 cm™! and 2,930 and 2,931 cm™!, indicating
that stronger hydrophobic interactions existed in the formation
of zein/glycosylated LF nanoparticles compared with Zein/LF.
According to Liu et al. report (35), the 1,652 cm™! peak of
zein was the C=O stretching (amide I). In addition, 1,538
cm~! peak was primarily associated with the bending of N-
H coupled with the stretching of C-N (amide II). With LF
10K, 40K, and 70K incorporation, the amide I and amide II
characteristic peaks of zein/glycosylated LF nanoparticles had
no change, elucidating that zein/glycosylated LF nanoparticles
formation was not involved in electrostatic interaction (46).
Additionally, hydrophobic interaction and hydrogen bonds

among glycosylated LF and zein were confirmed by the result
of DSC about the increasing endothermic peak temperature
of nanoparticles.

As shown in Figure 7A, the peaks at 3,114, 1,626, 1,575,
1,405, 1,195, and 1,071 cm™! were the typical peaks of 7,8-
DHE, which has been confirmed in our foregoing research (11).
Expectedly, these characteristic peaks of 7,8-DHF have vanished
in DHF-zein, DHF-zein/LE, DHF-zein/LF 10K, DHF-zein/LF
40K, and DHF-zein/LF 70K, indicating that these nanoparticles
successfully encapsulated for 7,8-DHF. Moreover, compared
with the unloaded nanoparticles, the wavenumbers of the main
characteristic peaks of the loaded nanoparticles were all changed,
indicating that the presence of 7,8-DHF could also change
the non-covalent binding ability of the composite carriers to
some extent.

A Graphic lllustration for the Formation
and Stability Mechanism of Nanoparticles

Diverse technologies, such as EE, PDI, particle size, zeta
potential, turbidity, TEM, FE-SEM, DSC, XRD, and FTIR were
applied to make clear formation and stability mechanism of
zein/glycosylated LF delivery system (Figure 8). After zein was
rapidly added into glycosylated LF (mass ratio 1:1), sufficient
glycosylated LF acted as a shielding effect (electrostatic repulsion)
and steric hindrance stabilizer was coated onto the surface
of zein particles to stop their sedimentation, showing a low
PDI, turbidity, and size based on DLS and UV. Especially
in the high ionic strengths (0-500 mM NaCl) at wide pH 3-
9 range condition, glycosylated LF played a stabilizing role
via above-mentioned shielding effect and steric hindrance.
And some internal drives (hydrogen bonding and hydrophobic
effect) participated in the formation of zein/glycosylated LF
nanoparticles according to FTIR and FE-SEM. Employing EE,
XRD, DSC, TEM analysis, 7,8-DHF was successfully encapsulated
in zein/glycosylated LF nanoparticles with relatively uniform
sphericity, displaying a good entrapment efficiency.

Storage Stability of 7,8-DHF

To prevent food nutraceuticals from degradation by heat or
light exposure is challenging but critically necessary during
storage. To meet this application end, short and long storage
were investigated under varying storage environments for DHF-
zein/LF 10K, 40K, and 70K. As exhibited in Figure 9A, free
7,8-DHF was mostly degraded at 25°C with light exposure for
15 days post-storage. Encapsulation of the 7,8-DHF in zein
nanoparticles strengthened the storage stability (12.35%) of 7,8-
DHEF. The addition of LF and glycosylated LF further significantly
enhanced the stability of encapsulated 7,8-DHE, in particular
glycosylated LE, among them, the retention percentage of DHF-
Zein/LF 40K was highest (43.21%). As seen from Figure 9B, at
50°C under dark circumstances, a similar effect was observed.
The active groups of 7,8-DHF were possibly protected within
the hydrophobic lumen of zein/glycosylated LF nanoparticles as
a mechanism (50), especially DHF-zein/LF 70K (46.33%). The
above results were in conformance to preceding studies that
introduced curcumin being embedded in zein and quaternized
chitosan complexes, along with work showing that quercetagetin
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FIGURE 8 | An illustration of the formation and stability mechanism of DHF-zein/glycosylated LF.

was loaded within the zein-hyaluronic acid binary complex.
Generally, the smaller the particle, the more susceptible it is to
environmental factors, such as oxygen, light, and temperature.
Therefore, the higher chemical stability of 7,8-DHF encapsulated
in zein/glycosylated LF colloidal systems was probably due to
the antioxidant activity of Maillard reaction products, which
inhibited the chemical degradation of 7,8-DHF during storage.
Above all, the existence of glycosylated LF enhanced the storage
stability of 7,8-DHF.

In vitro Simulated Gastrointestinal
Digestion

Effective protection of encapsulated nutritional ingredients
throughout the gastrointestinal tract (GIT) is critical to assess
carrier systems. In this study, an in vitro GIT model was applied
to explore the digestive fate and bioaccessibility of 7,8-DHF in
nanoparticles. Particle size changes for colloidal carriers were
monitored at a specific digestion time (30, 60, 120, and 180 min),

Frontiers in Nutrition | www.frontiersin.org

66

January 2022 | Volume 8 | Article 806623



https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Chen et al.

Zein/Glycosylated-Lactoferrin Nanoparticles for 7,8-DHF

120 4 —=— 7,8-DHF

~— DHF-Zein

~—— DHF-Zein/LF
= DHF-Zein/LF 10K
~+— DHF-Zein/LF 40K
DHF-Zein/LF 70K

(25°C, light)

100

80

60

40

Retention rate (%)

20

Storage time (day)

FIGURE 9 | Storage stability of free 7,8-DHF, DHF-zein, DHF-zein/LF, DHF-zein/LF 10K, DHF-zein/LF 40K, and DHF-zein/LF 70K at 25°C under light (A) and at 50°C

B
1207 —e— 7.8-DHF
(50°C, dark) —— DHF-Zein
s DHF-Zein/LF
100 —— DHF-Zein/LF 10K
—+— DHF-Zein/LF 40K

_ < DHF-Zein/LF 70K
N
2
<
2
®
£
=
2
S
=
2
@
~

24 36 48 60 72

Storage time (hour)

60
Time (min)

120 180

bioaccessibility (B).

under dark (B).
A B 100+
4500
Il DHF-Zein
4000 4 [ DHF-Zein/LF
Il DHF-Zein/LF o
3500 [ DHF-Zein/LF o S
[ DHF-Zein/LF
E 3000 70K 5
= =
~ o=
g 2500 2
N g
) x
S 2000 k]
> =]
£ 1500
1000 -
500
0 -
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and the results were observed in Figure 10A, the mean particle
size of DHF-zein was increased markedly after 60 min SGF
digestion compared with original particle size (p < 0.05). This
finding was possibly due to that the nanoparticles were subjected
to ionic strength along with low pH and partially digested via
pepsase. The low pH and ionic strength exposure likely weakened
electrostatic repulsion forces among zein nanoparticles. Besides,
its particle size reduction in DHF-zein post-SIF-exposure was
ascribed to the fact that SIF contained bile salt, a compound
with strong emulsifying abilities. Bile salt can combine many
biopolymer molecules and contribute to bridging flocculation
(48). An identical consequence was observed by Zou et al. report
for curcumin loaded in zein nanoparticles (51). Similarly, as

depicted in Figure 10A, DHF-zein/LF occurred aggregation in
the SIF digestion, this result was in accord with that of pH
and salt stability, which was due to the attenuated electrostatic
repulsion among them. But its particles were smaller than DHF-
zein after SIF digestion. Most importantly, under the presence
of glycosylated LE the mean particle size of DHF-zein/LF
10K, 40K, and 70K was mildly increased after SGF digestion,
then remained fixedness during SIF digestion compared with
DHF-zein and DHF-zein/LEF, illustrating that the presence of
glycosylated LF improved the intestinal instability of these
nanoparticles. This might be due to that the glycosylated
LF coating on the nanoparticles provided a greater steric
repulsion that conquers attractive force (such as hydrophobic
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interactions or Van der Waals), which aroused the interfacial
layer surrounding the colloids by shielding effect against the
ionic strength and enzyme. Supplementary Figure 3 was about
particle size distribution of each sample in origin, SGF and SIF
digestion. In the SGF digestion, DHF-zein and DHF-zein/LF
were mainly distributed in the range of 4,000-10,000 nm and
1,000-2,000 nm, respectively, and DHF-zein/glycosylated LF was
mainly distributed in the range of 100-1,000 nm. Nevertheless, in
the SIF digestion, particle size distribution of each sample tended
to accordance, but there was bimodal particle size distribution
with DHF-zein and DHF-zein/LF above 5,000 nm.

The FE-SEM microscopic observation furtherly confirmed
that subjecting to GIT has a significant effect on the morphology
of 7,8-DHF-loaded nano-complexes (Figure 11). DHF-zein had
a spherical shape in initial conditions, after in vitro GIT, no
spherical particle and a plate-like structure were found. This
finding was unanimous to the conclusions of the anterior study
(52). For DHF-zein/LE, after gastrointestinal digestion, their
form changed from spherical to rectangular, this was because
of a lot of aggregation in SGF digestion. However, it was
amusing to notice a notably different morphology for DHEF-
Zein/glycosylated LF after digestion especially DHF-zein/LF 40K
and 70K. They exhibited a relatively spherical morphology just
like the cross-linked structure of large nanoparticles. Above all,
glycosylated LF could effectively protect 7,8-DHF in delivery
systems throughout GIT.

After being exposed to simulated gastrointestinal conditions,
the bioaccessibility of 7,8-DHF was assayed after centrifugation
and collection of micelle phases. As exhibited in Figure 10B,
as its crystalline characteristic, the solubility of free 7,8-DHF
was relatively low, its bioaccessibility was about 18.06% after
digestion. As expected, the bioaccessibility of DHF-zein was
raised to 31.85% (p < 0.05). In the presence of LE its
bioaccessibility increased to about 63.51%, there was a three-
fold increase in comparison with free 7,8-DHF (p < 0.05).
Most importantly, in the existence of glycosylated LF the
bioaccessibility of DHF-zein/LF 10K, 40K, and 70K all reached
above 80%, particularly DHF-zein/LF 40K reached the maximum
(84.05%). The higher bioaccessibility of encapsulated 7,8-DHF
may be due to the following points. First, the amorphous form
of 7,8-DHF is known to have a higher bioaccessibility and
solubility than its crystalline form (53). Second, the partial
digestion of glycosylated LF may lead to water-soluble peptides
generation that can solubilize and bind to 7,8-DHF. Third, the
surface of long-chain polysaccharides through steric hindrance
and external charge shielding protected particles from ionic
strength, enzymolysis, and interattraction. Above all, our results
displayed that encapsulating 7,8-DHF in zein/glycosylated LF
nanoparticles can promote a considerable increase in its in
vitro bioaccessibility.

CONCLUSIONS

In the present study, three zein/glycosylated LF composite
spherical nanoparticles (78.67-87.24nm) were successfully
fabricated by ASP method with low PDI (<0.230) and

turbidity (<0.220) values. Glycosylated LF could result fully
stabilize zein nanoparticles against precipitation or aggregation,
exhibiting high stability to salt at a wide pH range of 3.0-
9.0. Besides, zein/glycosylated LF exhibited good thermostability
and long-term storage, particularly zein/LF 40K and 70K. These
zein/glycosylated LF nanoparticles were formed by hydrophobic
interactions and hydrogen bonding and successfully used to
encapsulate hydrophobic 7,8-DHF through DSC, EE, FIRT,
and XRD. Furthermore, zein/glycosylated LF nanoparticles
had good redispersibility and increase EE of 7,8-DHEF, the
encapsulation of 7,8-DHF improved its short- or long-
term storage stability. Most astonishingly, 7,8-DHF loaded
in zein/glycosylated LF nanoparticles promoted its in vitro
bioaccessibility, particularly DHF-zein/LF 40K. Overall, these
results indicate that zein/glycosylated LF nanoparticles are
efficient at encapsulating, retaining, and delivering 7,8-DHF
and may therefore be utilized in dietary supplements and
functional foods.
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Docosahexaenoic acid (DHA) is a major n-3 polyunsaturated fatty acid (PUFA) particularly
involved in cognitive and cardiovascular functions. Due to the high unsaturation index,
its dietary intake form has been considered to improve oxidation status and to
favor bioaccessibility and bioavailability as well. This study aimed at investigating the
effect of DHA encapsulated with natural whey protein. DHA was dietary provided as
triacylglycerols to achieve 2.3% over total fatty acids. It was daily supplied to weanling
rats for four weeks in omelet as food matrix, consecutively to a 6-hour fasting. First, when
DHA oil was encapsulated, consumption of chow diet was enhanced leading to promote
animal growth. Second, the brain exhibited a high accretion of 22.8% DHA, which was
not improved by dietary supplementation of DHA. Encapsulation of DHA oil did not greatly
affect the fatty acid proportions in tissues, but remarkably modified the profile of oxidized
metabolites of fatty acids in plasma, heart, and even brain. Specific oxylipins derived from
DHA were upgraded, such as Protectin Dx in heart and 14-HDoHE in brain, whereas
those generated from n-6 PUFAs were mainly mitigated. This effect did not result from
oxylipins measured in DHA oil since DHA and EPA derivatives were undetected after
food processing. Collectively, these data suggested that dietary encapsulation of DHA
oil triggered a more efficient absorption of DHA, the metabolism of which was enhanced
more than its own accretion in our experimental conditions. Incorporating DHA oil in
functional food may finally improve the global health status by generating precursors of
protectins and maresins.

Keywords: DHA, encapsulation, oxylipin, brain, heart, rat

INTRODUCTION

Docosahexaenoic acid (DHA, 22:6n-3) is an essential n-3 polyunsaturated fatty acid (PUFA),
mainly known for its health benefits on brain and heart. This bioactive compound presents a
large range of beneficial outcomes inherent to the modulation of both membrane structure and
cell functions. Therefore, DHA improves neurological activities by enhancing neurogenesis and
synaptic plasticity, or by reducing neuroinflammation (1). Its high body level is related to the
lower risk of developing cardiovascular disease (2, 3) and myocardial infarction as well (4). The
functionality of DHA is likely to be mostly implemented through the synthesis of derivatives such as
oxidized metabolites of FA (oxylipins) or endocannabinoid-like mediators. These derivatives may
be generated either from DHA itself or from other FA, such as arachidonic acid (ARA, 20:4n-6),
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dihomo-a-linolenic acid (DGLA, 20:3n-6), linoleic acid (LA,
18:2n-6), and eicosapentaenoic acid (EPA, 20:5n-3). DHA
accumulates, indeed, in cell membranes concomitantly with the
reduction of n-6 FA, principally ARA, or is retroconverted
into EPA. Therefore, the effect of DHA may be attributed
both to the rise of its own derivatives and the decline of
derivatives synthesized from other FA. Many studies have
reviewed the importance of the dietary supply of DHA as a
strategy to increase tissue DHA concentrations (5-7). Although
modulating the FA content in brain still represents a challenge
comparatively to other tissues, dietary interventions may be
effective in targeting serum lipid pools important for brain
DHA uptake (8). Thereby, several works have shown a higher
(9-11) or equal (12-14) bioavailability of DHA esterified
to phospholipids (PL) in comparison to DHA esterified to
triacylglycerols (TAG). Other works are more controversial (15,
16), insomuch as a higher concentration of circulating DHA
would not predict brain accretion of DHA (17-19). Furthermore,
dietary supplementation of DHA was shown to generate higher
levels of its oxygenated derivatives as oxylipins (20, 21). These
lipid mediators are synthesized from PUFA by cyclooxygenase,
lipoxygenase, or cytochrome P450 w-hydroxylase or epoxygenase
enzymes, or by non-enzymatic autoxidation (22). The oxylipin
pattern depends both on the dietary intake of n-6 or n-3
PUFA, and on the endogenous synthesis of long-chain PUFA
considering enzyme competition between n-6 and n-3 families
in tissues. The structural diversity of oxylipins is notably high
for most of the PUFA and foreshadows a diversity of biological
functions as well. Hence, these essential signaling messengers
are usually involved in physiological responses to maintain
homeostasis, contain infection or restrain inflammation process
by acting through specific membrane receptors (23, 24).
More particularly, oxygenation of DHA forms docosanoids,
including specialized pro-resolving mediators (SPM) such as
maresins, D-resolvins, and protectins (25). The literature reports
their bioactive implying on pathophysiological process as they

Abbreviations: ALA, a-Linolenic acid (18:3n-3); ARA, Arachidonic acid (20:4n-
6); Control, omelet without DHA supplementation; DGLA, Dihomo-a-linolenic
acid (20:3n-6); DHA, Docosahexaenoic acid (22:6n-3); DHEA, Docosahexaenoyl
ethanolamide; DMA, Dimethylacetal; DPA, Docosapentaenoic acid (22:5n-3);
5,6-EET, (4)5(6)-Epoxy-8Z,11Z,14Z-eicosatrienoic acid; 8,9-EET, (£)8(9)-
Epoxy-5Z,11Z,14Z-eicosatrienoic acid; 11,12-EET, (#)11(12)-Epoxy-5Z,87Z,14Z-
eicosatrienoic acid; 14,15-EET, (4)14(15)-Epoxy-5Z,8Z,11Z-eicosatrienoic acid;
EN-DHA-O, Encapsulated DHA oil in omelet; EPA, Eicosapentaenoic acid
(20:5n-3); FA, Fatty acid; FAME, Fatty acid methyl ester; H-diet, Habituation
diet; 14-HDoHE, (+)14-Hydroxy-4Z7,7Z,10Z,12E,16Z,19Z-docosahexaenoic acid;
17-HDoHE,  (£)17-Hydroxy-4Z,77,10Z,13Z,15E,19Z-docosahexaenoic  acid;
18-HEPE, (+)18-Hydroxy-5Z,8Z,11Z,14Z,16E-eicosapentaenoic acid; 5-HETE,
5(S)-Hydroxy-5Z,8Z,11Z,13E-eicosatetraenoic acid; 8-HETE, (&4)8-Hydroxy-
5Z7,9E,117Z,14Z-eicosatetraenoic acid; 12-HETE, 12(S)-Hydroxy-5Z,8Z,10E,14Z-
eicosatetraenoic acid; 15-HETE, 15(S)-Hydroxy-5Z,8Z,11Z,13E-eicosatetraenoic
acid; 9-HODE, 9-Hydroxy-10E,12Z-octadecadienoic acid; 13-HODE, 13-
Hydroxy-9Z,11E-octadecadienoic acid; LA, Linoleic acid (18:2n-6); 5-oxo-ETE,
5-0x0-6E,8Z,11Z,147Z-eicosatetraenoic acid; PGD,, Prostaglandin D,; PDx,
Protectin Dx; PGE,, Prostaglandin E,; 6kPGF;a, 6-keto prostaglandin Fja;
PGF,a, Prostaglandin F,a; 15d-PGJ,, 15-deoxy-delta-12,14-prostaglandin J,; PL,
Phospholipid; PUFA, Polyunsaturated fatty acids; RBC, Red blood cells; TAG,
Triacylglycerol; T-diet, Treatment diet; TXB,, Thromboxane B,; UN-DHA-O,
Unencapsulated DHA oil in omelet.

improve immune response, resolution of neuro-inflammation,
or other metabolic disorders including diabetes, atherosclerosis,
non-alcoholic fatty liver disease, or hepatic steatosis (26-30).
These pleiotropic properties justify the interest for DHA, and its
food intake other than based on PL or TAG esterification has to
be considered as well.

An alternative approach to optimize dietary DHA intake is the
use of functional food based on encapsulation. The food-grade
delivery system was originally developed to protect bioactive
ingredients notably from degradation such as oxidation. Many
techniques using different encapsulant materials were processed
in diverse food matrices for this purpose (31). Nevertheless,
controlling the colloidal state of lipophilic molecules underlies
the control of composition, size, and surface characteristics
of particles, to ensure the required bioavailability. Pickering
emulsification of food oil has recently received substantial
interest as it relies more specifically on adsorption of bioparticles
rather than synthetic surfactants to the oil-water interface, which
confers resistance to droplet coalescence and improves the
stability of emulsion (32-34). In this study, Pickering emulsion
was prepared with natural whey protein to encapsulate DHA
enriched-TAG, as previously described (35). Although fermented
milk products are widely used as a vector of encapsulated
nutrients, our previous study showed that eggs present an
interesting bioavailability of DHA according to the recipe
(omelet, hard-boiled egg, or mousse) (36). In the present
study, DHA was therefore encapsulated in heat-denatured whey
proteins. Whey protein isolate is commonly used in food industry
due to a variety of functionalities such as emulsification or
gelation properties. The heat-denatured form was favored in
this study considering the cooking process that needed to be
applied during the food manufacture. For this reason, whey
protein-based microcapsules of DHA oil were incorporated into
eggs and baked thereafter as omelets. Then, the rats were daily
fed with DHA enriched-omelet for four weeks. The effect of
encapsulation was finally assessed on DHA accretion, specifically
in brain and heart, and subsequently on FA derivative formation
such as oxylipins.

MATERIALS AND METHODS

Animal Experiment

All handling protocols performed complied with the European
Union Guideline for animal care and use (2010/63/CEE; decree
2013-118). The present project was authorized by the French
Ministry of Higher Education and Research under the number
27678-2020100615388160 v3. Male Wistar rats (3 weeks-old)
were supplied by the Janvier Labs Breeding Center (Le Genest-
Saint-Isle, France). The animal experiment was performed at
ARCHE Biosit (University of Rennes I, Campus of Villejean,
Rennes, France). They were randomly divided into 3 groups of
8 animals and housed in pairs. They were acclimated for one
week with the habituation diet (H-diet) and were then fed with
the treatment diet (T-diet) for four weeks (Figure 1). During
this period, the rats were daily fasted from 9a.m. to 3 p.m.
Each group then received 3g per rat of omelet containing no
DHA, DHA oil, or encapsulated-DHA oil. Thereby, the rats
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FIGURE 1 | The experimental design. Rats were acclimated with the habituation diet for one week. They were then fed with the treatment diet (T-diet) for four weeks.
During this period, the rats were daily fasted for 6 hours before receiving 3g of omelet containing DHA as oil (UN-DHA-O) or as encapsulated oil (EN-DHA-O).

were separated for three hours by a plexiglass plate positioned
in the middle of the cage, allowing individual consumption of
omelet serving while guaranteeing eye and smell contact between
congeners. At 6 p.m., the T-diet was restored until the next
morning. The animals had access to water ad libitum. Rodent
chows (H-diet and T-diet) were distributed ad libitum as well
at the indicated time slots. After four weeks of experiment, the
fasted rats were anesthetized with intraperitoneal injections of
ketamine (100 mg/kg, Imalgene®1000, Mérial, Lyon, France)
and xylazine (10mg/kg, Rompun(®) 2%, Bayer Animal Health,
Puteaux, France). Blood was collected in heparin tubes by cardiac
puncture. Plasma was separated from red blood cells (RBC) by
centrifugation (2000 rpm, 15 min, 15 °C). Eyes were sampled in
phosphate buffer saline whereas liver, heart, and brain (frontal
cortex was studied here) were snap-frozen and stored at —80 °C
until analysis.

Diet

Diets were rodent chows prepared according to the AIN-93-G
formulation and made at the Unité de Préparation des Aliments
Expérimentaux of INRAE (Jouy en Josas, France) (37). The H-
diet was composed of 20.6% proteins, 64.8% carbohydrates, and
5% lipids. The T-diet was composed of 20.8% proteins, 65.1%
carbohydrates, and 4.5% lipids. Both diets contained 5.1% fibers
and 4.5% mineral and vitamin mix (Table 1) (38). Pellets were
formulated by adding a mixture of vegetable oils specific for each
diet (Table 1), considering the consumption of eggs during the
4-week period of treatment.

TABLE 1 | The composition of diets (A) and oil mix (B).

% H-diet T-diet
A

Starch 54.6 54.9
Sucrose 10.2 10.2
Cellulose 5.1 5.1
Casein 20.6 20.8
Oil mix 5.0 4.5
Mineral mix 3.5 3.5
Vitamin mix 1.0 1.0
B

Linseed 1.4 2.9
Sunflower 8.6 8.8
Olive 18.5 12.6
Rapeseed 25.0 25.2
Palm 51.5 50.5

The composition of dry diets based on the AIN-93-G is presented for the habituation and
the treatment diets. Both diets contained a mixture of vegetable oils formulated according
to the daily consumption of eggs.

The T-diet was designed similarly to the H-diet to achieve the
same final FA profile per day. Food consumption was previously
estimated at 20 g per day of rodent chow combined with 3¢
omelet serving over this growth period. In that condition, egg
was supposed to contribute to the height of 0.5% lipids and T-
diet of 4.5% lipids. The mixture of vegetable oils was adjusted in

Frontiers in Nutrition | www.frontiersin.org

1

January 2022 | Volume 8 | Article 812119


https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Wang et al.

Oxylipin Profile After DHA Encapsulation

T-diet as a consequence in considering the FA profile of egg. The
portion of linseed was thus increased between H-diet and T-diet
to compensate the low level of 18:3n-3 (a-linolenic acid, ALA) in
omelet, in order to maintain the ratio n-6/n-3 to 5 with 3.4% of
18:3n-3 in average.

DHA Encapsulation and Omelets

DHA oil was prepared enzymatically from fish oil and was
composed of DHA-enriched TAG containing 615 pg/mg DHA,
31 png/mg docosapentaenoic acid n-3 (DPAn-3, 22:5n-3), and
36 wg/mg EPA, accounting for 76.5, 3.9, and 4.5% of total
FA, respectively (Polaris, Quimper, France). DHA oil was
daily encapsulated with heat-denatured whey protein isolate as
described previously (35). The supplementation of proteins was
therefore 300 wg per day, corresponding to less than 0.1% of
proteins from eggs.

The omelet was daily prepared with a whole egg (Moisan
aviculture, Plestan, France) homogenized by ultraturrax (10 000
rpm, 30 sec). Then, encapsulated-DHA oil (EN-DHA-O), heat-
denatured whey protein isolate dispersion alone (Control) or
completed with the DHA oil (UN-DHA-O) were added and
mixed by stirring (500 rpm, 5 min). The eggs were finally molded
and cooked in a water bath (80°C, 10 min).

Fatty Acid and Dimethylacetal Analysis

The lipids from omelets and tissues were extracted according
to the Folch’'s method (39). DHA oil, vegetable oils, and lipids
from omelets and tissues were saponified with 0.5 mol/L NaOH
in methanol at 70°C for 20 min and methylated with BF; (14
% in methanol) at 70°C for 15 min (Supplementary Figure 1).
Fatty acid methyl esters (FAMEs) and dimethylacetals (DMAs)
were extracted with pentane and then separated by a QP
2010-SE gas chromatograph coupled to a mass spectrometer
(Shimadzu, Marne-La-Vallée, France) equipped with a BPX70
capillary column (120 m, 0.25 mm i.d., 0.25 pm film, SGE Trajan,
Chromoptic, Paris). Helium was used as carrier gas at a constant
velocity of 27,5 cm/sec. The temperature of injector was adjusted
to 250°C. The column temperature ramped from 50 to 175°C
at 20 °C/min and then from 175 to 240°C at 2 °C/min.
The mass spectrometer was operated under electron ionization
at 0.2 keV and 200 °C source temperature. Analyses were
performed in scan mode over the m/z range of 30-450 amu.
Components were identified by using the National Institute of
Standards and Technology (NIST) mass spectral library (version
2.01) in addition to commercial standards. Concentrations were
determined by using 17:0 as the internal standard and were
calculated by standard curves of either FAME or DMA. Results
were expressed as a mass percentage of the total FA or total DMA,
and as concentrations for total FA and total DMA as well.

Oxylipin Analysis

Oxidized metabolites of PUFA were quantified in DHA
oil, omelets as well as plasma, heart, and brain by liquid
chromatography combined with tandem mass (LC-QQQ) by the
MetaToul lipidomic core facility (Justine Bertrand-Michel and
Pauline Le Faouder, I2MC, Inserm 1048, MetaboHUB-ANR-11-
INBS-0010 Toulouse, France). Briefly, frozen tissues (250 mg)

were crushed with a FastPrep ®-24 Instrument (MP Biomedical,
IlIkirch-Graffenstaden, France) in 500 pL of Hank’s balanced
salt solution (Thermo Fisher Scientific, Illkirch-Graffenstaden,
France). After 2 crush cycles (6.5 m/sec, 30 sec), cold methanol
(300pL) and internal standard (5 L of LXA4-d5, LTB4-d4 and
5HETE-d8) were added to homogenates. After centrifugation
(15 min at 2000 g at 4°C), supernatants were diluted in 2 mL H,O
and then submitted to solid phase extraction using OASIS HLB
96-well plate (30 mg/well, Waters, Saint-Quentin-en-Yvelines,
France) pretreated with methanol (1 mL), equilibrated with 10%
methanol (1 mL), and washed after sample application with 10%
methanol (1 mL). Lipid mediators were finally eluted with 1 mL
of methanol and reconstituted in 10 wL methanol prior to LC-
QQQ analysis (40). They were separated on a ZorBAX SB-C18
column (50 mm, 2.1 mm i.d., 1.8 pm film) using Agilent 1,290
Infinity HPLC system coupled to an ESI-triple quadruple G6460
mass spectrometer (Agilent Technologies, Les Ulis, France).
Data were acquired in multiple reactions monitoring mode
with optimized conditions (ion optics and collision energy).
Peak detection, integration, and quantitative analysis were done
using Mass Hunter Quantitative analysis software (Agilent
Technologies) based on calibration lines built with eicosanoid
standards (Interchim, Montlugon, France).

Statistics

The results are expressed as the mean + SEM of 8 animal samples
per group. Data analysis was performed using R software.
Correlations were evaluated by Pearson correlation coefficients
and the analysis of variance was done by ANOVA followed by a
post hoc test depending on the normality of the data distribution.
The significance of the effect observed with the DHA oil or the
encapsulated-DHA oil was marked by an asterisk or different
letters when p < 0.05.

RESULTS

Diet Characteristics

The animals were accommodated with the H-diet for one
week. This rodent chow was composed of monoenes (18:1n-
9) and saturates (16:0 and 18:0) as major FA, and contained
17.0% LA (18:2n-6) and 3.4% ALA corresponding to a ratio
of 5 (Table 2). This composition contrasts with the breeding
rodent chow, which classically contains 50% LA and 9% ALA.
The composition of the T-diet was close to the H-diet but
was reduced in lipid content considering the daily supply of
eggs. Specifically, ALA was increased (4.3% of the total FA) to
achieve a n-6/n-3 ratio of 4 in the T-diet since the supply of
omelet reduces the n-3 FA content (only 0.4-0.5% of 18:3n-
3). Overall, the FA profile of omelets was closed to the FA
profile of rodent chow. LA and ALA were however lower in
omelets as compared to the H-diet and T-diet, balanced by a
greater proportion of 18:0. The T-diet was designed according
to the FA profile of omelets, considering the expected daily
consumption of both omelet and rodent chow. After one week
of acclimation with H-diet, the T-diet was distributed during the
4-week treatment with eggs. Each group of animals received 3g
omelet per day, the supplementation of which differed according
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TABLE 2 | The fatty acid composition of the diets and the omelets.

% Diets Omelets
H-diet T-diet Control UN-DHA-O EN-DHA-O

12:0 0.1 0.1 0.0 0.0 0.0
14:0 0.6 0.6 0.3 0.3 0.3
16:0 26.2 257 25.3 225 22.1
18:0 3.4 3.4 8.0 7.1 7.2
20:0 0.4 0.4 0.0 0.0 0.0
22:0 0.2 0.2 0.0 0.0 0.0
24:0 0.1 0.1 0.0 0.0 0.0
Saturates 31.0 30.5 33.6 29.9 29.6
14:1n-5 0.0 0.0 0.1 0.0 0.1
n-5 0.0 0.0 0.1 0.0 0.1
16:1n-7 0.2 0.2 2.9 2.6 2.6
18:1n-7 1.4 1.4 2.0 1.8 1.8
n-7 1.6 1.6 4.9 44 4.4
16:1n-9 0.0 0.0 0.7 0.6 0.6
18:1n-9 46.2 45.7 42.2 37.9 37.2
20:1n-9 0.5 0.4 0.1 0.2 0.3
22:1n-9 0.3 0.3 0.0 0.0 0.0
24:1n-9 0.0 0.0 0.0 0.2 0.2
n-9 47.0 46.4 43.0 38.9 38.3
18:2n-6 17.0 17.2 14.8 13.0 12.9
20:4n-6 0.0 0.0 2.0 1.9 1.9
22:4n-6 0.0 0.0 0.0 0.1 0.1
22:5n-6 0.0 0.0 0.3 0.6 0.6
n-6 17.0 17.2 17.1 15.6 15.5
18:3n-3 34 4.3 0.5 0.4 0.5
20:5n-3 0.0 0.0 0.0 0.5 0.5
22:5n-3 0.0 0.0 0.0 0.5 0.5
22:6n-3 0.0 0.0 0.8 9.8 10.6
n-3 3.4 4.3 1.3 11.2 121

Lipids from croquettes and omelets were extracted according to the Folch’s method.
The fatty acid profile performed by GC-MS was determined for the habituation and
the treatment diets, and the different omelets prepared with unencapsulated-DHA oil or
encapsulated-DHA oil.

Bold values correspond to the sum of fatty acids per family.

Colored values correspond to the type of omelets: black for control, red for UN-DHA-O
and blue for EN-DHA-O.

to the input form of DHA oil. DHA was integrated to the
recipe to reach 10% of the total FA of omelet, while only
0.8% of endogenous DHA was measured from control eggs
(Table 2).

Food Intake and Animal Growth

The animals were fasted for 6h before receiving individually
the portion of omelets, the consumption of which was complete
for each group of rats during the entire experiment. The T-diet
intake was followed as well and a significant increase in the
food consumption was observed from the first week with EN-
DHA-O (Figure 2A). More precisely, the cumulative intake of
the T-diet over the 4-week experiment was increased by 6% with
UN-DHA-O and by 20% with EN-DHA-O compared with the
control. This behavior was coupled with the animal growth since

the final weight of rats fed EN-DHA-O was significantly higher
by 15% than the control group (Figure2B). Food efficiency
ratio, calculated by the ratio between body weight gain and food
intake (T-diet and omelet), was not different between groups and
averaged 38.4, 37.9, and 39.3% for Control, UN-DHA-O, and EN-
DHA-O respectively, over the four-week experiment (Figure 2C).
Likewise, the weights of organs were also significantly augmented
in the EN-DHA-O group by 24% for liver, by 19% for heart, and
by 6% for brain as compared with the control group (Figure 2D).
Nevertheless, when the organ weights were normalized with
body weights of animals, no significant differences were obtained
between groups, which subtends that the raise in organ weights
resulted from rat growth. The weight gain of animals resulted
presumably from an increased energy intake, since the FA
proportion was similar between groups. The FA profile was
indeed estimated in the view of the measured consumption of
the T-diet per group on the one hand, and the complementary
omelet on the other (Table 3). The FA profile combining T-diet
and omelet was similar to the FA profile of the H-diet and no
major difference in FA proportions or n-6/n-3 ratio was observed
between groups. In addition, both diets enriched in DHA oil
accounted for a supplementation of TAG-DHA of 2.3%, since
the FA was supplied equivalently between the groups through the
distribution of 3g omelet per day.

The first ascertainment showed an effect of the EN-DHA-O
diet on food intake and rat growth, so we further investigated the
effect of encapsulation of DHA on lipid metabolism.

Effect of Diets on the Metabolism of FA

The FA metabolism and particularly the accretion of DHA
in tissues were then explored to assess the importance of
encapsulation of the DHA oil in the diet. The analysis
focused on blood, liver, heart, brain, and eyes. First, the diet
supplementation of DHA induced a significant increase in
DHA in tissues, except for the brain and the eyes (Figure 3).
Encapsulation of the DHA oil globally tends to increase the
DHA accretion in blood and heart (Supplementary Tables 1-3).
In liver, a decrease in the DHA proportion was observed
with EN-DHA-O, but coupled with a slight increase in the
FA content, the DHA concentration was not changed. The
impact of the diets was also estimated on precursors of DHA,
minorly present in the DHA oil. Thus, EPA was significantly
increased by the DHA supplementation in plasma, RBC, and
liver without any significant effect of the encapsulation of the
DHA oil. The same result was observed with DPA n-3 only
in plasma (Figure 3). Second, the proportion of n-6 FA was
significantly decreased with the DHA-enriched diets in all tissues,
depending on the considered FA. The main effect was obtained
in heart on the entire n-6 family (Supplementary Table 2)
and in eyes especially on ARA (Supplementary Table 3). Only
the eyes exhibited a significant effect of the encapsulation
of the DHA oil by slightly reducing ARA from 11.8% in
UN-DHA-O to 10.9% in EN-DHA-O. Otherwise, no major
effect of the DHA supplementation was observed on the FA
profiles. Analyses were further performed on particular lipids
or derivatives.
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FIGURE 2 | The food intake (A), the growth (B), the food efficiency ratio (C), and the tissue weights (D) of rats. Food consumption of T-diet and animal growth were
followed during the four-week experiment. Food efficiency ratio averaged over the four-week experiment was calculated with the daily consumption of T-diet and
omelets over the weight gain of growing animals. The effect of diets was determined as well on the tissue weight prior to lipid analysis. a, b, ¢ and ab indicate
significant differences between the three groups when p < 0.05; ab means no difference with a and no difference with b. ‘indicates significant differences between
EN-DHA-O and both Control and UN-DHA-O when p < 0.05.

Effect of Diets on the DMA Profile

The brain and heart are particularly rich in plasmalogens, which
are specific etherlipids known as reservoirs of polyunsaturated
FA. DMA compounds are derived from the aldehyde chain of
plasmalogens present at the sn-1 position of the glycerol and were
synthesized through the lipid saponification and methylation
steps. They co-eluted with FAME. The DMA profile was thus
analyzed to quantify plasmalogens (Table4). Therefore, the
DMAs were only measured in brain, heart, RBC, and eyes.
The brain contained an average of 2 pg of DMA per mg of
tissues, against 0.4pug/mg in heart and 0.1png/mg in RBC and
eyes. Moreover, the alkenyl chain was discriminant between
tissues. For instance, in brain, the major DMA was composed
of 18:0 (53% in all groups), then 16:0 (22%), 18:1n-9 (15%),
and 18:1n-7 (10%). The profile of DMA was completely different
in heart with 63% of 16:0, then 18:1n-9 (23%) and 18:0 (13%).

Nonetheless, no effect of the diet was measured on the DMA
profile. Surprisingly in eyes, the DMA content was reduced by
half with the DHA supplementation passing from 0.12png/mg
to 0.06pug/mg and 0.07png/mg with the UN-DHA-O and EN-
DHA-O diets, respectively. Moreover, a switch in the DMA
profile was observed in favoring 16:0-DMA (413.9% with UN-
DHA-O and +8.3% EN-DHA-O) to the detriment of 18:1-
DMA, but without impacting the 18:0-DMA. No change of the
DMA profile was, however, observed by encapsulation of the
DHA oil.

Effect of Diets on Oxidized Metabolites of
PUFA

Considering the slight effect of diets on the FA profiles in
tissues, we further investigated the oxidized metabolites. First
of all, oxylipins were quantified in DHA oil and food matrices
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TABLE 3 | The fatty acid composition of the daily intake of T-diet and omelets.

% T-diet with different omelets

Control UN-DHA-O EN-DHA-O
12:0 0.1 0.1 0.1
14:0 0.5 0.5 0.5
16:0 25.6 25.4 25.4
18:0 4.5 4.4 4.4
20:0 0.3 0.3 0.3
22:0 0.1 0.1 0.1
24:0 0.1 0.1 0.1
Saturates 31.2 30.9 30.9
16:1n-7 0.8 0.8 0.8
18:1n-7 1.6 1.5 1.5
n-7 24 2.3 2.3
16:1n-9 0.2 0.2 0.2
18:1n-9 44.8 44.8 44.8
20:1n-9 0.4 0.4 0.4
22:1n-9 0.2 0.2 0.2
24:1n-9 0.0 0.1 0.1
n-9 45.6 45.7 45.7
18:2n-6 16.6 16.6 16.6
20:4n-6 0.5 0.5 0.4
22:5n-6 0.1 0.2 0.2
n-6 17.2 17.3 17.2
18:3n-3 3.4 3.4 3.5
20:5n-3 0.0 0.1 0.1
22:5n-3 0.0 0.1 0.1
22:6n-3 0.2 2.5 2.5
n-3 3.6 6.1 6.2
n-6/n-3 4.9 4.9 4.8
Total 100.0 102.3 102.3

TAG-DHA + 2.3%

The fatty acid profile was calculated per group of omelets on the base of the treatment
diet consumption, and was averaged per day on the four-week experimental period. This
profile corresponds to the combination between FA consumed from the T-diet and FA
supplied by the 3g omelet.

Bold values correspond to the sum of fatty acids per family.

Colored values correspond to the type of omelets: black for control, red for UN-DHA-O
and blue for EN-DHA-O.

as well (Table 5). Eight oxidized metabolites from n-6 and n-
3 PUFA were measured, mainly from LA and DHA. Hence,
DHA oil contained a majority of 13-HODE and 9-HODE
derived from LA, followed by 17-HDoHE and 14-HDoHE
derived from DHA. Much less present, few oxylipins of ARA
and 18-HEPE from EPA were detected as well. When oxylipins
were then measured in omelets, 13-HODE, 9-HODE, and 5-
HETE were the only oxidized metabolites quantified in all
groups, even in DHA-enriched omelets, where the DHA oil
was added. No oxylipins from DHA and EPA were detected in
UN-DHA-O and EN-DHA-O, whereas a small amount of these

compounds was expected considering the supplementation with
the DHA oil.

We further analyzed the oxylipin pattern of animal tissues
after the 4-week experiment. First, in plasma, three oxylipins
were measured and derived from DHA but also from ARA and
LA (Table 6). Overall, the supplementation of DHA strongly
modulated the concentrations of oxylipins, and the encapsulation
of the DHA oil greatly emphasized this effect. More specifically,
14-HDoHE derived from DHA was reduced by half with
UN-DHA-O and by 6 with EN-DHA-O, as 14-HDoHE was
negatively correlated with the DHA proportions in plasma
(Supplementary Figure 2). In parallel, 17-HDoHE was not
affected by the diet, as well as with 9-HODE from LA, whereas
13-HODE was reduced by the DHA supplementation without
any influence of its encapsulation. Last, the greatest effect was
the decrease in ARA derivatives by 76% with UN-DHA-O and by
93% with EN-DHA-O as compared with the control. Some of the
oxylipins even became undetectable with the DHA encapsulation
such as PGE; or 8-HETE.

The analyses were then completed by oxidized metabolites
from heart (Table 7). Oxylipins were altogether more numerous
but quantitatively less important than in plasma. No significant
effect of the diets was observed this time on 14- and 17-HDoHE
derived from DHA, but another derivative named PDx was
remarkably increased with the DHA encapsulation. Absent in
the control, PDx reached 2.1 pg/mg with UN-DHA-O and was
multiplied by 8 with EN-DHA-O. The same applied to 18-HEPE
derived from EPA, since it was absent in the control and the
UN-DHA-O groups but reached 20.7 pg/mg with EN-DHA-O. In
contrast, the cardiac concentrations of eicosanoids derived from
ARA were globally decreased with the DHA supplementation,
and particularly with the DHA encapsulation for PGF,, and
PGE,. Finally, the most remarkable effect was achieved by an
eicosanoid from DGLA termed 6keto-PGF;, which was reduced
by half with UN-DHA-O and by five with EN-DHA-O.

At last, in brain, no effect of the DHA oil supplementation
was observed on measured oxidized metabolites (Table 8). But
more interestingly, three oxylipins were significantly increased
when the DHA oil was encapsulated. Therefore, 14-HDoHE
derived from DHA was almost doubled with EN-DHA-O as
compared with the control and the UN-DHA-O groups, while
8-HETE and 5,6-EET, positively correlated in brain (R* =
0.5845, p < 0.001, not shown), were more reasonably raised
with EN-DHA-O. To conclude, the DHA supplementation
globally modulated the oxylipin pattern of tissues, but the
modulation was particularly prominent when the DHA oil
was encapsulated.

DISCUSSION

In this study, DHA esterified to TAG was encapsulated with
natural whey proteins in producing Pickering emulsion. Egg was
chosen as a food matrix to favor the bioavailability of DHA
(36), but we used cooked egg as omelet to determine the tissue
accretion of encapsulated DHA in using rats as experimental
model. Overall, the DHA supplementation increased the DHA
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concentration in tissues except brain and eyes. EPA was
increased as well in plasma, RBC, and liver. This FA was
possibly synthesized from n-3 precursors such as ALA present
in T-diet. Nevertheless, this raise was inherent to the DHA
supplementation in omelets, considering that EPA was minorly
present in DHA oil and was potentially generated by retro-
conversion of DHA or of DPA n-3. DPA n-3 was also minorly
present in DHA oil, to the same extent than EPA. However,
its metabolism differed since DPA n-3 was weakly accumulated
in tissues. As EPA was directly provided by egg food and
easily synthesized from ALA, retro-conversion may not be
favored in our conditions of work, although the importance of
retro-conversion to produce EPA is still under discussion (41—
43). Now, considering more specifically DHA, accretion was
measured whereas rats were fed from weaning during 4 weeks
of growth with an optimized diet. In these conditions, the DHA
supplementation did not improve significantly DHA accretion in
brain, as the DHA concentration was already high in the tissue,

reaching more than 20% of total FA regardless of the diet. Our
result contrasts with other studies where DHA proportion in
brain was significantly increased by around 20% when rats fed
a DHA enriched-diet as compared with the control (19, 44-46).
First, it has to be mentioned that important differences between
studies were also highlighted by other authors concerning mouse
models, where comparisons were difficult considering strains,
brain regions, ages, and diet conditions (47). Then, it must be
noted that this effect was observed in the literature while the
DHA proportion in brain was usually close to 10-15% of the
total FA, which greatly differs from our DHA proportion reaching
22.8% in the control group. Additionally, many of the studies
on DHA were designed with a low n-3 PUFA diet, favoring
DHA half-life in brain and synthesis rate from the liver. In our
study, the experimental design favored a higher concentration
of DHA in frontal cortex, which was not significantly improved
by the dietary DHA supplementation. This effect may result
from ALA supplied from the T-diet in complement to the low

Frontiers in Nutrition | www.frontiersin.org

19

January 2022 | Volume 8 | Article 812119


https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Wang et al.

Oxylipin Profile After DHA Encapsulation

TABLE 4 | The dimethylacetal profile of RBC, heart, brain, and eyes.

% 16:0- 18:0- 18:1n-9- 18:1n-7- ng/mg
DMA DMA DMA DMA

RBC Control 29.2+£0.3 33.2+0.3 31.6+0.3 6.0 £0.1 0.12 & 0.00
UN-DHA-O 30.3+0.3 32.6 +£04 31.8+05 53+0.2 0.12 £ 0.00
EN-DHA-O 30.0£0.5 33.0+04 31.6+0.7 54 +0.3 0.13 &+ 0.00

Heart Control 63.2+1.0 18.4+1.0 234 +£1.2 0.0 £0.0 0.38 £ 0.01
UN-DHA-O 64.2 +£1.8 136+ 1.5 222+14 0.0+£0.0 0.36 + 0.02
EN-DHA-O 62.2+1.3 1561 +£0.7 22.7+15 0.0+0.0 0.42 +0.02

Brain Control 22.2+09 52.6 £0.7 149+04 10.3+0.3 217 £0.07
UN-DHA-O 21.5+07 51.7+06 16.3+0.7 105+ 0.4 249 £0.13
EN-DHA-O 216 £05 52.7 £ 0.6 154+ 0.6 10.3+0.4 2.30 &+ 0.11

Eyes Control 26.8 +£0.32 34.3+04 20.0 +£0.42 18.9+0.22 0.12 £ 0.002
UN-DHA-O 40.7 £2.1° 34.8 +£ 3.0 111 £2.4° 13.4 £ 2.2° 0.06 + 0.00°
EN-DHA-O 35.1 +£1.3° 34.8+0.6 15.9 £ 0.8% 14.2 £1.0% 0.07 £ 0.01°

Lipids of tissues were extracted by the Folch’s method and the dimethylacetal profile was determined by GC-MS.

a, b, ¢ and ab indicate significant differences between the three groups when p < 0.05; ab means no difference with a and no difference with b.

Colored values correspond to the type of omelets: black for control, red for UN-DHA-O and blue for EN-DHA-O.

TABLE 5 | The oxidized derivatives of fatty acids from DHA oil and omelets.

Omelets (ng/3 g omelet)

FA DHA oil (ng/mL) Control UN-DHA-O EN-DHA-O Expected*

LA 13-HODE 36.61 6.61 4.03 6.15 1.81
9-HODE 31.27 6.20 2.92 4.78 1.55

ARA 15-dPGJ2 0.52 0.00 0.00 0.00 0.03
15-HETE Trace Trace Trace Trace Trace
5-HETE 0.94 2.16 1.19 1.58 0.05

EPA 18-HEPE 2.21 0.00 0.00 0.00 0.1

DHA 17-HDoHE 17.57 0.00 0.00 0.00 0.87
14-HDoHE 13.07 0.00 0.00 0.00 0.65

The oxidized metabolites of fatty acids were quantified by LC-QQQ as mentioned in methods on DHA oil used to prepare omelets. * A column named “expected” results from calculations
on oxylipin concentrations expected after supplementation of egg with DHA oil, considering the oxylipin pattern from DHA oil.
Colored values correspond to the type of omelets: black for control, red for UN-DHA-O and blue for EN-DHA-O.

level of PL-DHA from eggs. It was indeed shown that DHA
synthesis from ALA may be sufficient to maintain brain DHA
concentrations in the absence of dietary DHA consumption (48).
Here, a high level of DHA in brain was possibly conditioned
by an important de novo synthesis from dietary ALA and
favored by the daily fasting as well. Short-term fasting was
shown to enhance DHA concentrations in serum without dietary
supplementation with DHA (49). The authors suggested that
an increase in the expression of FA transporters specific for
DHA likely mediated an enrichment of PUFA in hepatic TAG.
This enrichment may foster secretion of DHA from the liver as
2-DHA-lysoPL for recirculation, subsequently promoting brain
DHA accretion. Hepatic lipase was actually shown to play a major
role in generating 1-lyso-2-DHA-sn-glycerophosphocholine, one
of the main forms of DHA transported through the blood
brain barrier for brain DHA enrichment (50). However, in our

study, encapsulation of dietary DHA was shown to significantly
improve neither bioavailability nor brain accretion of DHA. This
result contrasts with other works based on whey protein or lipid
emulsions. When rats were treated by gavage with encapsulated
linseed oil, DHA was enhanced in cardiac sarcoplasmic reticulum
by 28 and 94% with protein and phospholipid-based emulsions,
respectively (51). When DHA was supplied as fish oil, the DHA
was more accumulated in tissues with encapsulated oil than
with native oil (52). Nevertheless, the effect was high with lipid
emulsion and much less important with whey protein emulsion.
More specifically in brain, the DHA accretion was upgraded
from 11.4% with native fish oil to 12.6% with whey protein
encapsulation. If the nature of encapsulation plays a major role
in the tissue delivery of DHA, methods of administration may
impact the bioavailability of DHA as well. In many studies,
animals were fed encapsulated oil by gavage. In this study, we
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TABLE 6 | The oxidized derivatives of fatty acids from plasma.

ng/mL of plasma Control UN-DHA-O EN-DHA-O
LA 13-HODE 13.47 £1.902 8.04 + 1.01° 7.29 +1.21°
9-HODE 2.56 £ 0.30 1.71£0.13 1.72 £0.25
ARA PGF2q 0.39 £+ 0.09? 0.00 + 0.00° 0.00 + 0.00°
PGE, 0.78 £0.162 0.19 4+ 0.02° 0.00 £ 0.00°
PGD, 0.59 + 0.212 0.00 + 0.00° 0.00 + 0.00°
TXB2 7.88 £2.762 1.59 +0.41° 0.77 £ 0.08°
15-HETE 2.98 +£0.512 1.15+0.12° 0.64 £ 0.08°
8-HETE 2.03 £0.332 0.54 4+ 0.13° 0.00 =+ 0.00°
12-HETE 384.28 + 76.322 90.73 £ 22.97° 25.05 + 3.25°
5-HETE 4.48 +0.282 2.30 +0.14° 1.53 £0.13°
DHA 14-HDoHE 42.30 + 7.532 20.41 + 4.20° 6.82 £ 0.87°
17-HDoHE 3.70+£0.73 2.91 +£0.36 2.06 £ 0.26
The oxidized metabolites of fatty acids were quantified in plasma by LC-QQQ as mentioned in methods.
a, b and c indicate significant differences between the three groups when p < 0.05.
Colored values correspond to the type of omelets: black for control, red for UN-DHA-O and blue for EN-DHA-O.
TABLE 7 | The oxidized derivatives of fatty acids from heart.
pg/mg protein Control UN-DHA-O EN-DHA-O
LA 13-HODE 7721 +£93.6 709.4 £+ 64.9 765.3 + 58.5
9-HODE 220.4 +28.9 223.6 £17.7 248.3 +£20.0
DGLA B6kPGF1, 437.7 + 96.6% 194.6 + 28.1° 88.1 £6.7°
ARA PGF2q 118.1 £20.82 51.8 +8.8° 23.6 + 3.9°
PGE, 82.2 +£11.62 391 +7.2° 24.0 +2.3°
PGD, 428 +6.42 20.0 +3.1P 225 4+ 3.4P
TXB2 94.8 +£18.5 563+7.4 445+ 6.1
15-HETE 494.2 £ 50.6% 270.8 +£22.0° 313.6 £ 30.9°
8-HETE 109.4 + 14.8 88.6 £7.9 959 +10.7
12-HETE 3,662.0 £+ 441.1 3,213.5 £ 926.4 4,335.8 + 536.1
5-HETE 532.0 & 66.0% 325.7 £19.1° 274.6 +18.2°
14,15-EET 55.6 £ 11.42 0.0 +£0.0° 0.0+ 0.0°
5-ox0-ETE 514.4 £ 60.72 306.5 & 18.9° 2225+ 14.8°
11,12-EET 102.2 + 14.82 68.9 + 5.220 480 +6.3°
8,9-EET 179.3 £37.2 110.9 + 10.9 78.0+94
5,6-EET 248.3 £ 59.72 121.1 + 18.4% 70.9 + 16.6°
EPA 18-HEPE 0.0+ 0.08 0.0 +0.02 20.7 + 3.6°
DHA PDx 0.0+ 0.02 21+2.18 17.4 £3.1°
14-HDoHE 1,754.9 £ 383.6 1,743.4 +£ 323.6 2,961.9 £ 354.3
17-HDoHE 2486.1 + 646.4 2178.8 + 429.8 3218.1 £ 395.3

The oxidized metabolites of fatty acids were quantified in heart by LC-QQQ as mentioned in methods.
a, b, ¢ and ab indicate significant differences between the three groups when p < 0.05; ab means no difference with a and no difference with b.
Colored values correspond to the type of omelets: black for control, red for UN-DHA-O and blue for EN-DHA-O.

integrated functional food with a cook processing. The daily
preparation was constraining but, in that way, omelets were
baked with natural compounds and no additives.

In view of the results on FA profiles, we further analyzed DMA
derived from plasmalogens. These etherlipids, and more precisely
those derived from phosphatidylethanolamine, are known as

carriers of long-chain PUFA in brain. Zhao et al. showed in
mouse cortex that plasmenylethanolamine was composed of
30% DHA, 25% DPAn-3, and 10% EPA (53). In brain, we
found the major alkenyl chains described in plasmalogen species,
as the authors highlighted that plasmenylethanolamine mainly
contained 18:0 and 16:0 at the sn-1 position when DHA was
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TABLE 8 | The oxidized derivatives of fatty acids from brain.

pg/mg protein Control UN-DHA-O EN-DHA-O
LA 13-HODE 103.2 £ 14.2 108.6 + 12.0 154.0 £ 19.6
DGLA BkPGF14 272.3 £39.7 324.4 £ 57.6 428.7 £ 64.2
ARA PGFoq 3,641.1 £ 367.7 4,062.1 + 266.9 4,184.5 +187.4
PGE, 401.0 £ 39.8 499.0 £ 40.3 5403+ 714
PGD, 3,040.4 + 2494 3,679.7 £ 307.1 3,644.2 £ 254.5
TXBy 577.0 £ 53.4 637.4 £ 53.3 715.8 £ 109.6
15-HETE 716.0 + 69.6 782.2 +65.2 861.5 + 52.1
8-HETE 147.3 £ 15.02 151.8 £8.32 218.9 £ 25.5°
12-HETE 3557.6 + 438.4 4908.4 + 679.7 5055.1 + 472.0
5-HETE 840.3 + 85.9 834.8 +72.2 1046.5 + 206.8
14,15-EET 223.4 £20.5 217.3 £22.3 2729+ 37.8
5-ox0-ETE 588.5 + 75.7 569.6 + 66.6 705.5 + 55.3
11,12-EET 279.2 £ 36.6 267.3 £ 261 297.5+ 471
8,9-EET 380.9 £44.4 370.4 £ 33.9 554.7 £ 95.2
5,6-EET 566.1 + 90.9% 446.0 £ 54.2° 730.1 £73.0%
DHA 14-HDoHE 382.6 +47.12 385.5 + 63.22 597.1 £ 61.1°
17-HDoHE 375.8 +£49.1 581.6 £ 113.7 645.8 + 55.4

The oxidized metabolites of fatty acids were quantified in brain by LC-QQQ as mentioned in methods.
a, b, ¢ and ab indicate significant differences between the three groups when p < 0.05; ab means no difference with a and no difference with b.
Colored values correspond to the type of omelets: black for control, red for UN-DHA-O and blue for EN-DHA-O.

esterified at the sn-2 position. But overall, our diets did not
change the DMA profile in brain, heart, or RBC, although
the DHA proportion was increased in heart and RBC with
the DHA supplementation. A previous work showed that the
plasmalogen content in brain may be increased by dietary DHA
through a potent stimulation of dihydroxyacetone phosphate
acyl transferase activity (54). This effect was however presumed
as relevant at the beginning of the life but not during aging.
In our study, DHA supplementation consistently affected the
DMA structures and concentrations in eyes, but surprisingly
in reducing the DMA content. We also found equivalent
proportions between saturated DMA (around 35% for both 16:0-
DMA and 18:0-DMA) and between monounsaturated DMA
(around 15% for both 18:1n-9-DMA and 18:1n-7-DMA), on the
contrary to other studies performed on mice (55), where the
diet enriched in fat modulated as well the DMA profile. DHA
supplementation may shift the balance between plasmalogens,
since few phospholipid species coexist in retina and other
structures in eyes (56). Some authors showed in mouse cerebral
cortex that DHA-enriched diet reduced the n-6 PUFA content
in plasmenylethanolamine, the concentration of which tended to
decrease in the tissue, whereas a substantial raise in peroxidation
products was observed as well (57). Considering all the data,
high concentrations of DHA in eye may explain a lower content
of plasmalogens, which are considered as scavenger agents to
protect against oxidation (58). Nevertheless, the discrepancy
between control and DHA-enriched diets remains difficult to
explain. The regulation of dietary FA on enzymes involved in
plasmalogen metabolism has to be further investigated.

Finally, many studies showed that DHA enriched-diets
modulate the production of mediators derived from FA such as

oxylipins. Oxidized metabolites are miscellaneous and mainly
generated by cyclooxygenase, lipoxygenase, and cytochrome
P450 (23). In this study, we first determined the oxylipin pattern
of DHA oil. We found eight compounds primarily derived from
LA with 13- and 9-HODE, and from DHA with 17- and 14-
HDoHE. When quantification was performed on omelets, half of
the oxylipins were lost. Only 13-HODE, 9-HODE, and 5-HETE
were still quantified. DHA supplementation was not discriminant
as the oxylipin profile was similar between the three omelets.
However, in DHA-enriched omelets, all oxylipins were expected
in spite of the small amount of DHA oil added in egg preparation.
Thus, this result suggests that food processing destroyed most of
the oxidized derivatives of PUFA supplied by DHA oil in DHA-
enriched omelets, while promoting non-enzymatic oxidation by
generating specific hydroxylated FA such as HODE and HETE
from egg FA. In such conditions, all groups of animals fed a
similar amount of oxylipins derived from omelets. Quantification
of oxylipins was performed on one set of food, but we may
consider a consumption of 8 to 15 ng oxylipins per day per
rat. On this basis, we further evaluated the impact of DHA
encapsulation. Our data showed that DHA supplementation
modified the oxylipin patterns in plasma and heart, and to a
lesser extent in brain. The dietary effect on n-6 metabolites
dominated over the effect on docosanoids generated from DHA.
But most importantly, we demonstrated a very high influence of
DHA oil encapsulation on the oxylipin concentrations in tissues,
even in brain. Precisely, 14-HDoHE was drastically reduced in
plasma and raised in brain with DHA encapsulation. 14-HDoHE
is subsequently generated by 12-lipoxygenase and glutathione
peroxidase (59). Other studies showed an increase in 14-HDoHE
consecutive to a n-3 enriched-diet in brain (20, 60) or in plasma
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(61, 62). Blood concentration was enhanced in pathological
conditions such as morbid obesity (63) or metabolic syndrome
(61), whereas the local level of 14-HDoHE was usually reduced
in inflammatory conditions such as in arthritis (64), periodontitis
(65), or pulmonary inflammation (66). 14-HDoHE was shown
to be involved in the resolution of inflammation, to participate
in the immune response or the platelet activation in reducing
thrombus formation (67, 68). If the mechanism of action of 14-
HDoHE still remains unclear, a cerebral increase in 14-HDoHE
may be a good marker to prevent potent neuroinflammation.
In heart, the level of 14-HDoHE tended to increase but more
importantly, the accumulation of PDx was favored with DHA
oil encapsulation. This poxytrin is generated by the action of
15-lipoxygenase on DHA and displays a pleiotropic function in
inhibiting inflammation, cyclooxygenases 1 and 2, production
of reactive oxygen species, and RNA virus replication (69). PDx
also improved the liver steatosis status (70) and lowered hepatic
gluconeogenesis in an obese mouse model (71), making it a
potential therapeutic agent for lipid-induced and obesity-linked
insulin resistance and type 2 diabetes (72). More specifically,
PDx may be a resolution mediator of kidney fibrosis and cardiac
failure (73). Only healthy functions have been attributed to PDx,
which makes the DHA supplementation a valuable approach to
improve health tissue before potential injury. DHA oil used in
our study was prepared enzymatically by esterification of glycerol
with enriched DHA oil extracted from fish. The DHA content
was high but other PUFA such as EPA was lowly detected.
Although minorly present, EPA from the DHA-enriched diets
displayed a remarkable impact on cardiac tissues as we found
18-HEPE with DHA supplementation but only when DHA oil
was encapsulated. 18-HEPE is generated from EPA through
catalysis of COX-2/aspirin or cytochrome P450 as a precursor
of resolvin El. It accumulated as well in brain (60) or plasma
(61, 62) after a diet enriched in n-3 PUFA. Its blood concentration
decreased with the obesity-linked inflammation status (61, 63),
whereas it raised in inflammatory arthritis (64). 18-HEPE was
also particularly concentrated in plasma of fat-1 mice compared
with wild-type mice, and it was shown to protect against
pulmonary metastasis of melanoma (74). More specifically, 18-
HEPE was highly correlated with the coronary plaque regression
on patients with coronary artery disease supplemented with
high dose of n-3 PUFA for 30 months (75). Collectively in
heart, the increase in PDx and 18-HEPE, together with the
reduction of n-6 eicosanoids triggered by both DHA supply and
oil encapsulation, emphasized the upgraded status on cardiac
tissues on a short-term supplementation. Encapsulation of DHA
oil with whey protein as Pickering emulsion showed in our study
that the delivery system was efficient to modulate derivatives
of PUFA in tissues, as compared to non-encapsulated DHA
oil. This effect was presumed to be mediated by a different
rate of absorption of DHA oil. Indeed, when the same omelets
were digested by using an in vitro model of static digestion
for adults, lipolysis of DHA-TAG was enhanced when DHA
oil was encapsulated (unpublished result). Emulsions presenting
the lowest droplet size prior to digestion exhibit a better rate

of lipolysis compared to coarser emulsion (76). The same
observation was assigned to nanoemulsion as compared with
microemulsion where the release of oil took place either by
interfacial transfer or degradation of the vehicle driving the
lipids out (77). The breakdown of encapsulated oil depends
as well on differences in emulsion structure and surface area
available for catalytic activity. Many encapsulant materials are
available (78) but the best delivery system of marine oil has
to be developed and experienced. The subsequent lipolysis
rate and thus absorption into the intestine greatly influenced
the bioavailability of DHA as demonstrated with volunteers
submitted to fish oil supplementation (79, 80).

Reducing lipid droplet size affects satiety as well by increasing
FA sensing in small intestine or by enhancing peptide secretion
like cholecystokinin or peptide YY during digestion (81). In
our work, encapsulation of DHA oil heightened the growth
of animals coupled with a change in eating behavior. We
observed that the rats were particularly enthusiastic to eat DHA-
enriched omelets and especially in the EN-DHA-O group. Yet,
a study on volunteers showed that palatability was negatively
impacted by the highest concentrations of DHA when fish oil
was added to ground beef. Moreover, panelists were distinctly
sensitive depending on the FA as EPA had a greater impact on
off-flavor perception than DHA (82). Nonetheless, contrary to
the fishy flavors triggered by bulk fish oil, more sophisticated
preparation of oil such as encapsulation may improve palatability
of food. Encapsulating DHA oil possibly mitigated the unpleasant
taste leading to a better acceptance of DHA-enriched omelet.
Now, the origin of oil may influence food intake as well. In
considering a longer-term supplementation, the eating behavior
was shown to be influenced by the effect of DHA on the reward
system regulating appetite (83). Chalon et al. demonstrated
that the mesolimbic dopaminergic pathway was overactivated in
rats deficient in n-3 PUFA (84). Lacking n-3 PUFA increased
reward sensitivity as well in patients with intrauterine growth
restriction. This pathology affects brain responses to palatable
food creating an impulsive eating behavior, reversible with n-3
PUFA supplementation (85). The alimentary impact was partly
explained by the leptin pathway involved in the anorexigenic
system. Indeed, DHA-TAG enhanced leptin secretion in obese
mice, consequently reducing hyperphagia in regulating appetite
(86). Conversely, one study counteracted this data on patients
with haemodialysis suffering from anorexia (87). Implying of
DHA was suggested to be attributed to its derivatives such as
the endocannabinoid docosahexaenoyl ethanolamide (DHEA).
Positively correlated to appetite, DHEA was suspected to act as
an activator of the orexigenic pathway, possibly by antagonizing
the putative anorectic effects of linoleoyl ethanolamide. If data
are controversial in presenting DHA or derivatives either as
an enhancer or as an inhibitor of appetite, other effects on
food reward circuit are still poorly described. Aside from the
neuronal implication, DHEA was otherwise shown to improve
glucose intake of myoblasts in vitro through the activation
of the endocannabinoid system (88). A similar result was
observed on sows-fed DHA-enriched fish oil during gestation.
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Intestinal glucose uptake was therefore increased in offspring,
in association with the n-3 PUFA enrichment of jejunum tissues
(89). This effect was partly mediated by the raise in brush border
membrane glucose transporters. Transposed to our work, the
effect of DHA encapsulation on animal growth was possibly
facilitated by the modulation of intestinal transport functions
as well. All together, these data suggest that encapsulation of
DHA oil may upgrade the food palatability of omelets, improve
appetite for the T-diet, and favor growth in promoting energy
metabolism. For as much, it remains difficult to interpret the
effect of encapsulation observed on derivatives of PUFA, more
than on PUFAs themselves. The molecular mechanism requires
further research for understanding.

To conclude, we used a rat model to assess the efficacy
of a food-graded delivery system by encapsulating DHA oil
into whey protein. In our experimental conditions, the brain
displayed a great proportion of 22.8% DHA, which was
not enhanced by dietary supplementation of DHA oil, as
compared to other tissues. Overall, the encapsulation of DHA
oil did not modulate the FA profile as compared to the
literature, but remarkably modified the oxylipin pattern in
plasma, heart, and even brain. Specific oxidized metabolites
derived from DHA were upgraded while those from n-6
PUFA were essentially mitigated. This effect was independent
of oxylipins present in DHA oil as food processing induced
the loss of the specific oxidized metabolites from DHA and
EPA. Finally, this work showed that encapsulation of DHA
oil remains a key factor for DHA metabolism in generating
precursors of protectins and maresins, thus improving the global
health status.
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The emulsion gels have attracted extensive interests due to their unique physical
characters, remarkable stability, and control release properties of flavor and functional
components compared to emulsions in liquid. In the current work, whey protein isolate
(WPI)/k-carrageenan (k-CG) composite emulsion gels were fabricated based on the
ultra-high-pressure (UHP) technology, in replacement of the traditional thermal, acid, or
enzyme processing. Uniform composite emulsion gels could be fabricated by UHP above
400 MPa with minimum WPI and k-CG concentrations of 8.0 and 1.0 wt%, respectively.
The formation of UHP-induced emulsion gels is mostly attributed to the hydrophobic
interaction and hydrogen bonding. The emulsion gels with different textures, rheology
properties, and microstructures could be fabricated through adjusting the formulations
(WPI concentration, k-CG concentration, and oil phase fraction) as well as processing
under different conditions (pressure and time). Afterward, curcumin-loaded emulsion gels
were fabricated and subjected to an in vitro simulated gastrointestinal digestion in order
to investigate the gastrointestinal fate of curcumin. In vitro simulated digestion results
demonstrated that the UHP treatment significantly retarded the release of curcumin but
had little impact on the bioaccessibility of curcumin. The results in this work provide useful
information for the construction of emulsion gels through a non-thermal process, which
showed great potential for the delivery of heat-sensitive bioactive components.

Keywords: emulsion gel, ultra-high-pressure, whey protein isolate, k-carrageenan, in vitro digestion, curcumin

INTRODUCTION

Generally, emulsions with a relatively low oil volume fraction are expected to exhibit liquid-like
flow behavior. However, when a viscoelastic biopolymer solution or gel functions as a continuous
phase, or an emulsion behaves as a viscoelastic material due to the structuring induced by inter-
droplet attractions between the droplets or crowded arrangement of droplets, a complex colloidal
material may therefore formed as both an emulsion and a gel. Such kind of soft-solid colloid
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material with a three-dimensional network structure is referred
to as “emulsion gel” (1). As a typical semisolid system, the
emulsion gels are able to exhibit the mechanical properties of
both liquid and solid, as well as higher physical and oxidative
stability compared with traditional emulsions. Moreover, the gel-
like structure also enables the emulsions with better controlled
properties, making them the ideal carriers for the encapsulation
of hydrophobic bioactives.

The protein is one of the commonly used materials to
construct food-grade emulsion gels. Protein-based emulsion gels
can be classified into two types: (1) Emulsion-filled protein
gel: Protein in the aqueous phase forms a polymer network in
which oil droplets are uniformly dispersed, and the gel properties
mainly depend on the nature of the protein matrix and (2)
Protein-stabilized emulsion gel: Protein in the aqueous phase
does not form a network structure but promotes the aggregation
of droplets, while the gel properties mainly depend on the
physical properties of the filled oil droplets. Actually, these two
extreme structures typically coexist in a protein-based emulsion
gel. That is, both the cross-linked protein molecules and the
partially aggregated droplets are responsible for the formation
of gel structures in these emulsion gels. To date, a variety of
proteins were used to prepare emulsion gels, including whey
protein (2), sodium caseinate (3), soy protein isolate (4), porcine
serum protein (5), and so on.

As reported by abundant research studies, the protein-
based emulsions can be converted into emulsion gels through
several treatments (4-7), among which thermal treatment is
the most commonly used one. However, the high temperatures
(commonly higher than 65°C) would promote the degradation of
thermally sensitive ingredients and result in the Maillard reaction
within food if reducing sugar is involved, which have adverse
effects on the quality, appearance, and flavor of food. Unlike heat-
induced emulsion gels, cold-induced emulsion gels induced by
acid or salt can be fabricated under mild conditions, and the
process is more controllable, but the introduction of hydrogen
and salt ions would also affect the microstructure and texture of
gels, and further lead to the bad sensory characteristics of final
food products, which limit the application of these gels in actual
food systems.

Ultra-high-pressure (UHP) is a novel food processing
technology that employs a pressure-transfer medium (such as
water) to denature biological macromolecules and kill microbes
under an extremely high pressure (100~1,000 MPa) (8). As a
non-thermal processing technology, the UHP has been widely
used in food processing and food sterilization due to its
several advantages such as high efficiency, low consumption,
safe operation, less pollution, and maximum retention of flavor
substances in food (9). The UHP treatment under relatively
low pressure can facilitate the unfolding of proteins, and the
bridge flocculation would occur between the protein-coated oil
droplets via non-covalent bonds. However, by further increasing
the pressure, the unfolded monomers dissociated from the partial
dimer would polymerize into more stable aggregates, the free
sulfhydryl groups on the surface of oil droplets are liable to
form disulfide bonds, thereby stabilizing the emulsions. In this
case, a three-dimensional network structure can be constructed

through non-covalent interactions between adjacent molecules,
for instance, hydrogen bonding, disulfide bonding, Van der
Waals force, and hydrophobic interaction force (10), enabling
the encapsulation of water or other components. Besides, the
formation of gel-network structure also contributes to improve
the texture property, nutritional value, and functionality of food.

Due to its rich functional properties, such as emulsifying and
gelling property, whey protein isolate (WPI) has been widely used
in food industries. The WPI solution is liable to convert into gels,
whose properties are dominated by multiple causal factors, e.g.,
protein composition, temperature, pH, ionic strength, etc. (11).
Unfortunately, the gels fabricated from individual WPI exhibit
low resistance against extreme environmental conditions, leading
to a poor stability during storage as well as low bioavailability
of encapsulated bioactive compounds. One of the promising
methods to solve this problem is to incorporate polysaccharide
within WPI gels, which is supposed to enhance the gel strength.
Moreover, the complexation of protein and polysaccharide is
beneficial to enhance of their functional properties, endowing
them with improved interfacial properties and better protective
effects on encapsulated sensitive compounds against processing
and storage conditions. It is also capable of delivering bioactive
compounds to specific gastrointestinal targets with optimal
kinetics under mild conditions, achieving controlled release
by chewing, pH changes, and enzymatic action. The previous
research has confirmed that B-lactoglobulin and p-lactoglobulin-
k-carrageenan (CG) complexes can be induced into semisolid
soft gels using UHP under a certain pressure treatment of 400
MPa (12). Chen et al. (13) have also reported that the UHP
induction significantly improved the water holding capacity
and increased the gel strength of chicken breast myosin/k-CG
composite emulsion gels with high pressure processing under
200 MPa.

To date, numerous studies have shown that complexation
can occur between the amino groups on WPI and anionic
polysaccharides by ion exchange (14-16). k-CG is a polymeric
hydrophilic anionic polysaccharide extracted from the cell wall
of marine red algae, consisting of a repeating unit composed
of the disaccharide, p-(1-3)-d-galactose-4-sulfate, and «-(1-4)-
3,6-anhydro-d-galactose (17). The high sulfate content (around
15~40%) and an average relative molecular mass higher than
100 kDa endow k-CG with a great potential in gelation (18). The
previous research have reported that a cohesive k-CG network
can be fabricated in the presence of salt ions and cations such
as K*, Ca2™, and NH*', and the resulting spiral gels exert
good controlled release properties of functional components.
Verbeken et al. (19) believe that k-CG is present in the composite
gel in a manner that exists in the interstitial space of the protein
network. The UHP can change the molecular structure and
spatial conformation of polysaccharides, thereby affecting their
physicochemical properties and forming gels (20-22). Therefore,
it is theoretically feasible to construct WPI-k-CG composite gels
through UHP treatment.

Curcumin is a natural polyphenolic compound existed in the
rhizome of the perennial herb curcuma longa (23). The health
benefits of curcumin can be attributed to its various biological
activities such as anti-inflammatory, anti-oxidant, anti-bacterial,

Frontiers in Nutrition | www.frontiersin.org

89

February 2022 | Volume 9 | Article 839761


https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Suetal.

UHP-Induced Emulsion Gels

anti-tumor activities, and so on (24). The potential health benefits
of curcumin have generated a great interest in incorporating it
into food, health-care products, and drugs. However, curcumin
is extremely susceptible to oxidative deterioration due to the
existence of hydroxy groups. Moreover, curcumin has also been
shown to have poor solubility in aqueous phase, leading to a
low compatibility to food matrix and reduced bioavailability
(25). One of the effective methods to solve these problems is to
encapsulate curcumin within delivery systems (26).

To date, the fabrication of emulsion gel is mostly limited to the
induction by heat, enzyme, acid, and ion, and the research on the
UHP-induced gel materials based on biological macromolecules
concentrates mainly on the hydrogel, which partly stimulate
the current work. The aims of this study were to prepare WPI
and WPI/k-CG emulsion gels by UHP induction and to find
the effects of pressure, WPIL, and k-CG concentration. The
mechanism of gel formation was also explored. The effects of
UHP treatment conditions and gel composition on the in vitro
digestive release rate of curcumin embedded in emulsion gels
were studied for the first time, which provided evidence for the
application of UHP-induced emulsion gels in the embedding and
sustained release of functional ingredients.

MATERIALS AND METHODS

Materials

The whey protein isolate was obtained from Davisco
International, Inc, containing more than 95% protein. The
k-CG was acquired from CPKelco, Inc. Medium-chain fatty acid
triglyceride (MCT) was purchased from Musim Mastika Oils
and Fats. Curcumin (Cur, 98%) was purchased from the China
National Medicine Group (Shanghai, China). Fluorescent dyes
(Nile Red and Nile blue) were obtained from Sigma-Aldrich. All
other chemicals used were of analytical grade.

Preparation of Emulsion Gels

For WPI emulsion gels, a WPI solution (20 wt%) was prepared
by dispersing 3.2g WPI powder in 16 mL deionized water and
stirring overnight to achieve complete dissolution. The WPI
solution was then adjusted to pH 7.0 with 0.1M NaOH prior to
mixing with 4 mL MCT oil under the shearing with an Ultra-
Turrax (IKA, Germany) at a high speed of 10,000 r/min for 5 min.
The resulting coarse emulsion was further homogenized three
times using a Niro-Soavi Panda two-stage valve homogenizer
(Parma, Italy) at 50 MPa. Afterward, a centrifuge tube containing
50 mL emulsion sample was placed in a nylon bag for vacuum
sealing. The sample was immersed in the pressure-transfer
medium water contained in the sample chamber of the UHP
equipment. The boost rate and depressurization rate was set as
6.5 MPa/s and 20 MPa/s, respectively. The whole process took
about 20 s ~ 2 min.

For WPI/k-CG composite emulsion gels, an equal volume of
WPI solution and k-CG solution were mixed and stirred to swell
overnight, then the mixed solution was treated on the basis of the
method described above.

The WPI, k-CG, and MCT concentrations, as well as the
processing conditions (pressure and time) were summarized in
Table 1.

Rheology Analysis

The rheological properties of the samples were measured using
a DHR-2 rheometer (TA Instruments, UK) at 25°C with a steel
parallel plate coded as PP-40 (40 mm diameter, gap 1 mm). The
emulsion gel samples were subjected to a dynamic frequency
sweep test with the frequency oscillation varied from 0.1 to 100
rad/s at a 1% strain. All the dynamic tests were performed within
the linear viscoelastic region. The elastic modulus (G') and loss

"

modulus (G ) were recorded.

Texture Profile Analysis

The textures of samples were determined using a texture
analyzer (TMS-Pro, FTC, America) operated under texture
profile analysis (TPA) mode. The emulsion gel samples were
taken out from centrifuge tubes and cut into cylinders (diameter
1.8 cm, height 2.0cm) prior to placing in petri dishes. The
samples were compressed to a distance of 1.0cm with a P/6
probe at a speed of 100 mm-min~!. The interval between
two consecutive compression cycles was 10s. The hardness,
springiness, chewiness, gumminess, and cohesiveness were
calculated to characterize the textural properties of the samples.
The TPA measurements were carried out for 5 independent
replicates at 25°C.

Fluorescence Spectroscopy

The Fluorimetric experiment was performed using an F-7000
fluorescence spectrophotometer (F-7000, Hitachi, Japan). The
emulsion samples were diluted to 0.2 mg/mL (calculated on the
basis of WPI) prior to placing in a quartz cell. The excitation
wavelength was set as 290 nm, and the emission spectra were
collected between 300 and 450 nm with a scanning speed of 100
nm-min~!. Both excitation and the emission slit widths were set
at 5nm. Each individual emission spectrum was the average of
three runs.

Circular Dichroism Spectroscopy

The Far-UV circular dichroism (CD) spectra of emulsion samples
were recorded using a CD spectropolarimeter (Pistar m-180,
Applied Photophysics Ltd. UK) in the far UV region ranged
from 190 to 260 nm. The samples were diluted to 0.2 mg/mL
(calculated on the basis of WPI) prior to placing in a quartz
cell with a 1.0 mm optical path length. A constant nitrogen flush
was applied during data acquisition. The secondary structure
contents of the samples were estimated using Dichroweb:
theonline Circular Dichroism Website http://dichroweb.cryst.
bbk.ac.uk (27).

Fourier Transform Infrared Spectroscopy

The Fourier transform infrared spectroscopy (FTIR) was
employed to evaluate the vibration of functional groups of
emulsion gel samples. Briefly, 2.0 mg lyophilized sample was
mixed with 198 mg pure potassium bromide (KBr) powder. The
mixture was grounded into fine powder and pressed into a
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TABLE 1 | Composition and treatment of WPI/k-CG composite emulsion gels.

Sample ID Composition Treatment
WPI concentration k-CG (wt%) MCT fraction Processing pressure Pressure
(wt%) (v/v) (MPa) processing time
(min)
1 8 1 20 600 30
2 10
3 12
4 14
5 16
6 12 0.75
7 0.6
8 0.5
9 0.4
10 200
11 400
12 12 1 600
13 600 20
14 10

transparent thin slice. Afterward, the samples were subjected to
FTIR analysis using a Spectrum 100 Fourier transform infrared
spectrometer (PerkinElmer, UK). All the samples were scanned
from 400 to 4,000 cm™!, and scanning was performed 16 times
with a resolution of 4 cm~!. Pure KBr slice was measured as
a baseline.

Microstructure Observation
The microstructure of emulsion gel samples was observed using
a field emission scanning electron microscope (SEM, SU8010,
Hitachi) and a confocal laser scanning microscopy (CLSM)
(Leica TCS SP5, Leica MicrosystemsInc., Heidelberg, Germany).
For SEM observation, the lyophilized samples were adhered
onto a specimen and sputter-coated with a gold layer to avoid
charging under the electron beam. The samples were examined at
an acceleration voltage of 3.0 kV using a JSM-6701F instrument.
For CLSM observation, the two dyes, Nile Blue (0.2 wt%)
and Nile Red (0.2 wt%), were dissolved in absolute ethanol and
sonicated for 5 min to ensure the complete dissolution, applying
as dyes of WPI and MCT, respectively. A mixed staining solution
prepared by mixing an equal volume of Nile Blue and Nile
Red dye solution was used to dye the emulsion samples. The
dyed samples were subsequently placed in the groove of concave
microscope slides and gently covered with a cover slip prior to
observe with a 100-fold oil mirror. A Helium-Neon (He-Ne)
laser excitation source was excited at 633 nm for the Nile blue,
whereas an argon laser excitation source was excited at 488 for the
Nile red. The combined pictures originated from two channels
were acquired through ZEN Imaging Software.

Determination of Molecular Force

A WPI solution ( 20 wt%) and a k-CG solution (2 wt%) were
prepared with NaCl, urea, and propylene glycol solutions at
concentrations of 0.4, 0.8, 1.2, 1.6, and 2.0 mol/L, respectively.

Afterward, the above-mentioned solutions were employed to
prepare emulsion samples with the method described in section
Preparation of Emulsion Gels before subjecting to a UHP-
treatment at 600 MPa for 30 min to form emulsion gels. The
molecular structure of emulsion gel samples was determined by
measuring the texture properties of each sample with a TPA
analysis as described in section Texture Profile Analysis (TPA).

Preparation of Curcumin-Loaded Emulsion
Gels

An oil phase was formed by dissolving 1.0 g curcumin powder
in 200 mL of MCT oil prior to ultrasonic-treating for 20 min
with a JY32-11N Ultrasonic homogenizer (Ningbo Scientz
Biotechnology Co. Ltd, China) to achieve complete dissolution.
The curcumin-loaded emulsion gels were fabricated with the
same method described in section Preparation of Emulsion Gels.

In vitro Digestion Behavior

Simulation Gastrointestinal Digestion

A simulated gastrointestinal tract (GIT) model was used to
determine the potential gastrointestinal fate of emulsion gels.
The results of our preexperiments have shown that the simulated
mouth digestion had almost no effect on the digestion of
emulsion gels; the simulated mouth digestion phase was not
involved in the following experiments. However, the emulsion
gels were broken into small fragments using a MJ-BL25B2
blender before the experiment to better simulate the initial state
of samples in stomach.

Gastric phase: 1.0g of broken emulsion gel samples were
mixed with 10ml of simulated gastric fluid (SGF), which
contained NaCl (2 mg/mL), HCI (4 mL/L), and pepsin (3.2
mg/mL). Then, the pH of the mixtures was adjusted to pH 1.5
and stirred at 37°C for 60 min at 100 rpm.
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Small intestine phase: 20 mL of gastric digestion juice were
adjusted to pH 7.0 prior to mixing with an equal volume of
simulated intestinal fluid (SIF) containing K;HPOy4 (6.8 mg/ml),
NaCl (8.775 mg/ml), bile salts (10 mg/ml), and pancreatin (3.2
mg/ml). Then, the pH of the mixture was adjusted to pH 7.0 and
continuously shook (100 rpm) at 37°C for 120 min.

Droplet Size Determination

To explore the changes in the droplet size and size distribution
of emulsion gels after SGF and SIF digestion, the SGF and
SIF digestion juices were measured using a Zetasizer Nano-
7590 (Malvern Instruments, Worcestershire, UK) based on the
principle of dynamic light scattering (DLS).

Release of Curcumin

The release of curcumin was characterized after SIF digestion
according to the method described in a previous work. An aliquot
of SIF digestion juice was subjected to centrifugation with a CL10
centrifuge (Thermo Scientific, Pittsburgh, PA, USA) at 16,000
rpm for 30 min at 4°C. The supernatant containing solubilized
curcumin was collected, on behalf of the “micelle” fraction.
The micelle solution was then mixed with an equal volume of
ethanol, vortexed, and centrifuged at 4,000 rpm for 10 min at
25°C. The top layer was then collected, whereas the bottom layer
was subjected to the above-mentioned process again to ensure
the complete extraction of curcumin. The digestive fluid was
regularly sampled with an interval of 30 min. The concentration
of curcumin extracted from the initial emulsion and micelle
fraction was measured using a UV-visible spectrophotometer
(Shimadzu, Model UV 1800; Japan) at 446 nm. The release rate
(%) was calculated with the following formula:

C1
Release rate (%) = — x 100
Co

Where C; and Cy were the content of curcumin in the micelle
fraction and initial emulsion gel samples, respectively.

Statistical Analysis

The samples were prepared in duplicate, and the measurements
were performed in triplicate. The data were analyzed using the
software package statistical product and service solutions (SPSS)
18.0 (SPSSInc., Chicago, USA). The results were reported as the
mean value and SD of two separate injections. The statistical
differences were determined by one-way ANOVA with Duncan
procedure, and the differences of main effects were identified to
be significant with p < 0.05.

RESULTS AND DISCUSSIONS

Apparent Characteristics of Emulsion Gels

With Different Processing Conditions

The WPI/k-CG composite emulsion gels with a WPI
concentration lower than 12% were found with water leakage
phenomenon, as shown in Table2. It could be concluded
that 12% was the minimum concentration for the formation
of homogenized emulsion gels, and therefore was chosen to
fabricate emulsion gels with different WPI/k-CG ratios. The

TABLE 2 | The physical state of WPI/k-CG composite emulsion gels with different
formulations.

WPI
concentration
(wt%)

k-CG
concentration
(wt%)

Mass ratios
between
WPI and

k-CG

Texture and shape

8:1 Soft, sticky, collapse
after placement, water
seepage

10 1 10:1 Soft, sticky, poor
elasticity, lightly
seepage after

placement

12 1 Soft, poor elasticity,

brittle

Relatively hard, deform
after extrusion, rough
surface, fragile

14 1

16 1 Hard, deform after
extrusion, rough

surface, fragile

12 Soft and sticky, poor
elasticity, water
seepage after

placement

12 0.6 20:1 Very soft and sticky,
poorly collapsed after
placement, more water
seepage

12 0.5 24:1 Very soft and sticky,
poor elasticity, obvious
collapse after
placement, more water
seepage

12 0.4 Very soft and sticky,
collapses immediately
after placement,

obvious fluidity

appearance photographs of WPI and WPI/k-CG composite
emulsion gel samples with different processing conditions were
shown in Figure 1. Unlike a WPI emulsion, the WPI/k-CG
composite emulsions could be constructed into emulsion
gels with an extremely low WPI level under UHP treatment.
However, the WPI/k-CG composite emulsion gel formed by
a critical WPI concentration (12%) processed at 600 MPa for
30 min was more soft and viscous compared with the emulsion
gels formed by WPI emulsions with an equal WPI concentration.
Besides, the WPI/k-CG composite gels with relatively low
concentration of WPI and k-CG were moister, accompanied by
the occurrence of a water leakage phenomenon.

Overall, the WPI/k-CG composite emulsion gels were more
brittle with a higher mobility, and easily destroyed (different
degrees of collapses occurred after standing for 10min).
However, the introduction of k-CG contributed to increase the
hardness and decrease the mobility of the WPI emulsion gels,
as well as mitigate the water leakage phenomenon. For example,
the emulsion gels formed with 10% (w/v) WPI and 1% (w/v)
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FIGURE 1 | Visual appearance of WPI emulsion gels (A) and WPI/k-CG composite emulsion gels (B) composed of different components.
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k-CG were deformed after extrusion when the oil fraction was
30% (w/w), but were cracked or even broken when the oil
fraction exceeded 40% (w/w). The high brittleness of WPI/k-CG
composite gels indicated that k-CG can promote the formation
of a fine strand network, which endowed the gel with a decreased
stress and an increased fracture strain (20). In summary, the
addition of k-CG could have a positive impact on the formation
of gel structure in WPI emulsions.

Rheological Properties of Emulsion Gels

In this experiment, the storage modulus G’ (elastic modulus)
and the loss modulus G” (viscous modulus) were determined to
characterize the rheological properties of the WPI and WPI/k-
CG emulsion gels. G’ is a measure of the energy stored and
subsequently released in each deformation cycle, which is on
behalf of the elastic properties of the samples, and G” is a measure
of the amount of heat dissipation, representing the viscous
properties of the samples. As shown in Figure 2, the dynamic
strain sweep tests were conducted on the emulsion gel samples.
Considering the fact that all the samples were determined with a
linear viscoelastic region between 1 and 10% strain, 1% strain was
selected as a fixed strain value in the frequency sweep tests. The
critical strain value (y.) was decreased as the treatment pressure
and time increased, as well as the WPI and k-CG concentration.
At the same time, the strain-amplitude dependence type of
emulsion gels changed from a strain thinning type (G’ and G”
decreasing) to a weak strain overshoot type (G’ decreasing, G”
increasing followed by decreasing), indicating that the structure
in emulsion gels was changed and the stress that the gel structure
can withstand was reduced (28).

The dynamic frequency sweep test was conducted to evaluate
the frequency dependence of the G’ and G’ of emulsion gel
samples with different compositions and processing conditions.
As shown in Figure 2, the moduli were found to be in a
frequency-dependent manner. It could be also observed that G’
was higher than G” in all the emulsion gel samples, revealing
that these samples behaved between true gels and weak gels
(29, 30). Besides, the G’ was highly closed to G’ for samples

with relatively low WPI and k-CG concentrations. However, the
difference between G’ and G” was increased as the increasing WPI
and k-CG concentration as well as treatment pressure, which
indicated that the emulsion samples further converted into true
gels (31).

Table 3 shows the fitting result of the storage modulus
and power-law model to describe the angular frequency (w)
dependence on the modulus. The G’ versus w of the samples
fitted well to the power law model after the UHP treatment,
with a pressure higher than 400 MPa. As the treatment pressure
and time were increased, the K and K'/n’ was increased,
suggesting that the UHP treatment promoted the formation
of non-covalent bonds and enhanced the gel strength of the
samples (32, 33). When the WPI concentration was 12% (w/v),
the modulus of the samples showed a better imitative effect
with a k-CG concentration higher than 0.5% (w/v). For the
samples with better gel properties, the fitting parameter n’
for power law model was decreased as the WPI and k-CG
concentration increase, accompanied by a significantly increased
K’ value. This was consistent with the report of Elsevier (34),
who had proposed that the rheological behavior of emulsions can
be regulated by the protein/polysaccharide ratio, and a higher
protein/polysaccharide ratio is beneficial for the interactions
between protein molecules.

Texture Analysis of Emulsion Gels

The texture properties of emulsion gel samples were determined
and the results are shown in Figure 3. Obviously, the hardness,
elasticity, chewiness, and adhesiveness of composite emulsion
gels were increased with the increase of treatment pressure
and time. The elasticity reflects the structural damage extent
of the samples after initial compression. A relatively low
elasticity indicates a serious damage occurred in emulsion gels
during compression. The cohesiveness was used to characterize
the difficulty to destroy the gel structure of samples. The
more compact the gel structure is, the higher the cohesion
(35, 36). Compared with other samples, the emulsion gels
under the treatment of 400 MPa had a lower elasticity but

Frontiers in Nutrition | www.frontiersin.org

93

February 2022 | Volume 9 | Article 839761


https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Suetal. UHP-Induced Emulsion Gels

WPI emulsion gel WPI/k-CG composite emulsion gel
10000 5v~vv~ — 10000
vV YV VoY ¥V ye '1YVI’
¥
1000+ w‘"v»v 1000 v eyrr vy TTY VYV '""'vvﬁ'v"v‘
B
100 poeveseooseesnnsey, 100
— I—I—I—I—I—.—.—.llllﬁ—m"""*’"“ & Poeoeossccrsnnnsetrioncryag,,
&‘, 104 1"1':‘1 & ]0-.-.-.-------.-------"-—.—--“..-....
y .y =
® &
14 —=—0.1MPa 14 —=—(.TMPa
»  200MPa-30min «  200MPa-30min
0.1 100MPa-30min 0.1 4100MPa-30min
—+— 600MPa-30min —— 600MPa-30min
0.01 T 0.01 T
0.1 1 10 100 0.1 1 10 100
Strain (%) Strain (%)
10000 10000
L0000 0000da T
W-Nu{}'lvv, vy EETPY YV ey,
1000 pt 3.5 1000 LY YTTTYVTTY POPREEEy L 20222
0% S e - ey
100 100
- i L L] S T — ‘s
& 104 “"‘C‘." & 0 pusamusnssunnnnsnnnta st n i naany,
- g H
] )
1] —=— Unircated 14 —=— Unirealed
»  600MPa-10min e« 600MPa-10min
0.1 600MPa-20min 0.1 600MPa-20min
—— 600MPa-30min —— 600MPa-30min
0.01 T 0.01 T
0.1 1 10 100 0.1 1 10 100
Strain (%) Strain (%)
10000 LEITITEIL 288000044, 10000 A
Hﬁ'ﬂmﬂ'vV'ﬁV1:;h_" M*‘""Hw
00000080 000000 *- bsosto00d o Y ey
1000 o "'*’“v:”\"#w 1000 Jrvvvvvvv:-‘rﬂ'"ﬂ'v—r' ITITIH
"‘0\.‘ ICMCHQ'QW‘MH‘<
10 11 S — _ 100 4
= 3 LK S tagg ;“f\
[a D) bt | , NS ssisaNEsEnainSnsnnntay,y,
=~ 10 = 10 4 e
& i — %, —— &1
14 « 10:1 14 = 10:1
12:1 12:1
0.14 —— 141 0.1 5 —r—14:1
—+—16:1 —e— 16:1
0.01 T 0.01 T
0.1 1 10 100 0.1 1 10 100
Strain (%) Strain (%)
10000 - 10000 -
1000?’.“.‘..0...%*‘“’*" 10005
vav,‘ "“‘ W..M4¢ﬂ4°"'mﬂ
2 Fyg N -
100+ "“"v 100 perryvrrryYIVYYTYVV Y RFrEr v Y VT T Vvy
o~ H 3 = B
c. - e 'htu: [ d
< 104 22 = g reecsstsesartetttttantigngy
) : e 1Ny 5 : ——12:0: 1
1- ——12:0.5 1= ——12:0.5
12:0.6 12:0.6
014 —r—12:0.7 0.5 —r—12:0.7
: —e—12:1.0 : ——12:1.0
0.01 e e o 0.01 L
0.1 1 10 100 0.1 1 10 100
Strain (%) Strain (%)
FIGURE 2 | Strain scan curves of WPl and WPI/k-CG composite emulsion gels [The concentration ratio number “a:b” in the figure represents
“WPI%(wW/V):k-CG%(W/V)” in agueous phase.].
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TABLE 3 | Power Law parameters for WPI/k-CG composite emulsion gel of different processing conditions and composition ratios.

Processing WPI k-CG G'=Ken"
conditions concentrations concentrations
(wt%) (wt%)
K’ n’ R2? K'/n
- 12 1 17.95288 + 1.60542 0.32318 + 0.02539 0.87605 55.55071
200 MPa—30min 59.67279 + 2.26976 0.11821 £ 0.01331 0.75812 504.8032
400 MPa—30min 993.69014 + 12.08667 0.11641 + 0.00427 0.96466 8536.124
600 MPa—10min 2109.82495 + 19.75605 0.11257 + 0.0033 0.97716 18742.34
600 MPa—20min 3710.52839 =+ 30.47441 0.08493 + 0.00302 0.96614 43689.25
600 MPa—30 min 5364.19299 + 65.84353 0.10253 + 0.00439 0.95248 52318.28
8 42.16605 + 2.42844 0.25085 + 0.01731 0.89503 168.0927
10 834.01794 + 8.61492 0.13879 + 0.00351 0.98347 6009.208
14 5795.58181 + 109.61936 0.08898 + 0.00691 0.85814 65133.53
16 11001.57157 + 63.66716 0.0879 + 0.00212 0.98427 125160.1
12 0.4 18.81607 + 1.27015 0.12802 + 0.0233 0.56204 146.9776
0.5 4.9251 + 1.55024 0.81397 + 0.0759 0.88812 6.050714
0.6 47.86639 + 3.908 0.31371 £ 0.02334 0.88784 152.5817
0.7 337.98244 + 7.21355 0.15368 + 0.00712 0.94709 2199.261

an extremely higher cohesiveness, which might be explained
by the fact that 400 MPa is close to the critical pressure
of gel formation. Although the sample treated under 400
MPa also exhibited a gel-like property, the regularity of the
gel network and the strength of interaction between the
networks were very weak, thereby decreasing the gel strength of
the sample.

As the WPI concentration was increased, the gel properties
of the samples were enhanced. Especially, the growth in
cohesiveness was slowed down, accompanied by a reduced
elasticity as well as the occurrence of broken phenomenon during
the secondary chewiness. On the other hand, the increase in
the k-CG concentration also led to the increase in gel strength.
As reported by Schmitt and Turgeon (37), highly negative-
charged polysaccharide can increase the hardness of a gel, but
also making them more brittle and difficult to recover after
shearing. However, the recovery ability of a gel is dominated
by the interaction strength between protein and polysaccharide.
The emulsion gel samples containing 10% (w/v) WPI and
1% (w/v) k-CG have the same WPI/k-CG ratio with samples
containing 12% (w/v) WPI and 1.2% (w/v) k-CG; however, only
the latter one showed a decreased gel strength. This phenomenon
suggested that although WPI and k-CG had a synergistic effect
on the formation of composite emulsion gels, an excessively
high WPI/k-CG concentration would lead to the formation of
an excessively compact gel structure, decreasing their protective
effects against external force.

Fluorescence Spectral Analysis

The emulsions with a WPI and k-CG concentration of 20 wt%
(w/w) and 2 wt% (w/w) were prepared with the same method
described above prior to treating with different pressure and time.

The samples were in a liquid state since the concentration of WPI
and k-CG were not high enough to form a gel structure. The
samples were performed a fluorescence spectral analysis in order
to evaluate the structure change of WPI in emulsions during
UHP treatment.

It is well-known that the endogenous fluorescence of protein
is mainly ascribed to the tryptophan (Trp), tyrosine (Tyr), and
phenylalanine (Phe) in protein, with a fluorescence intensity
ratio of 100:9:0.5. This signifies that the fluorescent character of
protein containing Trp mainly depends on the existence of Trp.
p-lactoglobulin, the main component of WPI, is able to fluoresce
under excitation mostly due to the hidden Trpl9, rather than
Trp61 at the surface, while the fluorescence of a-lactalbumin
derives from its four Trp residues. The maximum emission
wavelength (Amax) of the emulsion samples was about 328 nm,
which is between 320 and 350 nm, the maximum emission range
of Trp.

The high-pressure treatment will denature the protein
molecules, and the microenvironment of fluorescent amino
acid groups can be transferred from the polar hydrophilic
surface to the hydrophobic interior, thereby increasing the
fluorescence intensity of WPI and WPI/k-CG in emulsions. As
shown in Figure 4, the fluorescence intensity was increased with
the increasing processing pressures (0.1~600 MPa) and time
(0~40 min). The fluorescence intensity was obviously increased
when the pressure was higher than 200 MPa, which indicated
that the WPI was denatured at this moment. Either WPI
emulsions or WPI/k-CG composite emulsions, the fluorescence
intensity curve of the sample treated at 600 MPa for 20 and
30 min was nearly coincident. Presumably, the WPI molecules
had cross-linked with each other and formed a relatively
stable intermolecular structure under this condition, while the
molecular structure of WPI was further destroyed by UHP
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FIGURE 3 | Texture of emulsion gels of different processing conditions and composition ratios [The concentration ratio number “a:b” in the figure represents
“WPI%(w/V):k-CG%(wW/Vv)” in agueous phase.].
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FIGURE 4 | Fluorescence spectra of WPl and WPI/k-CG composite emulsions with different processing conditions.

treatment, thereby leading to an enhancement in fluorescence.
The fluorescence intensity (If) of the untreated WPI/k-CG
emulsion was about 594.98, which was much lower than that
of the WPI emulsion (1168.38), corresponding to a Amax value
of 328 nm. The phenomenon is so-called quenching of protein.
The quenching would be ascribed to the Trp, Tyr, or Phe in
protein, which were covered up during the binding process
of nonfluorescent molecular k-CG with WPI, preventing the
exposure of these chromophore. Similar phenomenon was also
reported in a previous research (38), where k-CG could modify
the tertiary structure of peanut protein, as well as adsorb onto the
surface of peanut protein, which prevents the exposure of Trp to
the aqueous phase.

Effect of UHP on Secondary Structure of

Protein

Table 4 shows the secondary structure of WPI in WPI and
WPI/k-CG solution with or without UHP treatment, calculated
by DICHROWEB. The results indicated that the a-coil content
was significant decreased, while the B-sheet, $-turn, and random-
coil contents were increased (among them, the content of p-
sheet increased most significantly) when WPI and k-CG were
combined under atmospheric pressure. Considering the fact that
k-CG is not able to induce the damage in the secondary structure
of WPI molecules under normal pressure, it can be deduced
that the interaction between k-CG and WPI promoted the
production of intermolecular B-sheets between WPI molecules.
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TABLE 4 | Changes in secondary structure of WPl and WPI/kx-CG complexes.

Sample Pressure (MPa) Time (min) o-coil (%) B-sheet (%) B-turn (%) Random-coil (%)
WPI 0.1 0 19.1 29.6 211 30.3
200 30 18.5 29.0 21.6 30.9
400 30 19.6 27.3 21.8 31.4
600 10 18.0 28.1 221 31.9
20 17.8 27.9 22.2 321
30 171 28.1 22.2 32.2
WPI/k-CG 0.1 0 11.6 34.7 21.9 31.8
200 30 1.7 34.6 21.9 31.9
400 30 10.7 34.7 22.3 32.4
600 10 1.5 34.3 22.1 32.1
20 10.3 34.9 22.3 32.6
30 10.7 34.7 22.3 32.4

The intramolecular and intermolecular hydrogen bonds are
responsible for the a-helix and B-sheet of protein, respectively,
which are strongly influenced by hydrophobic and electrostatic
interactions (39-41). Li et al. (42) have proposed that the higher
electrostatic repulsion between protein molecules may be the
reason for the decrease of random coil content and the increase
of a-helix content in secondary structure. Therefore, the change
of secondary structure content in this experiment was mostly due
to the fact that the electrostatic interaction between WPI and k-
CG reduced the electrostatic repulsion between WPI molecules.
Examples of polysaccharides affecting the secondary structures
of proteins are abundant and the effect of polysaccharides on the
secondary structure of proteins was verified to be related to the
types of proteins and polysaccharides. For example, the acacia
gum was found to be able to cause about 70% loss of a-helix
in B-lactoglobulin (43), and pectin was also found to change the
a-helix content of B-lactoglobulin (44).

The a-helix and B-sheet content of WPI in WPI emulsion
was decreased at a relatively low pressure of 200 MPa but
increased at 400 MPa. This was mostly due to the fact that the
secondary structure of WPI was unfolded at a low pressure,
while the increased pressure facilitated the refolding of protein
molecules and the intermolecular interactions between protein
molecules, which jointly contributed to the formation of the
gel network. This phenomenon was consistent with a previous
report by Acero-Lopez et al. (45) who have reported that
the treatment at 200 MPa converted the secondary structure
of ovotransferrin from a-helix, B-sheet, B-turn, and aggregate
chains into intermolecular B-sheet or aggregated strands, leading
to the rearrangement of ovotransferrin under high-pressure
conditions. With the UHP treatment under 600 MPa, the content
of a-helix and B-sheet was decreased, which could be explained
by the fact that the high pressure damaged the gel network in
emulsions. Moreover, the B-turn and random coil were increased
with the increase of the processing pressure and time, which was
agreed with a previous research of Maria et al. (46).

Compared with WPI emulsions, the WPI/k-CG composite
emulsions showed a relatively small change, and the change
tended to occur under relatively high pressure. For example, the

decrease of a-helix and B-sheet was found until the pressure was
increased to 400 MPa. Besides, under the treatment of 600 MPa,
the a-helix and B-sheet contents showed a trend of decrease-
increase and decrease-increase-decrease, respectively, with the
increase of treatment time. This phenomenon could be ascribed
to the fact that the intermolecular interactions existed in the
WPI/k-CG composite emulsions are not liable to be destroyed
by the UHP treatment since the k-CG molecules were beneficial
to protect the secondary structure of WPL

Fourier Transform Infrared Spectroscopy

The FTIR spectroscopy is often used to analyze the composition
of functional groups and the conformational changes in
biomacromolecules. The conformation and flexibility of
biomacromolecules, such as proteins and polysaccharides, are
responsible for their intermolecular interactions, chemical
properties, and functional properties (47). Figure5 depicts
the FTIR spectra of WPI and WPI/k-CG composite emulsions
with or without the UHP treatment under different processing
pressure and time. For both WPI and WPI/k-CG composite
emulsion gel samples, as the treatment pressure or time
increases, a red shift could be seen in the broad absorption
peaks in 3,200~3,500 cm~! region (amide A band), which is the
characteristic for the intermolecular vibration of hydrogen bond
O-H stretching. Taking WPI emulsion gels as an example, the
absorption peak of the sample without high-pressure treatment
was at the wave number of 3293.02 cm™!, which was shifted
to a higher wave numbers at 3304.35 cm™!, 3394.43 cm ™!, and
3397.17 cm ™! after UHP treatment under 400 MPa for 30 min,
600 MPa for 10min, and 600 MPa for 30 min, respectively.
Therefore, it could be inferred that the UHP treatment could
impact the hydrogen bonding of WPI molecules, weakening
their affinity to water molecules, as well as enhancing the
interactions between WPI molecules. Compared with WPI
emulsion gels, a red shift in the corresponding absorption
peak of WPI/k-CG composite gels could be also observed,
which was mostly due to the hydroxyl vibration of k-CG
(44). Moreover, the sharper absorption peak characterizing
N-H stretching vibration gradually occurred in the spectra
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FIGURE 5 | Fourier transform infrared spectroscopy (FTIR) spectra of samples treated with different pressure and time.

of WPI/k-CG composite gels near the wave number of 3,470
cm~!, which would be blue shifted when the N-H group of
the WPI participated in the formation of hydrogen bond in an
a chain.

It could be observed that the untreated emulsion sample
had a peak at the wavenumber of 1542.27 cm™!, which was
associated with the stretching vibration of C-N group and
bending vibration of N-H group (amide II). After treated
by UHP, a decrease in the intensity of the absorption peak
for amide II occurred. At the same time, the peak at
1648.02 cm™!, which was the characteristic peak of amide
I (C=0 stretching vibration and C-N bending vibration),
was red shifted with a significantly increased intensity. These
phenomena suggested that an increase in the coiled structure
of emulsion gel samples, in other words, a decrease in the
ordered structure, due to the formation of WPI/k-CG complex
(48, 49). According to the report of Timilsena et al. (50)
negatively charged sulfate groups in k-CG were able to combine
with the positively charged amide groups in polypeptide
chains to form polyelectrolyte complexes, leading to higher
amplitudes in amide I. Therefore, it could be deduced that
the k-CG and WPI molecules in composite emulsions were
combined with each other, exerting a synergistic effect on
the formation of the gel structure. As the processing pressure
and time increases, the absorption peak near 1542.27 cm™!

in the amide II region was red shifted, which might be
due to the fact that the hydrophilic groups containing in k-
CG molecules could affect the intermolecular hydrogen bond
between WPI molecules.

Microstructure of Emulsion Gels

The SEM images of emulsion gels were captured using SEM
to characterize their microstructure. As depicted in Figure 6,
for samples without UHP treatment, nanosized particles were
suspended and aggregated in emulsions, forming large particle
aggregations. However, after UHP treatment, clear filament-like
cross-linked structure or spherical aggregate with large cavity
was formed as the processing pressure and time increase. It
could be also observed that the greater the intermolecular bond
and the larger the reactivity of protein side chains, the more
regular the connection of the WPI molecules, in agreement
with several previous reports (51, 52). Previous experiments
have confirmed that the emulsion gel formed under 400 MPa
was softer, moister, and more liquid-like than the emulsion
gel formed under 600 MPa, which could be also explained by
the microstructure of these emulsion gels. The regular three-
dimensional gel network could provide a good support for the
gel structures in emulsions, endowing them with an enhanced
hardness and elastic properties. A large amount of moisture was
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FIGURE 6 | Emission scanning electron microscope (SEM) (A) and confocal laser scanning microscopy (CLSM) (B) images of emulsion gels treated with different
pressure and time. The MCT concentration was 20% (w/w), and the aqueous phase contained 10% (w/v) WPl and 1% (w/v) k-CG. a—d were the images of untreated
and UHP-treated emulsion gel samples under 400 MPa for 30 min, 600 MPa for 10 min, and 600 MPa for 30 min, respectively.

blocked within the pore formed by WPI, hindering the freely flow
of water molecules.

For composite gels containing k-CG, only a low concentration
of WPI was required to form an emulsion gel with relatively
high hardness with the UHP treatment under 600 MPa for
30 min, suggesting that the electrostatic interaction between k-
CG and WPI was beneficial to the formation of gel structure
in emulsions. It could be also found that the gel network
of WPI/k-CG composite emulsion was loose and disordered
with large and uneven cavities. This might be due to the
fact that the gel structure in emulsion gels induced by UHP
treatment depended on the protein unfolding and aggregation
rate. The introduction of k-CG molecules enhanced the viscosity
of emulsions, hindering the movement of protein molecules
and the aggregation of WPI molecules (53). Another possible
explanation might be that the WPI concentration employed in
the composite emulsion gel was not sufficient to form a dense
network structure.

Figure 6B shows the CLSM image of samples with a
magnification of 100x. The MCT was stained with Nile Red
(presenting in blue), whereas the WPI was stained by Nile
Blue (presenting in red). The size of oil droplets was increased
as the processing pressure increases, which indicated that the
UHP treatment contributed to the aggregation and coalescence
of oil droplets. When the processing pressure was higher than
400 MPa, the oil droplets were embedded within a regular
network composed of WPI molecules. Moreover, unlike the
emulsion gel treated under 400 MPa for 30 min, whose gel
network was indistinct, the emulsion gel treated under 600 MPa
for 30 min exhibited a clear structure with obvious boundary.
However, the droplet size was not uniform and large cavities
could be seen, further confirming the results obtained by
SEM observation.

Intermolecular Force of Emulsion Gels
Induced by UHP

In this experiment, three kinds of bond cleavage agents, NaCl,
urea, and propylene glycol were used to destroy the main non-
covalent bonds in emulsion gels. These bond cleavage agents are
able to cause the irreversible molecular rearrangement of WPI,
which was manifested as the texture changes in emulsion gel
samples. The addition of NaCl into emulsion gels introduced
a large amount of Nat, which could adsorb onto the surface
of protein molecules and lead to an electrical shielding effect,
thereby reducing the electrostatic interactions between protein
molecules. Urea was primarily used to destroy the hydrogen
bonds in emulsion gel samples, replacing protein-protein and
protein-water interactions through forming more stable protein-
urea hydrogen bonds; in this case, more hydrophobic residues
were exposed, preventing the formation of gel networks (54). The
propylene glycol was used to inhibit the hydrophobic interaction
in emulsion gels. Since the materials utilized in the current work
(WPI and k-CG) were biological macromolecules, the Van der
Waals force could be ignored (too weak). Although the SD of
the data in this section was relatively large due to the inevitable
systematic errors (e.g., slight thickness difference or sample
tilting when the gel was too soft), significant changes could be
found in the texture of emulsion gels, as shown in Figure 7.

The existence of a low level of ion can effectively weak the
intermolecular repulsion through combining with amino acids
and water molecules. As the NaCl level increases, the strength of
emulsion gels was remarkably increased. However, an extremely
high NaCl level led to the reduction in the attractive forces as well
as the increase in the repulsion or dissociation between protein
molecules, thereby weakening the cross-linking between protein
chains (55). As shown in Figure 7, NaCl with a concentration
of 0.4 mol/L contributed to increase the hardness of emulsion
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FIGURE 7 | Effect of different concentrations of NaCl, urea, and propylene glycol on the texture properties of emulsion gels.
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gels, whereas the hardness was significantly decreased as the NaCl
concentration was further increased. With the addition of urea,
the WPI emulsion gel could remain in its texture. It could be also
observed that the elastic was nearly unchanged in WPI emulsion
gel, but changed obviously in WPI/k-CG composite emulsion gel.
This phenomenon indicated that k-CG promoted the formation
of intermolecular hydrogen bonds, which led to the destruction
of gel structure during the initial compression process in the
TPA measurement mode. Noteworthily, the effect of propylene
glycol on the texture of emulsion gel was most obvious, indicating
that the hydrophobic interaction is the critical factor that
affected the formation of these emulsion gels. Moreover, the
WPI/k-CG composite gel treated with propylene glycol was
excessively soft, even not achieving the requirement for a TPA
measurement, indicating that the hydrophobic interaction is
the most important factor that affects the formation of the gel
structure in composite gels.

In vitro Gastrointestinal Digestion

Figure 8A presents the changes in the droplet size of WPI
and WPI/k-CG emulsion gels after SGF and SIF digestion.
Apparently, whether for WPI or WPI/k-CG emulsion gels, the
UHP treatment samples exhibited a significant decrease in the
droplet size compared to that of untreated samples after SGF
and SIF digestion. It could be also observed that there was
also a significant difference in the particle size of emulsion gels
with different processing conditions. For the same sample, the
increase in both treatment time and pressure led to a decrease
in the droplet size of SGF and SIF digestion juice. One of
possible explanations might be that the UHP treatment led to
a more compact structure in these emulsion gels, which would
further inhibit the digestion. Moreover, the droplet size of WPI
emulsion gels was significantly smaller than that of WPI-k-CG
composite emulsion gels after SGF digestion. On the contrary,
the WPI emulsion gels were determined with larger droplet size
compared with that of WPI-k-CG composite emulsion gels after
SIF digestion. This result might be attributed to the difference in
the droplet size of the untreated WPI emulsion and WPI-k-CG
composite emulsion.

The lipid would be hydrolyzed into diacylglycerols and
monoglycerols during digestion, leading to the release of free
fatty acid (FFA). The released FFA at the oil/water interface
is liable to combine with bile salts and phospholipids to form
micelles. The curcumin in micelles is considered to be solubilized
and bioaccessible. As presented in Figure 8B, the cumulative
release of curcumin in UHP-treated emulsion gels was slightly
decreased compared to that of untreated emulsions. Moreover,
the treatment pressure and time had nearly no effect on the
cumulative release of curcumin in emulsion gels during in vitro

simulated digestion. Interesting enough, the incorporation of k-
CG was confirmed to contribute to the controlled release of
curcumin. Most of the curcumin encapsulated within WPI/k-
CG composite emulsion gels was released in SIF stage, whereas
the majority of curcumin was released during SGF stage in WPI
emulsion gels.

CONCLUSIONS

In this work, the WPI/k-CG composite emulsion gels were
successfully prepared through UHP treatment. The structure
of the emulsion gels was mainly maintained by hydrophobic
interaction and hydrogen bonding. The UHP treatment
can lead to the denaturation of WPI in the emulsion gels.
As the pressure increases, the secondary structure of WPI
undergoes a process of destruction-forming, and the UHP
treatment under a longer time can cause a secondary
destruction. Moreover, k-CG was able to combine with
WPI through electrostatic interaction, protecting the WPI
molecules against denaturation to a certain extent. The
results also confirmed that the UHP treatment significantly
retarded the release of curcumin but was beneficial to the
controlled release of curcumin. These findings not only
developed a non-thermal process to fabricate emulsion gels,
but also provided useful information for the development of
protein/polysaccharide composite emulsion gels as effective
delivery systems for the encapsulation of thermal sensitive
functional components.
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The application of curcumin (Cur) in fat-free food is limited due to its poor water solubility,
stability, and bioaccessibility. In this study, zein-gum arabic-tannic acid (zein-GA-TA)
composite particles with high physical stability were fabricated to deliver Cur (ZGT-Cur).
Their stability and in vitro release properties were also evaluated. The results showed
that the thermal and photochemical stability of Cur was improved after loading into
composite particles. Meanwhile, the retention rate of Cur in ZGT-Cur composite particles
was enhanced compared with Z-Cur or ZG-Cur particles. Fourier transform infrared
(FTIR) spectroscopy confirmed that the hydrogen bond within the particles was greatly
enhanced after the addition of tannic acid (TA). The in vitro antioxidant activity of Cur
in ZGT-Cur composite particles was higher in terms of 2,2’-azino-bis (ABTS) (93.64%)
and 1,1-diphenyl-2-picrylhydrazyl (DPPH) (50.41%) compared with Z-Cur or ZG-Cur
particles. The bioaccessibility of Cur in ZGT-Cur composite particles was 8.97 times
higher than that of free Cur. Therefore, the particles designed in this study will broaden
the application of Cur in the food industry by improving its stability and bioaccessibility.

Keywords: tannic acid, composite particles, stability, curcumin, bioaccessibility

INTRODUCTION

Curcumin (Cur) is a yellow phenolic pigment extracted from the rhizome of turmeric (Curcuma
longa L.) (1). Cur has been utilized as a spice, food colorant, and traditional herbal medicine
in the form of turmeric, and it has been reported that Cur has significant antioxidant, anti-
inflammatory, and anti-aging effects (2). However, poor water-solubility and low bioaccessibility
limit its applications (3). Nanoparticles are effective carriers to improve the water solubility,
stability, and bioaccessibility of Cur (4). Zein is a water-insoluble plant protein with good alcohol
solubility and biocompatibility (5). Zein particles are widely used as carriers of fat-soluble nutrients.

However, zein contains a large number of hydrophobic amino acids, which promote
aggregation through surface hydrophobicity. This may lead to the precipitation
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of zein particles and greatly limits its applications (6). To
overcome this limitation, a combination of zein with a
hydrophilic polysaccharide may represent a valid strategy.
These hydrophilic polysaccharides include gum arabic (GA)
(7), pectin (8), hyaluronic acid, (9), and carrageenan (10). It
has been shown that zein-GA composite nanoparticles had
higher stability over a wide pH range (7). Nevertheless, zein-
GA composite particles were found to be very sensitive to
a micro-environment containing salt ions, and therefore they
easily aggregate and precipitate (11, 12). This was because ions
will weaken the electrostatic interaction between zein and the
GA and lead to the desorption of GA from the zein particles
(13). Therefore, inhibiting the desorption of GA from the
surface of zein particles is an effective strategy to stabilize the
composite particles. As a kind of plant polyphenol, tannic acid
(TA) has good water solubility. TA contains a large number
of hydroxyl groups that have a strong binding ability with
carbonyl groups on proteins (14). In this way, they form relatively
stable hydrogen bonds, crosslinking between different protein
domains (15). The introduction of hydroxyl groups might
stabilize the shell-core structure of composite particles in high
ionic strength environments.

In our previous work, we designed zein-gum arabic-TA (zein-
GA-TA) composite particles with high physical stability based on
the physicochemical properties of TA (16). The introduction of
TA could link the protein part of GA crosslinked with the protein
on the surface of the zein particles through hydrogen bonding.
The designed zein-GA-TA composite particles could be stable
to salt ions due to the introduction of TA. This study aimed to
evaluate the physicochemical stability and bioaccessibility of Cur
after loading into the zein-GA-TA composite particles.

MATERIALS AND METHODS

Materials

Zein, GA, TA, Cur, porcine pepsin (>400 U/mg), and porcine
pancreatin (1,500 U/mg) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Anhydrous ethanol (EtOH) was purchased
from Beijing Chemical Plant (Beijing, China). The 2,2’-azino-bis
(ABTS) and 1,1-diphenyl-2-picrylhydrazyl (DPPH) free radical
scavenging capacity test kits were purchased from Solarbio
Technology Co., Ltd. (Beijing, China), other chemicals were of
analytical grade.

The Preparation of ZGT-Cur Composite

Particles

The composite particles were prepared using the method of Li
et al. (7) with slight modifications. Different amount of Cur
(zein:Cur = 100:1, 50:1, 20:1, 10:1, 5:1, and 2:1, w/w) were added
to the 0.5% zein stock solution and stirred overnight to obtain the
mixed solution of Cur and zein. The above mixture was added
to 200 ml GA solution (zein:GA = 1:2, w/w). EtOH and excess
water were removed by rotary evaporator at 45°C to achieve a
final concentration of 0.5%, and then TA (zein:TA = 5:1, w/w)
was added to the dispersion of ZG-Cur composite particles to
obtain Cur-loaded zein-GA-TA composite particles. The ZGT-
Cur composite particles with different mass ratios of zein and Cur

are named ZGT-Curygg.1, ZGT-Cursg.1, ZGT-Curygy.1, ZGT-
Curyg: 1, ZGT-Curs. 1, and ZGT-Cur; . 1, respectively.

Particle Size, Polydispersity Index, and
¢-Potential

Particle size, PDI, and ¢-potential were measured by a
Nano Zetasizer (Malvern, Instruments, Malvern, UK) (17).
The prepared ZGT-Cur composite particle dispersion solution
(100 1) was diluted 200 times to avoid multiple scattering effects.
The above indices were determined after the sample was balanced
in the instrument for 120's. All samples were measured at 25°C.

Microstructure

The microstructure of samples was observed by a field emission
scanning electron microscope (SEM) (SU8010, Hitachi, Tokyo,
Japan). The freeze-dried sample was coated with gold before
observation to avoid charging under the electron beam, and then
images were collected with a magnification of 100,000 at 10 kV
accelerating voltage (18).

Encapsulation Efficiency (EE, %) and
Loading Capacity (LC, %) of Cur

The EE and LC of Cur in ZGT-Cur composite particles were
measured by spectrophotometry using a spectrophotometer
(UV-8000, Shimadzu Japan) (19). ZGT-Cur samples were
dissolved in 80% (v/v) aqueous EtOH and extracted by ultrasonic
treatment. Then the absorbance of the solution was measured at
425 nm, and the Cur content was calculated according to the Cur
absorbance-concentration standard curve. The EE and LC of Cur
were calculated by Equations (1) and (2), respectively.

EE (%) = (1 — —1

) x 100 (1)
MTotal

my
LC (%) = — x 100 2
(%) Vi (2)

where m; represents the mass of free Cur, mry, represents the
initial total mass of Cur, m, represents the mass of Cur in the
nanoparticles, and M represents the mass of the sample.

Turbiscan Stability and Storage Time
Stability

Turbiscan (Formulaction, L'Union, France) was used to
determine and quantify the instability mechanism of composite
particle dispersion (20). The samples were measured with an
interval of 10 min at 25°C for 24 h.

To evaluate the storage stability of the particles, different
concentrations of ZGT-Cur composite particles were stored at
25°C for 30 days, and their particle size, PDI, and ¢-potential
were measured.

Thermal Degradation of Cur

The samples (10 ml) were put into a transparent glass bottle,
heated in 25, 45, 65, and 85°C water baths for 2 h, respectively,
then the above samples were cooled to room temperature (25°C),
and the Cur content was calculated according to the standard
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curve (21). The retention rate of Cur was calculated according
to Equation (3).

Retention rate after heating (%) = (3)

Residue mass of curcumin
x 100

Initial mass of curcumin

Photodegradation Kinetics of Cur

The samples (10 ml) were added into a transparent glass bottle
and placed in a UV lightbox with a light intensity of 0.35 W/m?
and a constant temperature of 25°C. The residual amount of Cur
in the samples was determined at 0, 30, 60, 90, and 120 min.,
respectively (21). The degradation kinetic parameters were fitted
according to the first-order kinetic Equations (4) and (5) (22).

Ln (C/Cy) = —kt (4)

tip = Ln(2)/k (5)

where C represents the Cur concentration at each time point,
Cp represents initial Cur concentration, k represents the Cur
degradation rate, and t; /, represents the Cur half-life.

Fourier Transform Infrared (FTIR)

Spectroscopy

The FTIR spectra of the samples were determined by an FTIR
spectrometer (Nicolet iS5, Thermo Scientific, USA). Lyophilized
samples (2 mg) were accurately weighed and mixed with 198 mg
potassium bromide (KBr) powder. The mixture was ground into
powder with a mortar, and then the powder was pressed into
uniform transparent disks with a tablet press. Finally, the samples
were measured with a wave-number range of 4,000-500 cm ™!
and a resolution of 4 cm™! (23).

Fluorescence Spectroscopy

The fluorescence intensity of the samples was measured by
fluorescence spectrometry (F-7000, Shimadzu, Japan) (24). The
samples were diluted to a concentration of 0.2 mg/ml with
deionized water before testing. The excitation wavelength
was 280 nm (excitation tryptophan fluorescence), the emission
wavelength range was 280-450 nm, the scan speed was 100
nm/min, the excitation and emission slit width was 5nm, and
deionized water was used as the blank.

X-Ray Diffraction

The X-ray diffraction pattern of the samples was recorded by
an X-ray diffractometer (D2, AXS, Bruker, Germany). The angle
range was 4-50° and the scan rate was 4°/min (25).

In vitro Antioxidant Activity

The samples (0.1 g) were mixed with 4 ml of 80% (v/v) aqueous
EtOH, followed by centrifugation at 1,000 rpm for 30 min, and
then tested with ABTS and DPPH kits (Solarbio, Beijing, China).

Determination of Cur Bioaccessibility

After 6 h in vitro gastrointestinal digestion, the digestive solution
was centrifuged at 18,000 rpm for 1 h, the supernatant micelle was
taken to determine the content of Cur (26). The bioaccessibility
of Cur was determined according to Equation (6).

Mmicelle

Bioaccessibility (%) = x 100 (6)

digest

where Mpjcele is the mass of Cur in the micelle, and Mgjges; is the
mass of Cur in the digest.

Statistical Analysis

SPSS statistics 24 software (SPSS Inc., Chicago, IL, USA) was
used for one-way ANOVA, and Duncan’s test was used to analyze
the significance of the difference between multiple groups of
samples. The significance level was p < 0.05. All experiments
were conducted in triplicate, and the results were expressed by
mean £ SD.

RESULTS AND DISCUSSION

Particle Size, PDI, and ¢-Potential of

ZGT-Cur Composite Particles

The particle size, PDI, and ¢-potential of ZGT-Cur composite
particles under different mass ratios of zein and Cur are shown
in Figures 1A,B. When the ratio of zein:Cur was reduced from
100:1 to 2:1, the size of the ZGT-Cur composite particles was
increased from 137.3 £ 2.20 nm to 145.93 % 6.5 nm, but did not
show a significant difference (p > 0.05). The molecular weight
of Cur was small, and the addition of Cur did not affect the
particle size of the composite particles (27). The trend of PDI was
similar to that of the particle size, and the dispersions containing
Cur were homogeneous colloidal systems. The mass ratio of zein
to Cur had no significant effect on the ¢-potential of ZGT-Cur
composite particles (Figure 1B), which agreed with the results
reported by Chen et al. (13). The above results indicated that
the ratio of zein to Cur had no impact on the particle properties
of ZGT-Cur.

Microstructure of ZGT-Cur Composite

Particles

The effects of zein and Cur with different mass ratios on the
microstructure of ZGT-Cur are observed by SEM, as shown
in Figure 2. When the mass ratio of zein to Cur was reduced
from 100:1 to 2:1, the particle size and micromorphology of
ZGT-Cur composite particles show no statistical difference.
However, the dimensions shown in Figure 2 differ somewhat
from those measured using dynamic light scattering (DLS). This
phenomenon may be due to the different detection principles of
DLS and SEM. DLS provides the hydration diameter of particles
in solution, whereas that obtained by SEM shows the images of
the dried particles (28). This is consistent with that described in
other literature (29). The particles readily aggregated during the
drying process. The results of the microstructure also confirmed
that the ratio of zein to Cur had no effect on the particle size
of ZGT-Cur.
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EE (%) and LC (%) of Cur

The EE and LC are often used to evaluate the application
potential of the carrier delivery system. Figure 3 shows the EE
and LC of Cur in the ZGT-Cur composite particles. The EE of
the composite particles showed a decreasing trend as the mass
ratio of zein to Cur decreased (Figure 3). The excessive addition
of Cur exceeded the encapsulation ability of the composite
particles, resulting in a decrease in EE (10). When the mass
ratio of zein to Cur was 100:1, the EE and LC were 93.32
£ 0.29% and 0.62 £ 0.01%, respectively. However, when the
mass ratio of zein to Cur was 2:1, the EE was decreased to
67.63 = 0.06%, and the LC was increased to 4.38 £ 0.13%.
As the addition of Cur was increased, the LC of the composite
particles was also increased, which is consistent with the results
of Chen et al. (30).

Storage Stability of Composite Particles
Figure 4 shows the backscattered light intensity of ZGT-
Cur, Z-Cur, and ZG-Cur. As can be seen from Figure 4,
the slight increase of backscattered light intensity of
Z-Cur and ZG-Cur particles at the bottom and on
the top of the bottle indicated that a small number
of particles have gathered. The backscattered light
intensity of ZGT-Cur composite particles did not change
significantly, indicating that the particles did not precipitate
or aggregate.

Figure 5 shows the particle size of ZGT-Cur, Z-Cur, and ZG-
Cur during storage for 30 days. The particle sizes of ZGT-Cur,

Z-Cur, and ZG-Cur composite particles were significantly
different (p < 0.05; Figure5). The size of Z-Cur particles
was increased from 96.94 &+ 0.26nm at 0 day to 1,544.00
+ 228.11nm at 30 days (p < 0.05) and precipitation was
observed at the same time. The size of the ZG-Cur particles
was increased from 105.13 £ 0.68 nm to 263.10 £ 3.12nm (p
< 0.05). The stability of the nanoparticles was destroyed to
some extent during storage, and the increase in particle size
during storage was due to particle aggregation and expansion
(31). However, the size of the ZGT-Cur composite particles
did not change significantly during storage, and the particle
size of ZGT-Cur was 123.97 £+ 1.27nm at 30 days. The
above results showed that the stability of ZGT-Cur was better
than Z-Cur and ZG-Cur, and TA had a certain ability to
resist aggregation.

Thermal Degradation of Cur

Thermal treatment is an important procedure in food processing.
Heat treatment has an important effect on the content of
functional components (32). As can be seen from Figure 6, the
retention rate of Cur in all samples has decreased gradually as
the heating temperature is increased. The retention rates of free
Cur at 45, 65, and 85°C were 93.1, 89.1, and 73.9%, respectively.
When GA was included in the particles, the retention rates of
Cur in ZG-Cur were improved from 77.6 to 83.0% at 85°C.
It has also been reported that the addition of polysaccharides
can improve the retention rate of Cur (21). When TA was
added, the retention rates of Cur in ZGT-Cur composite particles

100 - a b P LC 5
i / W JEE
80 - 4 4
S f
60 13 =
—
Sa)
m —
40 42
20 41
0 T f f T T T 0
100:1 50:1 20:1 10:1 5:1 231
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FIGURE 3 | Encapsulation efficiency and loading capacity of curcumin (Cur) in ZGT-Cur composite nanoparticles at different mass ratios of zein to curcumin.
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were further improved to 98.8, 97.67, and 94.3% at 45, 65, and
85°C, respectively. The above results showed that TA could
improve the thermal stability of Cur in ZGT-Cur composite
particles. Similar results can also be observed in a previous
study (33).

Photodegradation

As shown in Figure 7, the first-order kinetic curves of each
sample are different. The fitted curves of Cur, Z-Cur, and ZG-
Cur composite particles had larger slopes, while the fitted curve
of ZGT-Cur composite particles had a smaller slope and the
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retention rates of Cur in composite particles.

curve was less steep. This indicated that the degradation rate
of Cur in the ZGT-Cur composite particles containing TA

was slower.
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The coefficient of determination (R2) of the fitting curve of
each sample was >0.95, and the degradation rate of Cur for each
sample was between 0.00030 and 0.00118 min~! (Table 1). The
degradation rate of free Cur was 0.00118 min~!, and the half-life
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was 586 min. When Cur was encapsulated by zein, the half-life
of Cur in Z-Cur increased significantly to 621 min (p < 0.05).
The aromatic groups and disulfide bonds in zein molecules can
absorb UV light, thus enhancing the UV-light resistant ability
of Cur (34). When zein was further encapsulated with GA, the
degradation rate of Cur in ZG-Cur was slowed down and the
half-life was increased significantly to 680 min (p < 0.05). This

TABLE 1 | Parameters of the first-order model for curcumin degradation during
UV irradiation.

was because the addition of GA provided more physical barriers
for Cur. Similar findings were also reported by Yu et al. (35)
who pointed out that Cur encapsulated in composite particles
showed better photostability. The half-life of Cur in ZGT-Cur
composite particles was 2,312 min, which was 2.9 times that
of ZG-Cur composite particles. These results indicated that the
degradation rate and half-life of Cur can be significantly slowed
down by encapsulation and the UV stability of Cur can be further
improved when TA is included in the composite particles. Similar
results were reported for the UV-light resistant ability of Cur,
which was also improved after embedding (21).

FTIR Spectroscopy Analysis

2 i in—1 =i i i . . . . .
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indicating that Cur was encapsulated by the biopolymers. TA
had a characteristic peak at 3,377 cm~! and ZG-Cur composite
particles had a wide peak at 3,346 cm™!. However, ZGT-Cur
composite particles containing TA had an absorption peak
at 3,362 cm~!, indicating that TA and ZG-Cur were bound
by hydrogen bonding (36). The introduction of TA did not
change the N-H and C-N tensile vibration of zein and ZG-Cur
secondary amide groups at 1,542 cm™!, indicating that TA did
not affect the secondary structure of zein. ZGT-Cur contained the
characteristic peak of GA at 1,074 cm ™!, but did not contain the
characteristic peak of TA at the wavelength of 1,534-1,712 cm ™!,
Therefore, it was speculated that TA was wrapped inside by GA
and interacted with the zein.

Fluorescence Property

As shown in Figure 8B, zein has a strong fluorescence intensity
at 300 nm. Compared with zein, the fluorescence intensity of
zein-GA composite particles was decreased, indicating that the
combination of GA to zein was reduced the fluorescence intensity
of zein. When loading Cur by zein or zein-GA, a decrease of zein
fluorescence intensity was also observed, which also showed that
there was a combination of zein, GA, and Cur. The fluorescence
quenching of the tyrosine of zein was caused by the specific
interaction between the fluorophore and Cur (24). However,
compared with the effect of GA on zein fluorescence intensity,
Cur had a greater effect on the zein fluorescence intensity. The
result indicated that the interaction force between zein and Cur
was stronger. After TA was added to ZG-Cur, the fluorescence
intensity of ZGT-Cur composite particles was further reduced
at 300 nm and a new emission peak was generated at 360 nm,
which again showed that TA bound to zein. Hydrogen bonds
were formed mainly between the phenolic hydroxyl group of TA
and the amide group of the protein (37).

X-Ray Diffraction

The physical state of Cur before and after embedding can be
detected by X-ray diffraction. As shown in Figure 8C, there are
two wide diffraction peaks appearing at 26 = 9.5° and 26 = 19.7°
in the XRD profile of zein, and TA had a wide diffraction peak
at 25.2° indicating that zein and TA are amorphous structures.
However, the characteristic diffraction peaks of Cur did not
appear in the X-ray diffraction spectra of ZGT-Cur, ZG-Cur, and
Z-Cur composite particles, and the peak intensity produced by
the composite particles was very weak. The above results showed
that the structure of Cur changed from crystalline to amorphous,
indicating that the interaction between Cur and the composite
particles had an impact on the crystal form. Similar findings were
also found in the study of zein-carrageenan particles embedded
with Cur (38).

In vitro Antioxidant Activity

In this study, the free radical scavenging abilities of six
different composite particles were evaluated. The DPPH radical
scavenging rates of Z-Cur and ZG-Cur were 4.26 and 3.29%,
respectively (Figure 9). The DPPH free radical scavenging rate
of ZGT-Cur composite particles was hugely raised to 50.41% (p
< 0.05). The trend of the ABTS radical scavenging ability of
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FIGURE 10 | Bioaccessibility of curcumin (Cur) in composite particles.

the composite particles was similar to that of the DPPH radical
scavenging ability. It had been shown that encapsulation of Cur
with nanoparticles was an effective way to improve its antioxidant
capacity, because the composite particles promoted the structure
of Cur conjugated diene and provided protons for free radicals
(39). The content of Cur within the composite particles was
similar, therefore, the addition of TA can improve the antioxidant
capacity of Cur-loaded composite particles. Meanwhile, TA and
Cur might have an antioxidant synergistic effect. As previously
reported, TA-crosslinked nanoparticles enhanced the antioxidant
capacity of eugenol (33).

In vitro Bioaccessibility
Cur is highly hydrophobic so that it can only be absorbed
after dissolution in gastrointestinal fluid. The gastroenteric fluid
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contains surfactants, bile salts, and enzymes that together form
mixed micelles during the dissolution of Cur (40). As can be
seen from Figure 10, after 6 h of simulated in vitro digestion, the
bioaccessibility of free Cur is 3.78%. When Cur was embedded
with zein, the bioaccessibility of Cur was increased to 9.62%.
After embedding Cur with zein-GA composite particles, the
bioaccessibility of Cur was further improved to 13.38%, which
was 2.54 times higher than that of free Cur. When TA was
added, the bioaccessibility of Cur in ZGT-Cur composite particles
was increased to 37.67%. It could be that the hydrogen bond
interaction between TA, zein, GA, and Cur can make more
Cur exist in ZGT-Cur composite particles, and the stable carrier
structure can play a key role in controlled release. It was
found that the combination of TA and pectin may enhance
the absorption of Cur by inhibiting the function of osmotic
glycoprotein (41).

CONCLUSION

In this article, Cur-loaded zein-GA-TA composite particles
were prepared, and the particle characteristics, bioaccessibility,
and antioxidant properties of ZGT-Cur composite particles
were studied. As expected, the ZGT-Cur composite particles
significantly improved the physical stability, antioxidant activity,
thermal, and photochemical stability of Cur, compared to
Cur-loaded in zein or zein-GA particles. Overall, ZGT-Cur
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In this study, a novel emulsion, thymol (Thy) and lauric acid (LA) emulsion (Thy/LA-
Emulsion) was prepared by homogenizing eutectic solvent (Thy/LA mixture) and
caseinate solution. The effects of different thymol and lauric acid mass ratio on the
formation, stability, and antibacterial activity of emulsions were studied. Compared with
thymol alone, adding lauric acid (25, 50, and 75%) could enhance the antibacterial
efficacy of the emulsions. Among them, Thy/LAsse,-Emulsion could be stored at
room temperature for a month without the increase of particle size, indicating
that the addition of LA had not impacted the stability of emulsions. Meanwhile,
Thy/LAose -Emulsion exhibited a greater inhibition zone (3.06 4+ 0.12 cm) and
required a lower concentration (0.125 mg/mL) to completely inhibit the growth of
Listeria monocytogenes. Consequently, Thy/LAosse,-Emulsion demonstrated the best
antibacterial activity and physicochemical stability due to its long-term storage stability.
Our results suggest that Thy/LAssq,-Emulsion may become a more functional natural
antibacterial agent with greater commercial potential owing to its cheaper raw materials,
simpler production processes, and better antibacterial effect in the food industry.

Keywords: Thymol, lauric acid, emulsion, Listeria monocytogenes, antibacterial

INTRODUCTION

Approximately 600 million consumers get sick from the food contaminated by foodborne
pathogens alone according to recognized outbreaks every year (1). Among the common foodborne
pathogen infections, Listeria monocytogenes in bacteria has the highest fatality rate, which is up
to 20-30% (2, 3). Consequently, it is essential to adopt effective measures to prevent foodborne
illnesses caused by pathogens. Antibacterial agents with broad-spectrum and high-efficiency
bactericidal effects are one of the hotspots of current research studies. However, the most commonly
used kind of antibacterial agents, synthetic ones, still face a wide range of disadvantages, such as
toxic residues, environmental pollution caused by their slow biodegradation, the high cost-benefit
ratio, and the risk of microbial resistance (4, 5). Nowadays, consumers prefer natural antibacterial
agents as substitutes for chemical preservatives to inhibit bacteria and the studies on developing
natural antibacterial agents are still in great demand.
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Essential oils (EOs), volatile odoriferous oils, one of the
alternatives to chemical preservatives, are aromatic oily liquids
originated from a variety of plants, which possess diverse
properties, including antibacterial, antifungal, antiviral, anti-
inflammatory, antioxidant, and insecticidal activity (6-10).
Earlier, EOs were acquainted with potential natural antimicrobial
agents and were recommended as “natural food additives” in
food preservation. Nowadays, EOs are used as preservatives in
the food industry to extend the shelf life of food (11). Thymol
(2-isopropyl-5-methylphenol), a natural essential oil and
phenolic compound, is a component derived from some
medicinal plants, such as Thymus, Origanum, and Coridithymus
(12). Thymol (Thy) has been proved to display considerable
antibacterial activity against various bacteria and yeasts by
disrupting bacterial membrane, leading to bacterial lysis and
leakage of components inside microbial cells, resulting in
cell death (13). Therefore, Thy was selected to develop an
antibacterial agent in this study. Nevertheless, the utilization of
Eos, especially Thy, in the food industry is partially limited owing
to their poor solubility (14, 15) and instability (16) when exposed
to light, oxygen, high temperature, and moisture, which might
contribute to the degradation of EOs during the processing,
transportation, storage, and consumption, or even a risk of
forming toxic derivatives (17). Another reason that hinders
the extensive utilization of EOs is that the antibacterial effect
of a single kind of EOs is usually limited, and when sufficient
amounts are added to exert potent antibacterial effects, they can
affect food quality and lead to negative sensory effects (18).

To reduce the concentration of EOs without compromising
their antibacterial ability, several synergies of diverse antibacterial
compounds with EOs has been widely discussed, such as the
synergistic effects of various EOs (19, 20), EOs and antibiotics (12,
21, 22), EOs and other antimicrobial agents [drugs (23), medium-
chain fatty acids (MCFs) (24), polyphenols (25), etc.]. Among
them, the MCFs are saturated fatty acids with 6-12 carbon
atoms, including octanoic acid, capric acid, and lauric acid,
which exist in nature in the form of medium-chain triglycerides,
mainly in breast milk, milk and its products, coconut oil and
palm oil, and little in other natural foods (26). Accompanied
with antibacterial ability, MCFs have been demonstrated to
restrain diverse foodborne pathogens, including Escherichia coli,
Salmonella, and Staphylococcus aureus (27-29). According to a
previous study (24), the synergistic activity of MCFs and EOs
can not only enhance their antibacterial effect, but also lessen
its unique odor and irritation by replacing a portion of EOs,
and meanwhile minimize the loss of nutrients and quality of
food by decreasing the number of antibacterial agents. Moreover,
it is more in line with the prevailing market in terms of
economic benefits because of the relatively lower price of MCFs.
Nevertheless, the problems of poor solubility and instability of
EOs remain unsolved by synergy with MCFs.

Several encapsulation systems (30, 31) have been developed
to conquer the problem, such as liposomes, polymer particles,
solid lipid nanoparticles, cyclodextrin, emulsions, and nanofibers.
Using emulsions to encapsulate EOs is one of the feasible ways
to widen their application, where the emulsions are claimed to
be able to control release, target transport, and improve the

solubility and stability of EOs (32, 33). In addition, emulsions
can offer high drug-loading efficacy, which fits well with the
prevailing market demand as the number of active substances
in the antibacterial delivery system should be maximized. To the
best of our knowledge, there are no previous reports concerning
the influence of lauric acid (LA) on the formation, stability, and
antibacterial activity of Thymol-based emulsions.

In this study, we attempted to resolve this dilemma by
developing a novel emulsion, that is, by homogenizing the
Thymol/Lauric acid (Thy/LA) solutions with caseinate solutions.
And the optimal ratio of Thy/LA and their optimal proportion
in the oil phase were selected. Finally, the impact of different
mass Thy/LA ratios on emulsion stability and antibacterial
effect was evaluated.

MATERIALS AND METHODS

Materials

Thymol (98%) and lauric acid (98%) were purchased from
Aladdin Biochemical Technology Co., Ltd (Shanghai, China).
Sodium caseinate (NaCS) was provided by Sigma Chemical
Company (St. Louis, MO, United States). Yeast extract and
tryptone were donated by Oxoid (Beijing, China). Agar powder
was obtained from Solar Science and Technology Company
(Beijing, China). All other reagents used were of analytical grade.

Preparation of Thy/LA-Emulsion

Briefly, 2 wt% NaCS solution was obtained by adding NaCS$
powder into phosphate-buffered solution (5 mM, pH 6.5) and
then kept stirring for 4 h at room temperature. Thy and LA were
mixed at different mass ratios (The ratios of LA are 0, 25, 50,
75, and 100 wt%.). Afterward, the mixtures were obtained by
stirring at 65°C until a homogeneous liquid was formed. The
final oil phases were prepared by mixing Thy/LA solutions and
corn oil in various ratios (The ratios of corn oil are 0, 10, 20,
40, and 60 wt%.). The Thy/LA crude emulsions (® = 10%) were
fabricated by stirring at 12,000 rpm for 3 min with a high shear
dispersive machine (ULTRA TURRAX T18 Digital, IKA, Staufen,
Germany). The final emulsion was obtained after passing through
a microfluidizer (M-110EH30, Microfluidic Corp., Newton, MA,
United States) at 70 MPa two times. In addition, the oil phase of
the control group was prepared by mixing Thy and corn oil at
corresponding mass ratios.

Determination of Characterization of
Thy/LA-Emulsion

The mean particle diameters (d3,2) and particle size distribution
of the emulsions were measured by a laser diffraction instrument
(Mastersizer 3000, Malvern Instruments Ltd., Worcestershire,
United Kingdom) according to our previous method (34).
The operating parameters used were as follows: lights
obscuration was from 8 to 13%; the stirring speed was set
as 3,500 rpm/s. Phosphate-buffered solution (5 mM, pH 6.5) was
used throughout the test.

The ¢-potential of the emulsions was measured by using
dynamic light scattering and electrophoresis (Nano ZS, Malvern
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Instruments, Worcestershire, United Kingdom) at 25°C. The
emulsions were diluted 10-fold by using phosphate-buffered
solution (5 mM, pH 6.5) to obtain an appropriate light intensity
for reliable measurements.

Determination of Thermal Property of
Thy/LA-Emulsion

According to a previous method (35), differential scanning
calorimetry (DSC X7000, Hitachi, Japan) was used to characterize
the phase transitions during the melting process of Thy/LA mixed
solution. By freeze-drying Thy/LA mixed solution, the powder
was collected as the sample. The powder (1.8 mg) was weighed
into an aluminum sample pan. The aluminum sample pan was
heated from —10°C to 80°C at 10°C/min.

Cryo-Scanning Electron Microscope
According to a previous method (36), the effect of LA addition on
microstructure of Thy/LA-Emulsion was determined using cryo-
scanning electron microscope (cryo-SEM) (HATACHI SU8010).
The emulsions with conductive carbon glue were placed on
a table, coated, frozen in liquid nitrogen slush, and then
sublimated and gold-plated by using the cryogenic preparation
and transmission system. The operating conditions of SEM were
as follows: temperature, —140°C; accelerating voltage, 5 kV.

Determination of in vitro Antibacterial
Activity

Microorganisms

Two kinds of typical foodborne gram-negative bacteria
[Escherichia coli, (10003, E. coli) and Salmonella enterica subsp.
enterica serovar Typhimurium (22956, S. Typhimurium)] and two
kinds of typical foodborne gram-positive bacteria [Staphylococcus
aureus (21600, S. aureus) and Listeria monocytogenes (21635,
L. monocytogenes)] were used to evaluate the antibacterial activity
of the emulsions. The stock cultures were transferred 50 .l into
5 ml sterile Luria-Bertani broth (LB), which were revived at
37°C for 24 h to 10~? cfu/ml. The cultures were diluted to 10™*
to 107¢ cfu/ml before use.

Determination of Minimum Inhibitory Concentrations
and Minimum Bactericidal Concentrations

The minimum inhibitory concentrations (MICs) and minimum
bactericidal concentrations (MBCs) of all Emulsions and Thy/LA
mixed solution were determined by 96-well plate microdilution
method based on a previous method (37). The different
proportions of emulsion were diluted to 0.016-2 mg/ml in sterile
LB, and Thy/LA mixed solutions were diluted to 0.0078-1 mg/ml
in sterile LB quickly after heating, which were all prepared in a
96-well plate by an identical twofold serial dilution. Then 100 1
bacterial inoculum was added to each well, and the 96-well plates
were incubated at 37°C for 24 h. The MIC was defined as the
lowest concentration of an emulsion that inhibits the visible
growth of bacteria. To determine MBC, 100 pl of culture broth
with invisible growth was taken from each well and transferred
to Luria-Bertani agar plate, and then incubated at 37°C for 48 h.

The MBC was defined as the lowest concentration that bacteria
did not grow at all on the agar surface.

Determination of the Zone of Inhibition

The zones of inhibition of all emulsions were measured by the
Oxford cup method (38). Initially, 20 ml Luria-Bertani agar was
poured into a 90-mm sterile Petri dish. After solidification, the
diluted test strains (1 ml) were transferred into the agar surface
and distributed evenly over the agar surface by a sterile bent glass
rod. Then, 100 pl emulsion was taken and transferred into the
sterilized Oxford cup (6 mm) that was located in the center of
the dish. After standing for 5 min, the dish was incubated at
37°C for 48 h. The zone of inhibition (mm) was measured by a
Vernier micrometer.

Determination of Growth Curve

To study the growth curves of all emulsions, the aerobic plate
count was employed (39). Overnight test strains were diluted and
transferred into sterile LB in sterile centrifuge tubes. Afterward,
the emulsion was added to the tube at concentrations of 0, 2
MBC, MBC, 1/2 MBC, and 1/4 MBC. After incubating at 37°C,
the mixtures were taken and transferred into the agar surface at 0,
4,8, 12, and 24 h, respectively. After incubating at 37°C for 24 h,
the colony number was calculated to draw the growth curve of
Thy/LA-Emulsion.

Statistical Analysis

All experiments were repeated at least three times. The mean and
standard deviation were analyzed by statistical analysis software
(SSPS, version 17.0). Statistical differences between experiments
were detected by the least significant difference test (p < 0.05).

RESULTS AND DISCUSSION

The Characterization and Antibacterial

Activity of Thymol/Lauric Acid Mixture
Initially, the effect of Thy/LA mass ratio (The ratios of LA are
0, 25, 50, 75, and 100%.) on appearance, thermal properties by
using differential scanning calorimetry (DSC) and antibacterial
activity of Thy/LA was evaluated. The appearance of Thy/LA
at different mass ratios is displayed in Figure 1. The state of
mixtures depended on different mass Thy/LA ratios at room
temperature, where Thy/LAj59, was a clear and transparent liquid
and Thy/LAsgy and Thy/LA75¢, were solid-like. These results
are consistent with DSC thermograms exhibited in Figure 1. All
mixtures displayed a single endothermic melting peak, and their
melting point decreased as the content of LA decreased, which
was lower than LA alone or Thy alone. This suggests that Thy
and LA mutually inhibit crystallization, thus reducing the melting
point of the mixed system, indicating that they have formed an
eutectic solution rather than a simple eutectic mixture (40).

The antibacterial effects of Thy and LA with different
proportions are illustrated in Table 1. At a concentration
of less than 1 mg/ml, LA using alone did not show any
antibacterial effect on four bacteria, while Thy exhibited a
strong antibacterial effect on them, indicating that Thy had a
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FIGURE 1 | Differential scanning calorimetry (DSC) thermograms of
thymol/lauric mixture (Thy/LA) with different mass ratios and the appearance
of thymol/lauric acid mixture with different mass ratios at room temperature.
All line colors correspond to the samples. n = 3.

TABLE 1 | The minimum inhibitory concentration (MIC) and minimum bactericidal
concentration (MBC) of different mass thymol/lauric acid ratios against four
foodborne pathogens n = 3.

Bacteria Thy Thy/LAss¢, Thy/LAsge, Thy/LAzs¢, LA
Listeria MIC(mg/mL) 0.25  0.0625 0.0625 0.25 -
monocytogenes

MBC(mg/mL) 0.5 0.125 0.125 0.5 -
Escherichia coli ~ MIC(mg/mL) 1 1 1 - -

MBC(mg/mL) 1 1 1 - -
Staphylococcus  MIC(mg/mL) 0.5 0.25 0.5 0.5 1
aureus

MBC(mg/mL) 1 0.5 0.5 1 -
Salmonella MIC(mg/mL) 1 0.5 0.5 1 -

MBC(mg/mL) 1 1 0.5 - -

“~ jllustrates that MIC or MBC are above 1 mg/ml.

better antibacterial effect than LA, and Thy was the principal
antibacterial agent of the mixture. Compared with two Gram-
negative bacteria, Thy showed a stronger antibacterial effect
on two Gram-positive bacteria, among which the antibacterial
effect against L. monocytogenes was best, so did Thy/LA.
Moreover, the antibacterial effect against L. monocytogenes of
Thy/LA with different proportions was comparable or better than
those of LA and Thy alone. The MIC values for Thy/LAjs9
(0.0625 mg/ml) and Thy/LAspy (0.0625 mg/ml) were lower
than LA (>1 mg/ml) and Thy (0.25 mg/ml) alone. The MBC
values for Thy/LAj50, (0.25 mg/ml) and Thy/LAsg (0.25 mg/ml)
were lower than LA (>1 mg/ml) and Thy (0.5 mg/ml) alone,
which were equivalent to a quarter of Thy alone, indicating that
Thy/LAjs59 and Thy/LAsgy, demonstrated more effects against
L. monocytogenes. This result ties well with a previous study (24)

wherein Thy and LA exhibited stronger antibacterial effects than
Thy or LA alone in certain proportions. According to previous
studies (41, 42). Thy, as a hydrophobic substance, easily interacts
with the phospholipid bilayers of bacteria to increase membrane
permeability, which will lead to the leakage of components inside
microbial cells, resulting in cell death. LA is also an amphiphilic
substance, which can damage the cell membranes of Gram-
positive bacterial (43). A possible explanation might be that the
antibacterial effect of LA and Thy is not a simple superposition,
but a synergistic effect (24), which may be because it acts
on different sites of the cell membrane to increase membrane
permeability, enhancing the antibacterial effect.

Owing to the remarkable antibacterial effect, LA with the ratio
of 25 and 50% was selected to perform the following experiments,
and L. monocytogenes was also selected to detect the bacteriostatic
effect of the samples.

Preparation, Characterization, and

Stability of Thy/LA-Emulsion

The impact of the proportion Thy/LA in the oil phase (The ratios
of LA are 0, 25, 50, 75, and 100 wt%.) on the mean particle
diameter, stability, and microstructure by using cryo-SEM of the
emulsions was evaluated. According to previous studies (32, 44),
EOs are susceptible to Ostwald ripening (OR) causing instability
in emulsions. OR is a common phenomenon in EO emulsions,
based on the diffusion of components of dispersed phase from
smaller to larger droplets through a continuous phase, leading
to droplet growth, creaming, and oiling off. In several feasible
solutions (37, 45), the simplest and most effective measure was to
modify the oil composition by incorporating ripening inhibitors
(corn oil) before homogenization to inhibit the OR. To increase
the stability of the emulsion, corn oil was added to the oil phase
to prepare emulsion, and the impact of LA on the physical
stability of thymol-based emulsion was also studied. First, a
series of emulsions (@ = 10%) with different mass Thy/LA or
Thy and corn oil ratios were prepared [corn oil (%):Thy/LA
(%) or Thy alone (%) = 0:100, 10:90, 20:80, 40:60, 60:40]. After
homogenization, the emulsions were stored for 3 days at room
temperature, and their mean particle sizes were measured in
Figure 2. A downward trend can be seen, where the mean particle
size of the samples decreased as a higher proportion of corn oil
added in the oil phase. The particle size of the emulsion prepared
by the oil phase using only Thy (0% corn oil) was large and the
emulsion was highly unstable as oil separation occurred in the
emulsion after 1-week storage (Figure 2). The phase separation
happened in Thy/LA5¢,-Emulsion and Thy/LAsg¢-Emulsion as
well. The results are in line with previous research studies (46).
Chang et al. investigated the impact of cationic surfactants (lauryl
arginate) on the physical properties and antibacterial efficacy of
thyme oil nanoemulsions. It was also found that the emulsions
were highly unstable and rapidly separated at higher thyme oil
levels (>80 wt%), but emulsions with better stability could be
attained by incorporating a ripening inhibitor (corn oil) to the oil
phase before homogenization. This illustrates that the addition of
corn oil does increase the stability of emulsions by inhibiting OR.
There was a steep reduction in mean particle size of 0-20 wt%
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FIGURE 2 | Effect of corn oil concentration (0-60 wt%) on the mean particle sizes of Thy/LAosq,-Emulsion, Thy/LAsge,-Emulsion, and Thy-Emulsion. The photo in

corn oil and a relatively gentle reduction in mean particle size of
20-60 wt% corn oil of all emulsions, indicating that all emulsions
were more stable when the quantity of corn oil between 20
and 60 wt% in the oil phase, and the stability of emulsion was
unaffected by the addition of LA. Prior research (32) has shown
that the more corn oil is added, the more the antibacterial efficacy
of emulsions is reduced. All in all, a ratio [corn oil (%):Thy/LA
(%) or Thy (%) = 20:80] was selected for storage research and
antibacterial experiments.

The mean particle size of three emulsions after 1-month
storage at room temperature is shown in Figure 3. The mean
particle size of emulsions is one of the critical factors to evaluate
their physical stability (47). The mean particle size of Thy/LA359,-
Emulsion and Thy-Emulsion did not appreciably change,
illustrating that once an adequate quantity of ripening inhibitor
is incorporated into the oil phase before homogenization,
emulsions are highly stable against droplet growth over a period
of time (48). These results are consistent with the volume fraction
distribution of the particle size of Thy-Emulsion and Thy/LA50-
Emulsion exhibited in Figure 4. The volume fraction distribution
of the particle size of Thy-Emulsion and Thy/LA5¢,-Emulsion
were unimodal, and Thy-Emulsion and Thy/LAj5¢,-Emulsion
were stable after 28 days of storage. The mean particle size
of Thy/LAspg-Emulsion increased from 1.44 £ 0.16 pm to
2.53 £ 0.08 wm after 1 week, and solidification appeared on the
surface in the second week. Consequently, to ensure the storage
stability of the emulsion, LA with the ratio of 25% was selected to
perform the following experiments.

The ¢-Potential of an emulsion is generally related to
the net surface electrical charge on the emulsion droplets
and the stability of the emulsion (49, 50). The average

¢-potential values of Thy-Emulsion and Thy/LAj59-Emulsion
were —33.47 £ 0.78 mV and —42.77 + 0.81 mV, respectively.
When pH was 6.5, which was higher than the isoelectric
point of casein (pH 4.6), casein had a strong negative net
charge (51). The emulsion droplets had a higher negative
charge due to the absorption of casein at the oil-water (O/W)
interface, so the ¢-Potentials of Thy-Emulsion and Thy/LAjs50-
Emulsion are negative. Moreover, with the addition of LA,
the absolute value of zeta-potential of emulsion increased and

3.0
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—®—Thy/LA,;.,-Emulsion
—#— Thy/LA.,-Emulsion
2.5
g
N
5
g 2.0 4
a)
[ |
164/ — | T— |
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0 it 14 21 28
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FIGURE 3 | Changes of the mean particle sizes of Thy/LAxs0,-Emulsion,
Thy/LAsp9,-Emulsion, and Thy-Emulsion during storage for 4 weeks. As
solidification appeared on the surface of Thy/LAsge,-Emulsion in the second
week, particle size could not be measured. n = 3.
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the Thy/LAj5¢-Emulsion might have higher stability than Thy-
Emulsion. It has been reported that emulsions with higher zeta-
potential exerted stronger electrostatic interaction and greater

These results signified that Thy/LAjs5¢-Emulsion exhibited a
stronger antibacterial effect than Thy-Emulsion, indicating that
the antibacterial effects of Thy and LA still demonstrate a
synergistic effect in the emulsion delivery system (24). The
concentration of Thy (Figure 7A) or Thy/LA (Figure 7B)
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FIGURE 7 | The growth curves of Thy-Emulsion (A) and Thy/LAsxs4,-Emulsion
(B) incubated for 24 h at 37°C and (C) the number of colonies formed in
Thy-Emulsion and Thy/LAos9,-Emulsion after 24 h (the concentration of Thy or
Thy/LA ranged from 0.625 to 0.5 mg/mL). The solid line represents the Oth
day, and the dashed line represents the 30th day. n = 6.

in the oil phase ranged from 0.625 mg/ml to 0.5 mg/ml,
and the higher the concentration of Thy or Thy/LA in the
oil phase, the better the antibacterial effect of the emulsions
possessed. After 24 h of cultivation, when the concentration
of Thy or Thy/LAjsq, was 0.125 mg/ml, the number of
colonies in the Thy-Emulsion formed in the agar increased
from approximately 9.0 x 10* cfu/ml to 4.9 x 107 cfu/ml,
while the number of colonies in the Thy-Emulsion formed in
the agar decreased from approximately 9.0 x 10* cfu/ml to
3.2 x 10* cfu/ml. The number of colonies in Thy-Emulsion
formed in agar was approximately 10* times more than it was in
Thy/LAj59-Emulsion (Figure 7C). Thy/LAs59,-Emulsion could

completely inhibit the growth of L. monocytogenes, while Thy-
Emulsion demonstrated weak antibacterial activity. When the
concentration of emulsions was 0.25 mg/ml, the number of
colonies in Thy-Emulsion formed in agar was approximately 103
times more than it was in Thy/LAj54-Emulsion (Figure 7C).
Thy/LAj59-Emulsion demonstrated a strong killing effect on
L. monocytogenes, while Thy-Emulsion could only inhibit their
growth. After 1-month of storage, the antibacterial activity of the
two emulsions against L. monocytogenes was evaluated by using
a growth curve (Figure 7), which is represented by a dashed
line. The results showed that the antibacterial properties of Thy-
Emulsion (Figure 7A) and Thy/LAjs¢-Emulsion (Figure 7B)
did not decrease significantly after 1-month storage. These
results indicated that Thy/LAj5¢-Emulsion demonstrated better
antibacterial activity and physicochemical stability due to its
long-term storage stability.

These results exhibited that the MIC values of Thy-
Emulsion (0.5 mg/ml) were higher than those samples with Thy
(0.25 mg/ml) alone, so did Thy/LAj5¢-Emulsion. These results
were broadly in line with the findings of Chang et al. (32),
where Thy emulsions were prepared as potential antimicrobial
delivery systems and found that increasing the levels of ripening
inhibitor in the oil phase reduced the antimicrobial efficacy
of emulsions. This is because the partition of a lipophilic
antibacterial agent between oil phase and aqueous phase hinges
on their relative concentration and oil-water partition coefficient.
After incorporating corn oil, the antibacterial agent will be
more likely to partition into the oil phase of the emulsion,
causing a decrease in the concentration of the antibacterial
agent in the aqueous phase. Because microorganisms exist in the
aqueous phase, the effective antibacterial concentration on the
surface of microorganisms also decreases, thereby reducing the
antibacterial effect (46, 47).

Above all, the incorporation of ripening inhibitor (corn oil)
will reduce the antibacterial effect, but the antibacterial effect is
still considerable due to the synergistic effect of LA and Thy.
When the concentration of Thy was 0.0625 mg/ml (Figure 7C),
the number of colonies in Thy-Emulsion formed in agar was
approximately 1.7 X 108 cfu/ml, while Thy/LAj59-Emulsion
demonstrated a strong killing effect. In summary, compared
with Thy-Emulsion, Thy/LAj5¢,-Emulsion reduced the content
of Thy and enhanced its antibacterial activity. At the same
time, Thy/LA;5¢,-Emulsion not only lessens the unique odor and
irritation of Thy, but also conforms to the prevailing market in
terms of economic benefits due to the low price of MCFs.

CONCLUSION

We studied the antibacterial effects of LA addition on thymol-
based emulsions. The incorporation of LA (25 and 50%) could
improve the antibacterial activity of thymol-based emulsions
against Gram-positive bacteria, especially L. monocytogenes.
Compared  with Thy-Emulsion, Thy/LAj59-Emulsion
demonstrated a better antibacterial effect. Thy/LA35¢,-Emulsion
exhibited a greater inhibition zone (3.06 £ 0.12 cm) than
Thy-Emulsion (1.97 4 0.06 cm). When a complete antibacterial
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effect was achieved against L. monocytogenes, the concentration
of the antibacterial components (Thy) in the Thy-Emulsion
was 0.5 mg/ml, while the concentration of the antibacterial
components (Thy and LA) in the Thy/LAjs¢-Emulsion was
0.25 mg/ml. The concentration of Thy in the Thy/LAjse-
Emulsion was 0.19 mg/ml, which lessens unique odor and
irritation and saves cost by reducing the amount of Thy.
Owing to the long-term storage stability, Thy/LAj5¢-Emulsion
demonstrated the best antibacterial activity and physicochemical
stability. This study may provide a useful and novel antibacterial
measure for food and drugs.
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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 (da,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 ds3 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 t0 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 TWIPNPESs. Besides, the absolute values of zeta potential under different
ionic strengths were above 40 mV 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~'. 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 TWIPNPESs in a wide ionic strength range would provide
the theoretical basis for applying Pickering emulsions stabilized by plant proteins in the
food industry.

Keywords: tea residues, plant proteins, Pickering emulsions, ionic strength, rheological properties

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 (100g) were extracted at 90°C for 1.5h
using a 3L NaOH solution (0.3 mol/L) and centrifuged at
8,288 ¢ for 15min at 25°C. The supernatant was precipitated
at pH 3.5 after decolorization using 30% H,0O,. 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 (40 mL) and soy oils (60 mL) 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 (d43) 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(%) = (d43-w/d43-5 — 1)x100 (1)

where d43_w and d43_g 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 pL) were mixed using
water (990 wL). The Malvern zetasizer (Nano ZS90, Malvern,
UK) was equilibrated for 60s 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 x 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 da s of Pickering emulsions stabilized by TWIPNs at different ionic strengths [(A) Particle size distribution in water;
(B) da 3 in water; (C) Particle size distribution in 1.0% SDS; (D) ds 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 30 min. 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~! using a parallel plate (®50 mm). 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 1.0 mm. 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 lonic
Strengths

Droplet Size

The particle size distribution and d43 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 d43 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 dg3 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 100 mM 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 (Figure2). According to the
observation of TWIPNPEs in 100x 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

40

10x

100

300

lonic strength (mmol/L)
N
[=]
o

400

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 TWIPNSs (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 40 mV, which was beneficial to the stabilization of
TWIPNPEs according to previous reports (17, 34).

Rheological Behavior of Pickering
Emulsions Prepared Using TWIPNs Under

Different lonic Strengths
Ionic strength can also affect the rheological behavior of
Pickering emulsions except for the particle size, zeta potential,
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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 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 (Figure5D). 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~L. 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 lonic 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 dg3 of TWIPNPESs 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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Gels are functional materials with well-defined structures (three-dimensional networks)
assembled from the dispersed colloids, and capable of containing a large amount of
water, oil, or air (by replacing the liquid within the gel pores), known as a hydrogel,
oleogel, and aerogel, respectively. An emulsion gel is a gelled matrix filled with emulsion
dispersion in which at least one phase, either continuous phase or dispersed phase forms
spatial networks leading to the formation of a semisolid texture. Recently, the interest
in the application of gels as functional colloids has attracted great attention in the food
industry due to their tunable morphology and microstructure, promising physicochemical,
mechanical, and functional properties, and superior stability, as well as controlled release,
features for the encapsulated bioactive compounds. This article covers recent research
progress on functional colloids (emulsion gels), including their fabrication, classification
(protein-, polysaccharide-, and mixed emulsion gels), and properties specifically those
related to the gel-body interactions (texture perception, digestion, and absorption),
and industrial applications. The emerging applications, including encapsulation and
controlled release, texture design and modification, fat replacement, and probiotics
delivery are summarized. A summary of future perspectives to promote emulsion gels’
use as functional colloids and delivery systems for scouting potential new applications
in the food industry is also proposed. Emulsion gels are promising colloids being
used to tailor breakdown behavior and sensory perception of food, as well as for the
processing, transportation, and targeted release of food additives, functional ingredients,
and bioactive substances with flexibility in designing structural and functional parameters.

Keywords: biopolymer-based colloids, emulsion gels, delivery systems, functional material, gel-body interactions,
food applications

INTRODUCTION

A gel is an advanced material possessing three-dimensional (3D) networks with the ability to
incorporate large amount of water (hydrogel), oil (oleogel), or air (aerogel), due to its spatial
structure and unique properties, including high surface area, porosity, and loading capacity (1, 2).
A gel can also be defined as “an intermediate (semisolid) product between a solid and a liquid
possessing both elasticity and viscosity characteristics” (3). An emulsion gel is also known as
emulsion-filled gel or emulgel is “an emulsion dispersion filled gel matrix, wherein at least one

Frontiers in Nutrition | www.frontiersin.org

135 May 2022 | Volume 9 | Article 890188


https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://doi.org/10.3389/fnut.2022.890188
http://crossmark.crossref.org/dialog/?doi=10.3389/fnut.2022.890188&domain=pdf&date_stamp=2022-05-17
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles
https://creativecommons.org/licenses/by/4.0/
mailto:xiaojieacademic@163.com
https://doi.org/10.3389/fnut.2022.890188
https://www.frontiersin.org/articles/10.3389/fnut.2022.890188/full

Abdullah et al.

Emulsion Gels Enhance Nutrients Bioavailability

phase either continuous phase or dispersed phase of emulsion
forms the 3D network structure leading to the gel formation”.
These gels possess superior stabilities against chemical reactions
(e.g., hydrolysis and oxidation), physical processes (e.g., phase
inversion and/or separation), and environmental changes such
as pH, temperature, and ionic strength (4-8) compared to
traditional emulsions, which tend to break down with time
by gravitational separation, droplets aggregation, and Ostwald
ripening (1, 9-11).

The biopolymers (e.g., polysaccharides and proteins) based
emulsion gels produced by different gelation methods and
coupled with a wide range of functionalities had the capability
of forming complex microstructures such as single continuous
phase-, double continuous phase-, uniform continuous-, and
nonhomogeneous as well as several other gelled systems
(Figure 1) (12, 13), making them diverse biomaterial and
efficient delivery vehicles for versatile industrial applications.
Functional food additives, bioactive phytochemicals, essential
oils, and lipophilic compounds including carotenoids, phenolic
acids, flavonoids, stilbenes, vitamins, and unsaturated fatty acids
exhibit health-promoting characteristics but have difficulty being
incorporated into food matrixes due to their low chemical
stability, limited water solubility and dispersibility, as well
as poor cell adsorption (12, 14-18). During the past 10
years (Figure 2), emulsion gels have emerged as a promising
biomaterial with desirable features and flexible fabrication
potential to be employed for the protection and transportation of
health-promoting functional ingredients and designing heathier
formulations with improved desired sensorial textures, digestion,
bioaccessibility, and bioavailability (8, 12, 17, 19, 20).

In recent years, many studies have reported the potential
of emulsion gels to effectively encapsulate, protect, and
targeted release of functional ingredients and nutraceuticals
against adverse environmental conditions by modifying their
dispersibility and stability in the food, controlling their release
time and rate, as well as improving bioavailability. To date,
emerging applications of emulsion gels to encapsulate and deliver
hydrophilic and lipophilic nutraceuticals (7, 21, 22), controlled
release of bioactives (12, 23), low fat foods with reduced lipolysis
(24, 25), reducing fat, sugar, and salt in foods (26-28), probiotics
delivery in the gastrointestinal tract with improved viability (29),
desired sensorial textures with improved physical stability (30,
31), structuring plant-oils as animal-fat replacer and substitute of
partially hydrogenated oils (32-34), and designing complex food
structures (textures, shapes, and nutritional contents) using 3D
printing (35) have attracted tremendous attentions for designing
safer, healthier, and sustainable food products.

This review summarizes the latest developments in
engineering biopolymers (e.g., polysaccharides and proteins)
based food gels, emphasizing their food applications. The gels
fabrication, their classification according to the composition of
the gel matrix (protein-, polysaccharide-, and mixed emulsion
gels), and properties, specifically those related to the gel-body
interactions (texture perception, digestion, and absorption), are
all discussed (Figure 3). The emerging industrial applications,
including encapsulation and controlled release, texture design
and modification, fat replacement, and probiotics delivery are

highlighted. A summary of conclusions and future perspectives
for scouting potential new applications of emulsion gels in the
food industry is also presented.

EMULSION GELS: FABRICATION AND
CLASSIFICATION

The formation of an emulsion gel takes place via gelation
of the following: (i) continuous phase or (ii) dispersed
phase in the precursor solution through different methods,
including emulsification, heating, heating and cooling, enzymatic
treatment, pH adjustment, salt induced, efc. It has been
established that gels formed via gelation usually had superior
stability against environmental stresses due to their strong
networks (3D) developed by the interconnected biopolymer
molecules (1, 12). The gelation process that leads to the formation
of gel matrix plays a key role in determining the final properties
(physicochemical, mechanical, and functional) of emulsion gels.
Briefly, the biopolymer type and concentration, processing
conditions (pH, temperature, and ionic strength), Pickering
particles, such as emulsifiers (size, wettability, surface charge,
and amount), and cooling temperature, as well as the aging
period after gelation, are the key points that strongly influence
the emulsion gels properties. The emulsion gels can be classified
into three categories based on biopolymers composition in a gel
matrix, including the following: (i) protein-based emulsion gels
(e.g., caseins, gelatin, soy, and whey proteins), (ii) polysaccharide-
based emulsion gels (e.g., alginate, starch, pectin, and xanthan
gum), and (iii) mixed emulsion gels (e.g., soy protein isolate-
beet pectin, xanthan gum-guar gum, and zein-sodium caseinate-
propylene glycol alginate). In recent years, researchers have
mostly focused on the formation of protein-based emulsion gels,
which might be due to their excellent emulsifying properties,
relatively easy processing (gelation), and inheritable nutritional
composition (19, 36).

PROTEIN-BASED EMULSION GELS

Protein emulsion gels usually had a relatively high protein
concentration in the gel matrix, and caseins, gelatin, soy,
and whey proteins are the widely used biopolymers in
emulsion gels production due to their abundance, renewable
resources, and promising emulsifying and gelling properties.
Gelation techniques including heat-set (heating), and cold-set
such as acidification (acid-induced), ethanol-induced, enzyme
treatment, salt addition (salt-induced), and hydrostatic pressure-
induced approaches have been applied to synthesize the protein-
based emulsion gels (12, 37).

Recently, Luo et al. (19) synthesized whey protein emulsion
gels and then microgel particles with an average size of 0.5
£ 0.05pm via heating (90°C for 20 min) followed by cooling
(4°C for overnight) method to enhance the bioaccessibility of
capsaicinoids. The optimized formula includes whey protein (10
wt%), soybean oil (19.98 wt%), and capsaicinoids (0.02 wt%) used
in the preparation of emulsion gels. The in vitro study results
suggested that emulsion gels as a delivery system significantly
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FIGURE 1 | Schematic representation of different types of emulsion gels; oil/hydrogel (A), oleogel/water (B), water/oleogel (C), hydrogel/oil (D), water/oil/hydrogel (E),
water/oleogel/water (F), hydrogel/oil/water (G), oil/water/oleogel (H), oil/hydrogel/ail (I}, and oleogel/water/oil (J).
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FIGURE 2 | Publications per year during the last 10 years (2011-2021) were analyzed by “Sci-finder” using “emulsion gel” as the keyword for searching.
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FIGURE 3 | An overview of emulsion gels, indicating their classification, gel-body interactions (texture perception, digestion, and absorption), and emerging industrial

Gel-body interactions

Texture perception

+» Rheology (hardness and brittleness)

« Tribology (creaminess and smoothness)

« Digestion (gastric retention time)

<+ Absorption (mucosal permeability)

+» Encapsulation and controlled release

+ Texture design and modification
+* Fats replacement

++ Probiotics delivery

increased the bioaccessibility of encapsulated capsaicinoids and
showed a positive correlation with the extent of lipid digestion.
The bioaccessibility indicated the release of capsaicinoids from
gel matrix during digestion and their solubilization in the
aqueous phase in the gastrointestinal tract. Fu et al. (36)
fabricated whey protein emulsion gels containing medium chain
triglyceride and cinnamaldehyde oils by the heating method.
The scanning electron microscopy results showed that cross-
linking occurred between the whey proteins and cinnamaldehyde
at the oil-water interfaces leading to an effective reduction in
viscosity, an increase in viscoelasticity, and smaller and uniform
pore size in emulsion gels. The in vitro study on gastrointestinal
fate showed that protein-based gel had slower disintegration than
protein-cinnamaldehyde gel and revealed a faster disintegration
due to the addition of cinnamaldehyde that softened the gel.

Lv et al. (38) produced Pickering emulsion gels containing
canola oil stabilized by whey protein isolate gelled particles aimed
to encapsulate curcumin. The formed gels had the highest loading
efficiency of 90.3%, which contributed to the gel’s compact
structure (solid-like) that retained the maximum percentage of

curcumin. The in vitro release under the gastric and intestinal
conditions revealed that emulsion gel had a slower release rate
than liquid emulsion ascribed to the gel-like structure which
showed a better resistance against the hydrolysis by pepsin.
Moreover, the emulsion gel encapsulating curcumin hindered
the degradation and showed remarkable stability, i.e., >70%
amount remained compared to only 7% of control (without
any protection) during storage of 240 min under the light. Tan
and his team prepared highly concentrated emulsion gels as
nutraceuticals cargos by encapsulating 80% sunflower oil by
employing gelatin particles (~200nm) as the emulsifiers at
concentrations of 0.3-1.5 wt%. The formed gels remained stable
even after 90 days of storage and embedded p-carotene showed a
very high retention rate (90%) than that of bulk oil (8%) recorded
after 27-days (39, 40). Xu et al. (41) produced emulsion gels
containing 80% dodecane stabilized by B-conglycinin Pickering
particles (0.2-1 wt%), and formed gels showed excellent stability
during 60-days storage as well as heating at 100°C for 15 min.
Furthermore, a progressive decrease was observed in the size
of the droplets from 60 to 24 pm with an increase in particle
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concentration from 0.2 to 1 wt%. Thus, emulsion gels and
Pickering emulsion gels can improve the digestion process
along with providing protection to the embedded lipophilic
compounds attributed to the compact gel structure.

POLYSACCHARIDE-BASED EMULSION
GELS

These emulsion gels comprise polysaccharide food polymers
with the gelation capacity that depends on their source and
structure, and alginate, agarose, modified starches (e.g., octenyl
succinic anhydride), carrageenan, curdlan, inulin, konjac gum,
and xanthan gum were the commonly employed biopolymers
in the formation of emulsion gels. Various methods, including
heating, heating and cooling, high shear, freeze-thaw cycles,
pH, ions induced (Ca?* and K*), and salts addition (CaCl,)
can be applied to induce gelation leading to the formation of
emulsion gels (1, 37). Polysaccharide-based emulsion gels are
thermoreversible and their derived colloidal particles are also
considered less efficient emulsifiers to produce emulsion gels
compared to protein-based emulsion gels that exhibit long-
term stability because of protein molecules that not only act
as gel substrates but are excellent stabilizers (1, 10, 12, 28).
However, polysaccharide-based biopolymers are more effective
to increase viscosity and also exhibit inherent resistance to
digestive enzymes, such attributes make them particularly
suitable as delivery vehicles for bioactive compounds that require
a prolonged digestive journey for the encapsulates (20, 42, 43).

Torres et al. (30) fabricated starch-based emulsion
gels through heat-induced gelation, containing sunflower
oil volume fraction (5-20 wt%), wheat starch (15-
20  wt%), and octenyl succinic anhydride (OSA)
https://www.sciencedirect.com/topics/biochemistry-genetics-and
-molecular-biology/modified-starch modified starch (0.5-2
wt%). The results indicated that when starch was used at a
concentration of 20 wt% and oil at 5-15 wt%, the gel elastic
modulus increased by 50%, whereas a further increase in oil
content (20 wt%) strengthened the gel with an increment in the
elastic modulus up to 70%. This reinforcement in the gel matrix
is attributed to the hydrophobic interactions between oil droplets
and interfacial starch, and hydrogen bonding among starch
polymers specifically amylose molecules to form 3D networks.
The authors also produced gel particles with a diameter ranging
from 5 to 50 pm via a top-down shearing of the formed gels and
suggested that these novel emulsion gels and derived microgel
particles can be employed in the delivery of bioactive substances
in various food and personal care products.

Mokhtari et al. (44) developed alginate
nanogels via  emulsification and  internal  gelation
induced by https://www.sciencedirect.com/topics/chemistry/
calcium-chloride calcium chloride to deliver nutraceuticals with
high encapsulation efficiency. The results showed that sodium
alginate (0.5%), canola oil (400 ml), calcium chloride (0.05M),
and Tween 80 (100 ml) were the optimized concentrations in
formulating alginate-based gel nanoparticles. Moreover, the
nanocarriers derived from gel showed a spherical shape and

a higher encapsulation yield was obtained with the increasing
alginate amount due to increased viscosity that imparted
more cohesion property leading to high entrapment efficiency.
Furthermore, the gel particle size and encapsulation yield were
found highly proportional to the alginate concentrations as
high amounts lead to higher while small amounts resulted in
lower values. Zhang et al. (42) prepared emulsion gel using
carrageenan as gel matrix stabilized by mixed colloidal Pickering
nanoparticles made of zein-carboxymethyl dextrin biopolymers
and N-ethyl-N-(3-dimethylaminopropyl) carbodiimide as the
crosslinking agent. The in vitro digestion analysis suggested that
the bioaccessibility of curcumin in crosslinked emulsion gel was
decreased compared to emulsion due to the spatial networks
developed in emulsion gel. Briefly, the network structure slowed
down the digestive enzymes’ diffusion into the gel matrix, thus
delaying the https://www.sciencedirect.com/topics/biochemistry-
-genetics-and-molecular-biology/enzymatic-hydrolysis
hydrolysis and digestion of oil droplets encapsulating curcumin
and subsequently decreasing the bioaccessibility. In addition,
this study’s investigations revealed that photochemical and
thermal stability of the impregnated curcumin in emulsion gel
was significantly improved due to crosslinking and exhibited
high retention rates of 90.7 and 82.2% under light and
heat, respectively.

MIXED EMULSION GELS

Interest in the production of mixed gels has attracted more
attention from researchers since they offer enriched gelling
behaviors and more precise control on the physicochemical,
rheological, and functional properties over the individual
emulsion gels. Le et al. (20) reported that mixed gels (protein
and polysaccharide) had outstanding water-holding properties
(up to 600 g/g of mixed gel), and were also capable to produce
a diverse range of microstructures that can be further exploited
to bring desirable textures and sensory attributes. For instance,
during the process of homogenization, the polysaccharide part
imparts better stability against environmental conditions such
as pH, temperature, and ionic strength, while the protein part
contributes to producing fine droplets size through excellent
emulsifying capacity leading to a homogenous structure (10).
Gelation methods, including heating, cooling after heating, high
shear, enzyme treatment, and coacervation can be applied to
produce mixed emulsion gels (20, 45).

Particularly, coacervation is a commonly employed
method in the formation of mixed gels from oppositely
charged biopolymers, (e.g., protein-protein, polysaccharide-
polysaccharide, and protein-polysaccharide), by regulating the
mixture ratio (biopolymer type and concentration), temperature,
pH, ionic strength, etc. During this process, the charged species
(e.g, HT and OH™) adsorbed on biopolymers surfaces interact
through electrostatic complexation and develop 3D networks
leading to gel formation (1, 20). Table1 describes different
mixed emulsion gels combinations that include the following:
(i) protein-protein (72), (ii) polysaccharide-polysaccharide (43),
and (iii) protein-polysaccharide, etc. (68).
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TABLE 1 | Gel-based functional delivery systems, including protein-, polysaccharide-, and mixed emulsion gels (emulgels).

Delivery systems Gel matrix Oil phase Bioactives Applications References
Protein-based Whey protein isolate Corn ol Probiotics Encapsulation and Gao et al. (29)
emulsion gels controlled release
Soy protein isolate Olive oil (40%) Polyphenols Encapsulation and Munoz-Gonzalez et al. (46)
controlled release
Soy protein Soybean oil (50%) Inulin Fat replacement de Souza Paglarini et al. (33)
Whey protein isolate Soybean oil (50%, v/iv) ... Functional food Xietal. (47)
Whey protein isolat Mixed oils (coconut & corn, B-carotene Encapsulation and Lu et al. (48)
20% of emulsion) controlled release
Whey protein isolat Soybean oil (19.98 wt%) Capsaicinoids Encapsulation and Luo et al. (49)
controlled release
Whey protein isolate Soybean oil (30%) ... Encapsulation and Mantovani et al. (50)
controlled release
Whey protein isolate Soybean oil (30%) Retinol (vit. A) Encapsulation and Beaulieu et al. (51)

Polysaccharide-
based emulsion
gels

Mixed emulsion gels

Protein-protein

Polysaccharide-
polysaccharide

Protein-polysaccharide

B-lactoglobulin

Soy protein isolate

Wheat gluten

Carrageenan

Alginate

Gellan gum
Starch

Rice starch

Sodium alginate
Sodium alginate

Whey protein isolate-soy
protein isolate

Whey protein- lactoferrin
Whey protein-soy protein

Alginate-konjac
glucomannan

Gellan gum- Pectin-
carrageenan-xanthan
Gum

Xanthan gum-guar gum
whey protein
isolate-carrageenan
black soybean
protein-sodium alginate

Sunflower oil (30%)

Corn oil (56%)

Soybean oil (50%)

a-Tocopherol (vit. E)

Riboflavin (vit. B2)

EGCG + quercetin

Canola ail (40, 60, and 80%) Peppermint extract

Soybean oil (60%)
Soy oil (85%)

Sunflower oil (40%)

Paraffin oil (0.2%)
Tea seed oil (0.2 9)

Sodium alginate (0.4%

Corn oil (309)

Qlive ail, linseed oil, and fish
oil (44.39, 37.87, and

17.74%

Rapeseed oil (5-30%)

Corn oil (10%)

Sunflower oil (41%)
MCT oil (4 mL)

Soybean oil

Whey protein isolate-sodium Corn oil (20% v/v)

alginate
Soy proteinisolate-pectin

Whey protein
isolate-alginate

Soybean oil [6% (V/V)]

Sunflower oil (0.5-20%)

Probiotics

Probiotics

Curcumin

Fatty acids (n-3) and
condensed tannins

Quercetin

Probiotics

Curcumin

Insulin and quercetin

Lycopene

B-carotene

a-Tocopherol + resveratrol

controlled release

Encapsulation and
controlled release

Encapsulation and
controlled release

Encapsulation and
controlled release

Fat replacement

Encapsulation and
controlled release

Probiotics delivery

Texture design and
modifications

Texture design and
modifications

Probiotics delivery

Encapsulation and
controlled release

Texture design and
modifications

Reduced-fat products

Encapsulation and
controlled release

Fat replacement

Encapsulation and
controlled release

Probiotics delivery
Encapsulation and
controlled release
Encapsulation and
controlled release
Encapsulation and
controlled release
Encapsulation and
controlled release

Encapsulation and
controlled release

Liang et al. (52)

Maltais et al. (21)

Chen et al. (53)

Paglarini et al. (28)

Mokhtari et al. (44)

Picone et al. (54)
Yang et al. (55)

Zhang et al. (56)

Qietal. (57)
Xu et al. (58)

Linetal. (11)

Yan et al. (59)

Freire et al. (60)

Yang et al. (61)

Chen et al. (53)

Pandey et al. (43)

Su et al. (62)

Han et al. (63)

Liu et al. (64)

Zhang et al. (65)

Feng et al. (66)

(Continued)
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TABLE 1 | Continued

Delivery systems Gel matrix Oil phase Bioactives Applications References
Whey protein Babacu oil and tristearin Curcumin Fat replacement Geremias-Andrade et al.
isolate-xanthan gum (4%) 67)
Soy protein-sugar beet Corn ail (15%) Ethyl butyrate Encapsulation and Hou et al. (68)
pectin controlled release
Whey protein isolate- rice  Corn oil (2-8%) Carotenoids Encapsulation and Mun et al. (69)
starch controlled release
Polysaccharide- Kappa-carrageenan- Algae ol Catechins Encapsulation and Alejandre et al. (70)
emulsifier polysorbate controlled release
80
Protein-protein- Zein- sodium Soybean ail (80%) ... Texture design and Sunetal. (71)
polysaccharide caseinate-propylene glycol modification
alginate

Pandey et al. (43) formulated mixed emulsion gel using
sunflower oil and a combination of xanthan gum and guar
gum for the delivery of https://www.sciencedirect.com/topics/
biochemistry-genetics-and-molecular-biology/lactobacillus-
plantarum Lactobacillus plantarum 299v. The mechanical
strength and disintegration investigations on formed gel showed
significant improvements in the mechanical stability and gastric
acid resistance due to the combination of the xanthan gum
and guar gum in the dispersed phase of the formulation.
Moreover, the natural gums-based emulsion gel stored at
different conditions including 4, —20, and —196°C, revealed
higher survival rates of encapsulated probiotics in the emulsion
gels compared to control. Hou et al. (68) designed mixed
emulsion gels via the enzymatic (mTGase) gelation method,
comprising flavored corn oil and stabilized by soy protein
isolate-sugar beet pectin complexes. Briefly, complex emulsified
emulsion gels presented more compact structures due to the
formation of strong interfacial networks ascribed to higher
emulsifier absorption at the oil-water interfaces. In addition, gas
chromatography analysis revealed that the ethyl butyrate release
rate was significantly lower before and after the mastication
process in emulsion gels due to their compact structure.

Zou et al. (73) prepared Pickering emulsion gels containing
corn oil volume fraction of 50% stabilized by complex Pickering
particles (zein-tannic acid- 1-1.5 wt%) having a three-phase
contact angle value of ~86° and high interfacial activity. The
formed emulsion gels stabilized by complex Pickering particles
showed homogeneous structure and good stability over 30-
days of storage without any signs of oiling-off (creaming
and phase separation) due to their transformation from a
liquid state to a semisolid state ascribed to particles networks.
Wei et al. (72) produced highly concentrated emulsion gels
using ovotransferrin-lysozyme complex Pickering particles as
the stabilizers, and by increasing particle concentration from
0.5 to 2 wt% the size of the droplets decreased from 81.4
to 42.4pum at a fixed oil phase (75%). The formed emulsion
gels presented excellent stability during long-term storage and
inhibited the phase separation phenomenon because of particles
networks ascribed to electrostatic interactions. The Pickering
particles stabilized emulsion gels enhanced the bioaccessibility

of the impregnated curcumin by 22.2%, indicating gels as an
effective delivery system for lipophilic bioactive substances. (74)
fabricated Pickering emulsion gels by encapsulating medium
chain triglyceride oil (50-60%) stabilized by complex colloidal
particles (zein-pullulan - 2 wt%). The resultant gels showed
excellent stability against coalescence and phase separation and
no oil leakage was noticed even after 30-days of storage at
room temperature. The stability of emulsion gels was due to
the formation of compact interfacial layers by the colloidal
particles around the oil droplets, indicating their potential as
a delivery system for bioactive substances to design better
food formulations.

GEL-BODY INTERACTIONS

Texture Perception During Oral Processing
Texture perception is a complex process that correlates with the
properties of food such as chemical composition and structure as
well as physiochemical, mechanical, and enzymatic changes that
occur during oral processing (75, 76). Briefly, texture indicates
the rheology (hardness and brittleness-chewing) and tribology
(creaminess and smoothness-lubrication) related food attributes
sensed at early and later stages of oral processing, respectively
(1, 77-79). It has been found that the rheological properties were
correlated with the fracture stress and strain and determined
by the hardness and brittleness of food, whereas tribological
properties were linked with the friction coefficient perceived
by creaminess or smoothness (76, 80, 81). The rheological and
tribological properties of gels can be finely tuned by the gel
composition (biopolymer type and concentration), structure, and
mesh size to obtain the desired sensory attributes.

In recent years, interest in the application of emulsion gels
as a potential tool to mimic the food texture without affecting
their sensory perception by designing gels with reduced fat, sugar,
and salt has rapidly increased. The incorporation of emulsion
gel or derived particles into semisolid food formulations could
mimic the perception of fat because of the significant reduction
in friction coeflicient through ball-bearing in the case of whey
proteins (82, 83) and enzymatic reactions for starch particles
(84). Interestingly, mouth-melting gels (e.g., gelatin-based gels)
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had excellent potential to increase the surface lubrication of
foods to achieve the desired mouthfeel of fat perception (85).
For instance, gelatin-based gels remain in a gel state at room
temperature but start melting at mouth temperature (37°C), thus
could be effectively used in many food formulations to mimic fat
perception. In addition, emulsion gels can also avoid undesirable
sensory attributes of drugs or bioactive compounds by separating
them from the taste bud receptors in the mouth and delaying
their release in the digestive tract (26, 27).

Zhang et al. (56) used enzymatically hydrolyzed rice starch
(20g) and sunflower oil (40g) to fabricate emulsion-filled
gels, and the resulting gels showed a comparable texture
including hardness and cohesiveness similar to fat. Moreover, the
concentration of starch in the formulation directly influenced the
textural properties and flow behavior of formed gels. Briefly, the
firmness of emulsion gels was strengthened with the increase in
the concentration of starch, since the high content of amylose
and longer chains of amylopectin led to the formation of
harder emulsion gels. Luo et al. (49) prepared whey protein-
based emulsion gels comprising whey protein isolate 895 (10
wt%), soybean oil (19.98 wt%), and capsaicinoids (0.02 wt%),
and evaluated their oral breakdown behavior and mouth burn
perception. The capsaicinoids-loaded whey protein emulsion
gels revealed a lower mouth burn perception due to higher
mechanical strength that resulted in a slower diffusion rate
of the encapsulates from the gel matrix and subsequently a
lower mouth burn. These results suggested that emulsion gels
had promising textural potentials which could be utilized to
mimic desirable sensorial perceptions as well as for masking the
undesirable flavors of bioactive compounds in food formulations
while maintaining their consumer acceptability.

Digestion

The digestion kinetics of food-grade polymer-based gels are
mainly influenced by the gelation process, for instance,
gelation (acid and heat) of milk proteins slowed down their
digestion rate and prolonged the gastric retention time without
affecting the enzymatic cleavage sites (86, 87). Likewise, the
majority of polysaccharides (dietary fiber form) in the gel
state can significantly increase the gastric emptying time due
to the thickening effect that becomes prominent upon their
transformation from polymer to gel particles (88). Moreover,
gelation also delays the diffusion of digestive enzymes into the
gel matrix, thus digestion process of bioactive compounds can
be substantially delayed by encapsulating into food gels (42).
Therefore, via decreasing the digestion rate and prolonging
gastric retention time, gels impart health-promoting effects,
including enhanced satiety to attenuate obesity, good control of
glucose and cholesterol metabolism to prevent chronic disorders,
etc. (26, 88, 89).

The gels digestion process leads to the release of the
encapsulated bioactive compounds that takes place through
different mechanisms, including disintegration, swelling,
molecular interactions, and erosion (1, 17, 18). In the process
of gel erosion, the human enzymes work synergistically with
the pH responses (e.g., oral cavity, stomach, small intestine, and
colon) to initiate the controlled release of embedded bioactive

agents at the target sites such as the small intestine and colon.
The pH differences of the gastrointestinal tract bring changes to
the overall charge on the surface of biopolymers, thus, charge
shifting and different digestion behaviors in combination with
the interior environment make gels promising vehicles for the
efficient delivery of sensitive bioactive substances. For small
intestine delivery, a protein can be entrapped in calcium alginate
gel particles at pH 3 due to the opposite charges on protein and
alginate biopolymers, and protein can be easily released in the
small intestine at pH 7 because at this pH both biopolymers
possess negative charges (90). Therefore, the enzymes diversity
and pH responses show the potential to develop functional
delivery systems for the encapsulation, protection, and release
of bioactive at targeted sites, that could be further fine-tuned
by manipulating the differences in the ionic strengths between
the food gels formulations and the gastrointestinal environment
(17,91, 92).

Lin et al. (11) fabricated alginate-based emulsion gels
stabilized by proteins (whey protein and soy protein isolates
as emulsifiers) and tomato-derived lycopene was encapsulated
in gels to study the in vitro digestion and its release behavior.
The results showed a delayed release of the encapsulated
lycopene from emulsion gels; whey protein isolate stabilized
alginate emulsion gel release commenced at 4-4.5h, soy protein
isolate stabilized gel at 3.5-4h, whereas an early release of 2.5-
3h was observed in alginate-based gel without any protein.
The release corresponds to the start point of the structural
collapse and degradation of gel networks after swelling during
in vitro digestion of the emulsion gels. The whey protein
had a better emulsifying capacity and also developed stronger
interactions with alginate, thus improving the gel properties such
as increasing Young’s modulus of emulsion gel. A higher Young’s
modulus could retard the swelling process and subsequently
prevents the collapse of gel structure during the in vitro gastric
digestion. Thus, controlled release of encapsulated lycopene
was achieved via delayed degradation of gel matrix during the
in vitro intestinal digestion. Therefore, emulsion gels can be
employed to protect the health-promoting substances from the
harsh conditions of the gastrointestinal tract and deliver them to
specific target sites with improved digestion and bioaccessibility
(93, 94).

Absorption

It is a proven fact that undigested food is difficult to transport
leading to poor absorption of the inheritable nutrients into
the body because of barriers in the gastrointestinal tract
epithelial cells and especially the mucous layer. The mucous
layer comprises a 3D network of mucin glycosylated protein
fibers with an average mesh size of ~100nm (45, 95, 96).
In this regard, emulsion gels and derived particles with
optimum surface attributes (e.g., size, shape, surface charge,
and hydrophilicity/hydrophobicity) had the potential to enhance
the mucosal permeability and maximize the bioavailability
of embedded bioactive compounds (37, 94). Among the
biopolymers, chitosan exhibits the potential to adhere and
travel through the mucous layers to improve cellular uptake
via reversible depolymerization of cellular actin and strong
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interactions with the protein molecules. Thus, chitosan emulsion
gels are popular delivery cargos with the superiority of enhancing
cellular permeability without damaging epithelial cells (93,
96). For particles traversing through the epithelial cells, the
main pathways include paracellular migration and transcellular
translocation through tight junctions and enterocytes or M cells,
respectively. Therefore, increasing the translocation of loaded
gel particles is an important strategy for efficient delivery of the
biomolecules with low mucosal permeability, including proteins,
peptides, antimicrobial agents, nutraceuticals, and functional
food ingredients (37, 93, 94, 97).

Haug et al. (98) designed gelatin-based emulsion gels and
investigated their capability as delivery vehicles to boost the
bioavailability of omega-3 fatty acids including eicosapentaenoic
acid (EPA) and docosahexaenoic acid (DHA). The study’s
findings revealed that emulsion gels significantly increased the
EPA and EPA + DHA levels in the blood plasma by 44.9 and
43.3%, respectively, as compared to gelatin capsules oral intake.
This significant increase was attributed to the pre-emulsification
of the fish oil as well as the design of the delivery vehicles
(chewable and soft (emulsion gels) vs. intact and solid (capsules).
Compared to gel capsules consumption, EPA and EPA + DHA
loaded emulsion gels showed the highest increase of 100.4 and
105.6%, respectively, indicating gels’ potential as efficient delivery
systems in improving the bioavailability of gel matrix embedded
functional ingredients.

Food Applications

Emulsion gels and derived particulates have emerged as
promising delivery systems for industrial food applications due
to their unique properties such as protection of functional
food additives, controlled release of bioactive substances,
and improved digestion and absorption of macro- and
micronutrients in the gastrointestinal tract (37, 75, 99, 100).
The industrial food applications of emulsion gels, including
encapsulation and controlled release, texture design and
modification, fat replacement, and probiotics delivery with
enhanced viability are discussed in the following section.

Encapsulation and Controlled Release
Encapsulation is a promising technique widely employed for the
protection and targeted delivery of bioactive compounds due to
the superior stability of embedded substances against chemical,
physical, and environmental stresses, and their desired controlled
release (e.g., fast or sustained). To date, different delivery systems
have been successfully developed with desirable structures and
characteristics such as protected encapsulation and delivery of
various bioactive nutrients with improved health benefits (17, 37,
101). In recent years, emulsion gels have garnered considerable
attention as promising encapsulation and delivery cargos due to
their superior properties for many food applications.

Xu et al. (41) prepared alginate-based nanoemulsion-filled
gels fabricated by a facial approach of self-emulsification and
sodium alginate ionic gelation. The formed gel loaded with
curcumin showed an average particle size of 0.46 & 0.02 mm,
a loading capacity of 7.25 £ 3.16 mg/g, and encapsulation
efficiency of 99.15 + 0.85%, and the release rate was found

significantly higher at pH 9 than at pH 7. The results showed
that the alkaline condition (pH 9) achieved the half-release time
of curcumin (50% release) in just 3h due to an accelerated
corrosion process compared to the neutral environment (pH 7)
that provided stability to the curcumin loaded emulsion filled
gels. Zhang et al. (102) produced gel as a delivery system from
whey protein isolate through heat gelation (24h at 85°C) for
the encapsulation of B-carotene. The encapsulation efficiency
was greatly improved from 76.55 to 92.11% than that of
untreated whey protein isolate. The layers of protein isolate
enhanced the protection of p-carotene, resulting in improved
digestion resistance and subsequently increased bioavailability.
Chen et al. (103) produced Pickering particle-stabilized emulsion
gels via emulsification and pH adjustment and coencapsulated (-
)-epigallocatechin-3-gallate (EGCG-hydrophilic bioactive) in the
inner water phase, whereas quercetin (lipophilic bioactive) in
the oil phase (Figure 4). The formed gels used to coencapsulate
bioactives showed an encapsulation efficiency of 65.5 and 97.2%
for (-)-epigallocatechin-3-gallate and quercetin in the aqueous
phase and oil phase, respectively. Furthermore, in vitro study
revealed that gels improved the bioaccessibility by 48.4 and
49% compared to control (water suspension) by 25.8 and 15%,
for epigallocatechin-3-gallate and quercetin, respectively. Thus,
emulsion gels as delivery systems had the potential for the
encapsulation and coencapsulation of hydrophilic and lipophilic
bioactive along with high encapsulation efficiency and controlled
release features to enhance their bioaccessibility. In summary,
gels are efficient cargos that could be used in improving
the digestion, bioaccessibility, and bioavailability of bioactive
compounds, functional ingredients, and pharmaceuticals.

Texture Design and Modification

The increasing consumers’ awareness and industrial demands
for clean-label food products have challenged the use
of traditional synthetic food additives (e.g., thickeners,
moisture absorbers, and emulsifiers) in designing food
structures with desired properties. Employing emulsion
gels is appropriate for various industrial food applications, for
instance, they can be employed for modifying the texture and
designing safer and healthier functional foods with improved
physicochemical properties. Furthermore, the texture of
emulsion gels can be fabricated by varying the biopolymer
type and concentration, Pickering particles concentration
(emulsifier), addition of functional additives, and processing
conditions such as pH, ionic strength, and temperature
(8, 12).

Zhang et al. (56) prepared emulsion-filled gels (EFGs) using
enzymatically hydrolyzed rice starches (ERS) instead of native
rice starch. The amount of starch in the gel medium had
a direct impact on the final properties of ERS-EFGs. The
addition of starch was found responsible for increasing the
storage modulus (G’) and loss modulus (G”), as well as
improving the firmness and freeze-thaw stability of resultant
ERS-EFGs. On the other hand, the higher amount of emulsion
droplets diluted the starch concentration, causing a reduction
in both G’ and G”, freeze-thaw stability, and firmness. Taktak
et al. (8) synthesized the gelatin-based emulsion gels from
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N

FIGURE 4 | Optical microscopic image and visual appearances of emulsion gels; (A) Emulsion dispersion droplets, (B) Blank emulsion gel, and (C)
Epigallocatechin-3-gallate and quercetin co-loaded emulsion gel. The formed gel showed an encapsulation efficiency of 65.5 and 97.2%, whereas enhanced the
bioaccessibility by 48.4 and 49% for (-)-epigallocatechin-3-gallate and quercetin, respectively. In addition, emulsion gel showed lower release rates of 73.3 and 31.7%
and improved stability by 63.6 and 82.3% for epigallocatechin-3-gallate and quercetin after 8-h incubation in specific environmental conditions (simulated intestinal
fluid) and remained stable to phase separation during 30-days storage at 4°C (D) (103).

European eel skin gelatin (ESG) and European oil (EO). The
emulsion gels were prepared using the weight of EO:ESG in
1:2 and 1:4 (w/w) ratio through the homogenization process or
homogenization followed by sonication. The textural properties
such as hardness (7.87 N), masticability (35.94 Nmm), breaking
strength (4.72N), and rigidity (1.29 N/mm) were higher in
gelatin gel (control) compared to gelatin based emulsion
gels, indicating that emulsion gels were more flexible than
gelatin gel. Gao et al. (29) synthesized high internal phase
emulsion gels, prepared by whey protein isolate and pectin, and
gelled by the addition of D-(+)-gluconic acid 8-lactone and
calcium to form double networks high internal phase emulsion

gels. The structural properties, such as hardness (220.77 =+
11.07 g), adhesiveness (168.4 4 31.18 g/s), gumminess (129.98
+ 4.63g), and chewiness (108.41 & 23.91g) of the internal
phase emulsion gel (whey protein isolate and 2% pectin),
were significantly higher as compared to hardness (125.59 =+
18.64 g), adhesiveness (35.2 + 8.1 g/s), gumminess (51.02 +
16.85 g), and chewiness (50.79 &= 17.04 g) of a hydrogel (prepared
with similar composition as in internal phase emulsion gel).
Thus, the incorporation of emulsion gels in foods as functional
colloids exhibits the potential to regulate textural (rheology and
tribology) and functional properties such as reduced sugar, salt,
or cholesterol contents.
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Worldwide, cardiovascular diseases developed due to excessive
intake of trans-fats are considered a major cause of morbidity
and mortality (104). Mozaffarian et al. (105) reported that
consumption of processed foods rich in saturated and artificial
trans-fats elevated the prevalence of coronary heart disease
from 23 to 29% when energy intake was increased by only 2%
from foods containing trans-fats. Moreover, the United States
Food and Drug Administration had also put a ban on partially
hydrogenated oils used in processed foods, since they are

a major source of trans-fats (106). Thus, the consumers’
concerns about the harmful effects of fat consumption and
the recent policy of the FDA related to the exclusion of
trans-fat from food products have together attracted increased
attention for needed innovation (107). In this regard, emulsion-
gel technology may be employed to develop food products
without trans fats and also to transform partially hydrogenated
oils into semi-solid forms such as viscoelastic gels with
zero trans fats or less saturated fats as a substitute for
solid fats.
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Nacak et al. (34) prepared emulsion gel comprising oil phase
[peanut oil:linseed oil (10:1) and polyglycerol polyricinoleate
(3.2g)], and aqueous phase [water (37 g), inulin (8 g), egg white
powder (3 g), and gelatin (2 g)], per 100 g of emulsion by heating
at 55°C in water bath followed by emulsification at 700 rpm
for 3min. The formed gel was utilized to replace the beef fat
partially/completely (50 and 100%) in sausages and found a 40%
reduction in total fat content and 27% in case of energy content.
Interestingly, the content of total saturated fatty acids (21.46 +
0.4) and cholesterol (27.32 % 0.6) was successfully decreased,
while obvious boosts were seen in mono-unsaturated fatty acids
(45.95 £ 0.14) and poly-unsaturated fatty acids (29.78 % .22) in
sausages containing emulsion gels (100% beef fat replacement)
as compared to control. Likewise, de Souza Paglarini et al. (33)
produced emulsion gels by encapsulating 50% soybean oil in the
soy protein isolate (4%) and inulin (16.5%) as gel substrate to
replace animal fat. A decline in fat (11 to 34%) was calculated
in the reformulated products, furthermore, the least total fat
content (190.4 £ 6.3), higher fiber content (2.97 %), and high
amount of polyunsaturated fatty acid (80.37 & 3.72) observed in
emulsion gels incorporated sausages. Notably, the incorporation
of emulsion gel replacing animal fat also offered better sensory
properties such as texture, flavor, aroma, and overall liking.
These findings indicated that emulsion gels had potential as
animal fat substitutes and could be used in formulating healthier
food products with a better fatty acids composition and sensory
score. Liu et al. (108) used wheat gluten protein particles (1
wt%) as Pickering emulsifiers and prepared emulsion gels by
encapsulating sunflower oil as a mayonnaise substitute. The
formed gels presented excellent thermal stability at 90°C for
30 min than the mayonnaise, which showed a complete collapse
with oil leakage. These findings suggested that emulsion gels have
had better nutritional ratios, healthier lipid composition, and
acceptable sensory features which could be used to replace animal
fat and as a safe alternative to partially hydrogenated oils.

Probiotics Delivery

Probiotics are the viable microorganisms in the human
gastrointestinal ~ tract  that impart health-promoting
characteristics by regulating the balance of gut microflora
(e.g., Bifidobacterium and Lactobacillus) (109, 110). For
example, probiotics present in the intestinal tract exert multiple
health benefits e.g., improved gastrointestinal tract health,
enhanced immunity, reduced bad-cholesterol levels, and
harmful microorganisms growth inhibition (111, 112). However,
environmental and processing conditions such as high relative
humidity and high temperatures greatly affect probiotics viability
(113). Recently, biopolymer-based emulsion gels have emerged as
a promising delivery system for probiotics targeted delivery with
enhanced viability by protecting them from harsh environmental
conditions during processing and digestion.

Gao et al. (29) developed high internal phase emulsion gels
from whey protein isolate and pectin biopolymers to encapsulate
and deliver Bifidobacterium lactis. The results showed that
the viability of encapsulated probiotics was significantly higher
in high internal phase emulsion gel (5.31 log CFU/ml) than
hydrogel (4.66 5.31 log CFU/ml) after a heat treatment at

65°C for 30 min ascribed to the fact that gel pores filled with
oil droplets effectively protected and minimized the effect of
heating on probiotics. In addition, the strength, shear viscosity,
water holding capacity, and stability of gels increased with an
increase in the concentration of pectin from 0 to 2%. Qi et
al. (57) developed smooth and spherical shaped micro-beads
by emulsion-gelation method with sizes ranging from 300 to
500 um as a delivery system for Saccharomyces boulardii and
Enterococcus faecium. The formed gels showed that S. boulardii
and E. faecium grew well and their survival rate improved by
25 and 40%, respectively, compared to controls under high
temperature and high humidity. The survival rate in gastric juice
for S. boulardii (60%) was significantly higher than E. faecium
(25%), but in the case of intestinal juice, a higher rate was
noticed for E. faecium (20%) than S. boulardii (15%). Picone
et al. (54) synthesized gellan gum-based spherical microbeads
with a diameter of 1.85 wm via the emulsion-gelation method
to deliver Lactobacillus rhamnosus with a higher survival rate.
The formed emulsion gel showed the encapsulated probiotics
viability as 77% which was significantly higher than the non-
gelled emulsion of 66%. The in vitro study findings suggested
that emulsion-gelation improved the resistance of the embedded
probiotics which remained stable to oral and gastric digestions.
Based on the aforementioned findings, emulsion gels have
emerged as model probiotics delivery systems that not only
protected the encapsulated probiotics from adverse in vitro and
in vivo conditions but also ensured their targeted delivery with
enhanced viability. In addition, biopolymers as wall material also
provide nutrients to probiotics and the host due to biopolymers’
inheritable nutrient profiles, suggesting their potential to deliver
probiotics in the gastrointestinal tract and development of
functional formulations such as fermented foods.

CONCLUSIONS AND FUTURE TRENDS

Emulsion gel is an emulsion dispersion-filled gel matrix, wherein
at least one phase either continuous phase or dispersed phase
of emulsion creates 3D networks leading to the formation of
semisolid texture. In this review, the authors have discussed
the classification of emulsion gels based on their constitutive
nature of the polymers (i.e., proteins, polysaccharides, and mixed
emulsion gels), and gel-body interactions including sensorial
textures, digestion, and absorption. The tunable attractive
properties (morphology, mechanical, and functional) and unique
characteristics (biocompatible, biodegradable, eco-friendly, and
cost-competitive sustainable biomaterials) make emulsion gels
promising functional colloids and delivery vehicles for different
food applications (encapsulation, controlled release, texture
design, fat replacement, probiotics delivery, designer foods, and
so on). Based on their properties and characteristics emulsion
gels could be effectively utilized in the processing, transportation,
and targeted delivery of food additives, nutraceuticals, probiotics,
and functional ingredients such as flavors, natural pigments,
minerals, and vitamins (Figure5 and Table1). In addition,
emulsion gels can tailor breakdown behavior and sensory
perception of food, protect the bioactive substances against
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adverse conditions, modify their dispersible status in the food
matrixes, control their release time and rate, and eventually
enhance their bioavailability.

Emulsion gels could possibly be used to develop innovative
stimuli-responsive gels which may alter their morphology
and properties upon exposure to any external stimuli such
as enzymes, light, temperature, pressure, and pathogenic
microorganisms. Moreover, a combination of stimuli-responsive
gels with biological entities (e.g., bacteria and viruses) can help
in designing advanced bio-systems with high efficiency and
sensitivity to monitor and control the safety and quality of
the food products. Although biopolymer-derived emulsion gels
had many advantages (cell biocompatibility and biodegradability,
source renewability, inherent nutritional composition, efc.) over
synthetic polymers-based gels, however some properties such
as mechanical strength may not fully match. In this regard,
the presence of charged species (HT and OH™) and different
functional groups on biopolymers such as amino, carboxyl, and
hydroxyl groups impart huge fabrication potentials that would
be utilized in designing gels with superior properties according
to the needs.

To further explore the scope of emulsion gels in the
food industry, cross-disciplinary studies emphasizing
their physicochemical, rheological and tribological, and
functional properties are needed to better design effective
food formulations. Moreover, detailed investigations
both in vitro and in vivo studies focusing on gel-body
interactions specifically gastrointestinal physiology (digestion,
biochemical transformations, absorption, and excretion)
could help in promoting emulsion gels applications in
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Effects of Proteins and Mineral lons
on the Physicochemical Properties of
1,3-Dioleoyl-2-Palmitoyiglycerol
Emulsion to Mimic a Liquid Infant
Formula

Qi Wang ', Yuxi Xu?', Yanchen Liu’, Fang Qian’, Guangqing Mu™ and Xuemei Zhu ™

" School of Food Science and Technology, Dalian Polytechnic University, Dalian, China, 2 State Key Lab of Food Science and
Technology, Nanchang University, Nanchang, China

Proteins and minerals in infant formula not only serve as nutrients, but also have
important effects on the physical and chemical stability of emulsions. In this study, calcium
carbonate (0 or 9.08 mM) and potassium chloride (0 or 15.96 mM), as representatives of
divalent and monovalent minerals, were added to 1,3-dioleoyl-2-palmitoylglycerol (OPO)
emulsions in different ratios (10:0, 9:1, 6:4, 5:5, and 0:10) of whey protein isolate (WPI)
and sodium caseinate (CN). The influence of proteins and minerals on emulsion stability
was investigated by analyzing particle size, zeta potential, creaming index, rheological
properties, storage stability, and lipid oxidation. 1,3-dioleoyl-2-palmitoylglycerol (OPO)
emulsions could be destabilized by adding Ca?*, as shown by the increase in particle
size index, creaming index, and the decrease in zeta potential magnitude. Divalent ions
could affect the electrostatic interactions between lipid droplets and the interactive effects
of ion surface adsorption. In addition, the effect of different protein ratios on the physical
stability of emulsions was not significant under the same ion-type conditions. In terms of
chemical stability, higher oxidized values were found in emulsions stabilized with only CN
than in those containing WPI. Our study showed that protein ratios and minerals played
an important role in the stability of OPO emulsions, which might provide a reference for
the development and utilization of liquid infant formula.

Keywords: calcium, potassium, OPO emulsion, stability, lipid oxidation

INTRODUCTION

In the first 6 months of life, breast milk from healthy and well-nourished mothers is regarded
as the best food for infants (1). In addition, it contains nutrients that aid in the protection and
maturation of the infant intestine (2). Breast milk contains 3-5% fat, 0.8-0.9% protein, 6.9-7.2%
carbohydrate, and 0.2% minerals, and other physiologically active components (IgA, bifidus factor,
etc.) (3). Among the macronutrients, breast milk lipids are the primary source of energy and vital
nutrients for the newborn. In terms of the composition of breast milk fat, triglycerides account for
98% of the fat content and oleic acid, palmitic acid, and linoleic acid are the three most abundant
fatty acids, followed by stearic and myristic acids, where 70% of palmitic acid is esterified at the sn-2
position and unsaturated fatty acids (oleic acid, linoleic acid, etc.) are located at the sn-1,3 position.
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The unique composition and distribution of fatty acids leads
to a representative human milk fat named 1,3-dioleoyl-2-
palmitoylglycerol (OPO) (4, 5).

Human milk fat substitutes refer to the triglyceride mixture
synthesized by modern enzymatic modification technology. It
modifies animal and vegetable fats according to the nutritional
composition, fatty acid composition, and fat distribution of
human milk (6, 7). It is intended to meet the nutritional
needs of infants and their growth and development. Carnielli
et al. provided solid evidence that breastfed newborns absorbed
palmitic acid at the sn-2 position (8). Lopez-Lope et al. compared
the total fatty acid compositions with the sn-2 positional fatty
acid compositions of colostrum, transitional milk, mature milk,
and infant formula. They found that infant formula containing
sn-2 positional palmitic acid is more easily absorbed than
regular formula (9). Koo et al. demonstrated that palmitic acid
in the sn-2 position of infant formula had a physiological
function, including enhancing calcium absorption in the small
intestine and decreasing bone mass (10). OPO, as a triglyceride
typical of breast fat, influences infant digestion and absorption,
making OPO a value-added ingredient in commercial powder
infant milk.

Currently, liquid infant formula is a potential popular product
because it is easier to drink and has brighter packaging that
appeals to infants and young children. For the development
of liquid infant formula products, the physical and chemical
stability of these products are just as crucial as their nutritional
content. The emulsifier has a significant impact on emulsion
stability. As main milk proteins, whey protein (WP) and casein
are important emulsifiers in liquid infant formula products,
which have also been widely used in the food industry (11).
The ratio of WP to casein in breast milk varied depending on
the stage of breastfeeding, for example, it could be as high as
9:1 in early lactation and subsequently decline to 5:5 in late
lactation. An overall ratio of roughly 6:4 is used in most infant
formula products. Milk proteins adsorb at the interface between
the two phases of the oil-in-water (O/W) system, forming a
protective layer on the surface of the lipid droplet before and after
homogenization and inhibiting interfacial tension to maintain
emulsions. It is well known that WP and casein have different
properties, which have an impact on the physical and chemical
stability of liquid infant formula.

Minerals in infant formula have a significant impact on the
physical and chemical stability of emulsions, in addition to the
complex fat structure and protein composition. Minerals boost
the ionic strength in the aqueous phase, lowering the electrostatic
repulsion between droplets and promoting phase separation (12—
15). Some minerals bind to oppositely charged groups on the
surface of emulsion droplets, decreasing their zeta potential and
thus reducing electrostatic repulsion (16). In several commercial
emulsions, calcium-induced flocculation and creaming have been
identified as the sources of long-term destabilization (17).

Previous studies have shown that the creaming stability of
emulsions with 0.5% protein decreased, while the emulsion with
3% protein was not affected by the addition of CaCl, to 0.5%
(18, 19). In this study, an OPO emulsion was prepared to imitate
liquid infant formula. We investigated the effect of a series of

protein ratios (10:0, 9:1, 6:4, 5:5, and 0:10) and ion types on
the physicochemical properties of the OPO emulsion. The ratios
were selected based on the content of WP and casein in breast
milk throughout the lactation period and the combined effect
of monovalent (represented by K*) and divalent (represented
by Ca’") ions in infant formula milk powder. This study may
provide a theoretical basis for the physical stability of liquid
infant formula.

MATERIALS AND METHODS

Materials

1, 3-dioleic-2-palmitate triglyceride-type human milk fat
substitutes (triglycerides > 98%) were kindly donated by
Renzhichu Technology Group Ltd. (Jiangxi, China), which
would be used directly for producing infant formula. Provon®
whey protein isolates (WPI, purity 90%) were purchased from
Glanbia Nutritionals Ltd. (Ireland). Sodium caseinate (CN, BR,
from bovine milk) was purchased from Macklin Biochemical
Co., Ltd. (Shanghai, China). Other solvents and reagents were of
analytical grade.

Preparation of O/W Emulsions

Oil-in-water emulsions were prepared according to previous
reports with simple modifications. Briefly, an aqueous solution
consisting of WPI: CN (1% w/v in total) and phosphate buffered
saline (PBS, 0.01 M, pH 7.0) was stirred for 5 h to ensure complete
dissolution of the protein. After storing the emulsion at 4°C
overnight, Ca** and K*concentrations (9.08 and 15.96 mM)
were added once the protein dispersion had returned to room
temperature. The solutions were stirred for 10min using a
DS-101S magnetic stirring apparatus (Yarong Instrument Ltd.,
Zhengzhou, China) to ensure complete dissolution of the salts.
To make a fresh emulsion, 10% (v/v) of OPO human milk fat
substitutes were mixed with sufficient dissolution at 12,000 rpm
for 3 min, homogenized 2 times at 30 MPa, and loaded with
sodium azide (0.02% w/v) as an antibacterial agent. The pH of
the emulsion was adjusted to 7.0 with 1 M NaOH and/or 1 M HCl
for analysis.

Average Particle Size and Zeta Potential
The particle size distributions and zeta potential of infant formula
emulsion samples were measured using a nano-ZSE laser particle
size analyzer (Malvern Instruments Ltd., England) according
to dynamic light scattering. Infant formula (x100 dilution)
emulsion samples were prepared to avoid multiple scattering
effects, and the absorption of 0.01 was used to calculate particle
size distributions as described previously (20). Each sample was
tested three times, and the data are presented as average =+
standard deviation (SD).

Creaming Index

The infant formula emulsion sample (pH 7.0) was transferred to a
test tube [internal diameter (@) = 20 mm, height (H) = 500 mm],
and then stored at room temperature for 4 months. After storage,
several samples were separated into a thin “cream” layer at the top
and a transparent “serum” layer at the bottom (21). The creaming
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FIGURE 1 | Particle size distribution of control (A), containing K* (B), and Ca®* (C) of 1,3-dioleoyl-2-palmitoylglycerol (OPO) emulsions (10% v/v OPO human milk fat
substitutes) with different ratios of whey protein isolate (WPI) and caseinate (CN; 10:0, 9:1, 6:4, 5:5, 0:10, 1% w/v in total) as emulsifiers.

destabilization kinetics was evaluated by measuring creaming
index as the percentage of serum layer height (Hs) from the total
emulsion height (Hr) (22).

L. Hg
Creaming index = — x 100%
Hr

Rheological Properties

Rheological properties were carried out in a DHR-2 rheometer
(TA Instruments Ltd., New Castle, DE, USA). The temperature
was maintained at 25 + 0.5°C. The apparent viscosity of
the emulsion sample was measured upon shear rate ramp-
up from 5 to 100 s™! according to the modified method as
described previously (23). The exposed surfaces of the samples
were covered with a thin layer of silicone oil to prevent
dehydration. The shear rate was then recorded as the shear stress
was increased.

Storage Stability

The infant formula emulsion sample (2ml) was poured into a
cuvette and then stored at room temperature for 40 days, and
5 wl of each sample was taken out at the time intervals of 0,
8, 16, 24, 32, and 40 days for analysis. The physical stability of

emulsions during storage was characterized by regular sampling
and measuring their average particle size and zeta potential.

Lipid Oxidation

The method for characterizing the oxidation stability of oil is
based on the method of Qiu et al. (24) and slightly modified. The
emulsion sample was placed in an oven at 60°C, and the samples
were taken out at different time periods (0, 10, 20, 30, and 40
days) for the analysis of oxidation state.

Primary Oxidation Product Hydrogen Peroxide Value

Primary oxidation product hydrogen peroxide value (POV) was
measured according to the report of Zeng et al. (25) with slight
modifications. Briefly, 1 ml of the emulsion sample was vortexed
vigorously three times with 5ml of isooctane: isopropanol (2:1
v/v) followed by centrifugation for 5min at 2,800 x g (FA-45-6-
30 rotor, centrifuge 5804R, Eppendorf AG, Hamburg, Germany).
Then, 0.2ml of the isooctane: isopropanol extract was mixed
with 4.8 ml of methanol: butanol (2:1 v/v). This mixture was
then reacted with 20 pl of 3.94 M potassium thiocyanate and 20
pl of ferrous iron solution. The mixture was allowed to react
for 20 min at room temperature in the dark before measuring
the absorbance of the sample at 510nm using a TU-1900
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total) as emulsifiers. The results are expressed as mean + SD (n = 3). Different letters (a—j) indicate significant differences at the 0.05 level.

spectrophotometer (Baiqi Biotechnology Ltd., Jinan, China). The =~ Corporation, Redmond, WA, USA). The statistical analysis was
concentration of hydroperoxides was determined based on a  performed by one-way ANOVA followed by Duncan’s test at p
standard curve of hydroperoxide. < 0.05.

Thiobarbituric Acid Reactive Substances

Thiobarbituric acid reactive substances (TBARS) were measured

according to Xu et al. (26). The infant formula emulsion RESULTS

sample (0.6 ml) was combined with 4.0 ml of TBA (thiobarbituric . . . .

acid) solution (prepared by mixing 15g of trichloroacetic Particle Size and Zeta Potential Analysis
acid, 0.375g of TBA, 1.76ml of 12M HCI, and 82.9ml of Particle size distribution in the OPO emulsion samples is
H,0) in test tubes and placed in a boiling water bath for illustrated in Figure 1. In Figure 1A, the emulsion in the control
30 min. The tubes were cooled to room temperature for 10min  (without ions) with a higher WPI ratio (10:0 and 9:1) was
and then centrifuged at 860 x g (2,500 rpm) for 20min  characterized with larger particles and a tail peak in peak
followed by measuring the absorbance at 532nm. TBARS  distribution. The result indicated that a number of original

were calculated from a standard curve prepared with 1,1,3,3-  droplets had accumulated. Emulsions with increasing CN ratios
tetraethoxypropane. (6:4, 5:5, and 0:10) showed a single peak distribution and a tight

particle size distribution, indicating a good symmetry dispersion.
Statistical Analysis Compared with the control, the particle size distribution of the

The results are presented as means & SD using SPSS 18.0 software  ion groups showed a bimodal distribution. The size distribution
(IBM Corporation, NY, USA) and Origin 85 software (Microsoft  was control group < K* group < Ca?* group, indicating that the

Frontiers in Nutrition | www.frontiersin.org 154 June 2022 | Volume 9 | Article 808351


https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Wang et al.

Physicochemical Properties of OPO Emulsion

TABLE 1 | The creaming index of fresh 1,3-dioleoyl-2-palmitoylglycerol (OPO)
emulsions (10% v/v OPO human milk fat substitutes and whey protein isolate
(WPI): CN/10:0, 9:1, 6:4, 5:5, 0:10, 1% w/v in total) for 120 days.

WPI: CN 20 days 40 days 60 days 120 days
(1%, w/v)

10:0 ND ND ND 0.78 £ 0.41
9:1 ND ND 3.72 + 0.59° 26.71 £ 5.142
6:4 ND 2904 0.16°  8.04 4 1.08° 40.34 £ 2.732
5:5 ND 5.05 + 2.02° 7.07 £+ 1.00° 43.60 + 1.342
0:10 ND 3.80+0.94°  6.63 £ 0.09° 38.15 + 5.622
10:0-K* ND ND ND 1.96 +0.13
9:1-K* ND 1.55 + 0.43° 7.01 £3.982 13.04 £ 1.942
6:4-K* 7.92 £0.71° 6.38 £ 2.06° 390.98+ 2.46° 71.84 £ 6.632
5:5-K* 13.590 + 0.43° 10.58 4 6.05° 28.95 + 4.34° 65.23 £ 7.112
0:10-K* ND 21.81 £4.71°  77.99 4 4.02° 81.69 + 1.842
10:0-Ca+ ND ND ND 2.49 +£0.42
9:1-Ca®* ND 3.67+£2.07° 539+4.06° 23.43+ 10.28%
6:4-Ca®*  10.79+2.769 18.27 +£5.00° 31.33+4.66° 64.92 +6.322
5:5-Ca®t 7134+ 1249 16,51 £3.36° 3211 +£1.42° 7258 + 5562
0:10-Ca®* ND 16.09 £ 2.30¢ 78.03 +4.64°  82.02 £ 6.442

a~d Djfferent small letters represent the significance of the diifference (p < 0.05); ND means
not detected.

large particles in emulsions were gradually increased and formed
by droplet aggregation.

The zeta potential values of emulsions with various WPI and
CN ratios are shown in Figure 2. The zeta potential amplitude
of the control samples (without ionic addition) decreased as
the CN concentration in emulsions increased. When adding K+
and Ca?T into emulsions, the absolute zeta potential value did
not change significantly with increasing CN ratio. Under the
conditions of different or same protein ratios, the absolute zeta
potential value was K* group > Ca?" group and the change in
the absolute zeta potential value was Ca?* group > K* group >
control group.

Creaming Index During Storage

According to Table 1, the impacts of different protein ratios
and mineral ions in emulsions did not show layering behavior
when emulsions were placed at room temperature for 20 days,
except the 6:4 and 5:5 (WPL:CN) emulsions after adding K
and Ca’*, which showed a slight alteration (7.92 £ 0.71,
13.59 £ 0.43, 10.79 £ 2.76, and 7.13 + 1.24%, respectively).
However, varying degrees of cream layer separation were found
from 20 to 120 days. Emulsions emulsified by WPI were
stable, whereas emulsions with K+ and Ca’?* showed the most
obvious layering phenomenon (81.69 + 1.84 and 82.02 =+
6.44%). It is shown that the overabundance of unabsorbed
biopolymers resulted in higher droplet accumulation, larger
particles, and more pronounced stratification behavior after
longer storage time.

Viscosity Analysis
The rheological behavior of the OPO emulsion system was
examined as a function of different protein ratios and ionic

strength. In particular, the flow behavior of the emulsion sample
was investigated taking into account the dependence of the
shear stress on the sample viscosity. The effect of different
protein ratios and ionic strength on the rheological properties
of emulsions was examined (Figures 3A-D). The flocculated
emulsions exhibited strong shear thinning behavior (Figure 3).
Viscosity decreased with increasing shear rate. When the shear
rate was in the range of 5-10 s™!, the viscosity of each
emulsion group decreased rapidly as shear stress increased.
Then, the viscosity tended to be consistent within the shear
rate of 20-100 s~!. Compared with Figure 3A, the viscosity
of the K* and Ca?t groups was higher than the control
group in the range of 5-10 s!. This difference could be
attributed to factors such as flocculated volume fraction of the
droplets, flocculation size, and spatial distribution or intensity
of interaction between flocculated droplets (27). Different
protein ratios were found to be insensitive to changes in
emulsion viscosity.

To understand the relationship between shear stress and
viscosity of emulsions by the addition of K* and Ca**, only
the ratio of 6:4 (WPI:CN) was chosen for viscosity analysis.
Figure 3D shows that the viscosity of the 6:4 emulsion without
salt ions is lower than that of the emulsion with K* and Ca?*,
which was Ca?* group > K* group > control group in the range
of 5-20 s~ L.

Physical Stability of Emulsions During

Storage

The storage stability (particle size and zeta potential) of
emulsions after 40 days is shown in Table2. The results
showed that the emulsion particle size gradually increased
with storage time. It was also demonstrated that the absolute
value of the zeta potential gradually decreased as the emulsion
storage time increased. In detail, the particle size of emulsions
without ions and with K* or Ca?* were 355-460, 426-507,
and 424-514nm, respectively, after storage for 40 days. In
addition, the zeta potential in the control, K*, and Ca’*
groups was —41.53~-51.27, —39.53~-52.33, and —29.67~-
36.10mV, respectively, after storage for 40 days. According
to the analysis with or without K* and Ca?*, the trend of
the physical stability of emulsions during storage decreased
in the following order: control group > K group >
Ca** group.

Lipid Oxidation of Emulsions

In this study, the rate of lipid oxidation in different emulsions
containing KT or Ca?" was measured. All samples were
kept at 60°C for 40 days to accelerate lipid oxidation. To
investigate the rate of lipid oxidation, primary and secondary
lipid oxidation products were measured as POV and TBARS
(Figure 4), respectively. The results showed that the rate of
lipid oxidation increased at first and then decreased as the
storage time was prolonged. Due to its more compact structure
and lack of phosphate groups, WPI might limit its iron-
binding ability and thus promote oxidation (28). In addition,
the relative oxidation value of emulsions with CN alone as
the emulsifier was greater than that of other emulsions with
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FIGURE 3 | Shear stress and viscosity relationships of OPO emulsions (10% v/v OPO human milk fat substitutes) at different protein ratios (WPI:CN/10:0, 9:1, 6:4, 5:5
and 0:10, 1% w/v in total; (A) either in the presence of K (B) or Ca* (C). (D) Comparison of the shear stress and viscosity relationship of OPO emulsions for
WPI:CN/6:4 (control) with Kt or Ca2t.

varied ratios of WPI, based on the POV and TBARS content
in Figure 4. The higher oxidation rate might be because the
affinity of phosphate groups of casein molecules for iron was
better than that of carboxylic acid groups of other proteins
(29). In the 30-day oxidation stage, the POV content at
different protein ratios (10:0, 9:1, 6:4, 5:5, and 0:10) without
and with K* and Ca®* was 3.39-9.39, 10.73-13.52, and 11.41-
15.18 ug/ml and the TBARS content was 0.05-0.16, 0.06-0.35,
and 0.08-0.56 Lg/ml, respectively. These data indicated that K+
and Ca?* can promote the oxidation of emulsions, possibly
because these ions destabilize the physical state of emulsions as
mentioned above.

DISCUSSION

Whey protein isolate and CN are typical protein-type emulsifiers,
which can exert their emulsification and adsorption properties
in emulsions and are improved by electrostatic or three-
dimensional repulsive forces to maintain emulsion stability (30).
CN, characterized by its disordered structure and hydrophobic

properties, possesses greater adsorption at the oil-water interface
than a tiny, compact, and globular WPI (31).

As represented in Figures 1B,C, K* and Ca?* binding
may induce the aggregation of emulsion droplets as salt ions
reduce the repulsive force between droplets (32). However,
the particle size distribution peak of the samples shifted
toward larger particle size with the addition of potassium
ions, except for the ratio 5:5 in Figure 1B. According to
Keowmaneechai et al., surfactants such as casein to replace
the WP absorbed from the droplet surface, the aggregation
induced by metal ions was found to be almost reversible
(33). In addition, the homogenized proteins were exposed to
more calcium binding sites, which might accelerate particle
aggregation (34).

Therefore, compared with K, emulsions with Ca?* produce
extensive droplet aggregation resulting in an unstable emulsion.
The absolute value of the zeta potential was the highest when
the proportion of CN was the highest, as shown in Figure 2.
Amino acid side chains from protein dissociation are more
conducive to induce electrostatic repulsion to enhance emulsion
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TABLE 2 | Effects of K* and Ca®* on storage stability (particle size and zeta potential) in different OPO emulsions (10% v/v OPO human milk fat substitutes and WPI:

CN/10:0, 9:1, 6:4, 5:5, 0:10, 1% w/v in total).

WPI: CN(1%, w/v) 0 day 8 days 16 days 24 days 32 days 40 days
Particle size

10:0 276.57 + 3.29° 253.10 + 1.87¢ 285.93 + 1.50° 330.33 + 13.65° 351.80 + 4.65° 355.87 4 3.50°
9:1 307.43 + 6.02¢ 344.27 4+ 3.37° 347.37 + 4.22° 373.30 =+ 4.55° 429.23 + 3.342 435.00 + 2.822
6:4 233.70 + 3.22° 342.83 4+ 0.81° 379.07 + 5.05¢ 408.37 + 5.77° 443.77 £ 3.77° 467.70 + 1.852
55 229.10 + 1.18¢ 322.37 4+ 2.81° 365.60 + 2.50P 380.00 + 16.10° 402.97 + 7.112 409.70 + 9.262
0:10 253.27 + 1.68¢ 253.47 +£2.179 311.27 + 3.02° 335.17 + 3.60° 348.80 =+ 0.46° 395.23 + 4.772
10:0-K* 259.30 =+ 2.26° 269.77 + 2.61° 329.93 + 7.979 353.17 + 3.52° 383.90 =+ 5.84° 429.93 + 6.08%
9:1-K* 265.77 & 1.04° 273.40 + 3.15° 356.60 + 4.08¢ 386.03 + 4.66° 403.40 =+ 3.22° 426.60 + 4.50%
6:4-K* 266.80 + 1.844 254.07 + 2.95° 347.70 + 3.76° 363.83 + 2.91° 426.60 + 9.28° 452.83 + 10.072
5:5-K+ 250.20 4 2.91¢ 288.90 + 4.03¢ 343.33 + 5.09° 358.33 + 8.74° 42417 +0.81° 487.13 + 3.812
0:10-K* 281.33 + 7.69° 339.77 + 1.449 381.67 + 8.52° 423.33 + 2.89° 469.17 + 10.08° 507.30 + 1.65°
10:0-Ca®* 317.97 + 6.06¢ 331.27 + 3.18° 354.60 =+ 5.81° 387.17 + 3.00° 413.73 + 5.052 424.33 + 2,162
9:1-Ca®* 355.40 + 4.16° 343.17 + 6.62¢ 369.13 & 3.17° 451.83 + 13.27° 464.30 + 4.11° 491.93 + 2,532
6:4-Ca?* 361.47 + 5.70° 397.30 + 2.46¢ 454,67 + 3.45° 479.07 + 2.80° 486.73 =+ 20.76° 514.10 + 1.742
5:5-Ca?* 304.13 + 3.30° 380.60 + 6.319 408.60 =+ 2.96° 418.67 £ 12.17° 427.2 + 18.76° 500.90 + 13.00?
0:10-Ca®* 352.63 4+ 9.18¢ 363.90 =+ 7.20° 376.53 + 12.08° 462.50 =+ 4.52° 465.17 + 3.36% 460.90 + 14.30°
Zeta potential

10:0 —45.73 £ 2.212 —43.87 + 2.80° —43.47 + 2.90° —42.43 +0.21° —42.20 + 0.26° —41.53 + 1.00¢
9:1 —48.23 + 2.75° —45.10 + 0.26° —44.70 + 2.35° —43.47 £ 0.29¢ —43.03 + 0.85¢ —42.43 + 1.65°
6:4 —50.40 + 0.75% —50.10 + 0.69% —47.83 + 0.45° —47.73 £ 0.99° —47.07 + 2.66° —45.67 + 1.30°
55 —52.40 + 1.372 —52.07 + 3.99° —48.47 + 0.32° —47.13 + 0.68° —46.43 + 0.35¢ —46.23 + 1.16¢
0:10 —59.47 + 2,722 —56.77 + 3.17° —56.43 + 0.87° —52.13 + 0.38° —51.63 + 1.40¢ —51.27 + 4.30¢
10:0-K*+ —42.93 + 0.572 —41.37 £ 0.93° —41.27 +0.12° —40.10 + 0.61° —39.57 + 0.49¢ —39.53 + 0.59¢
9:1-K* —44.50 + 0.35° —44.27 +0.312 —42.93 + 0.82° —41.50 + 0.23° —41.17 £ 0.40° —40.87 + 0.72°
6:4-K* —48.97 + 0.25° —48.30 + 0.702 —47.07 + 1.10° —46.08 + 0.31° —45.07 + 1.00¢ —43.97 + 0.91°
5:5-K* —50.40 + 0.532 —50.07 + 0.42 —47.08 + 0.45 —46.37 £ 0.12 —46.00 £ 0.75 —45.97 £ 0.40
0:10-K* —54.93 + 0.57° —56.83 + 0.06? —53.90 + 0.70° —53.17 + 0.80° —52.37 + 0.49¢ —52.33 + 0.66¢
10:0-Ca®t —39.97 + 0.50° —34.63 +0.72° —34.20 + 0.36° —33.78 £ 0.75° —32.90 + 0.21¢ —30.47 + 0.52°
9:1-Ca®* —37.20 + 0.56° —37.18 £ 0.672 —35.53 + 0.68° —35.13 £0.61° —34.63 + 0.55° —31.77 £ 0.60¢
6:4-Ca?* —37.10 £ 0.622 —36.80 + 0.44 —36.63 + 0.66 —35.90 + 0.00 —35.70 + 0.50 —34.90 +£0.78
5:5-Ca®* —39.30 + 0.36° —37.80 + 0.62° —37.40 + 0.87° —36.80 4+ 1.10° —36.10 4+ 0.10° —29.67 + 0.40¢
0:10-Ca?+ —40.03 + 0.40% —38.73 £0.74° —37.67 £ 0.55° —37.37 £ 0.50° —37.17 £ 0.80° —36.10 + 0.61¢

a~' Different small letters represent the significance of the difference (p < 0.05).

stability when the pH (the pH of emulsions is seven) is further
away from the emulsifier’s isoelectric point (35, 36). At pH
values above the isoelectric point, protein molecules have more
~-COO~ groups than -NH3%1 groups, so protein molecules
present more negatively charged groups. It has been reported
that Ca?" can bind to the two main proteins of whey protein
through the free carboxylic groups of aspartic and glutamic
acids (35, 37). Therefore, Ca®T could combine with the -
COO™ groups to reduce the negative charge on the surface of
emulsion droplets in this study. In the absence of K*, emulsions
might lead to a less extensive diffuse double layer, interdroplet
repulsion, and eventually droplet aggregation (38). The effect of
ion valence on emulsion zeta potential in this study indicated
that multivalent ions in the emulsion were more effective than
monovalent ions combined with countercharge in the interaction
effects of electrostatic shielding and ion surface adsorption.

Our results were consistent with the conclusions of previous
studies (39).

Creaming index is an important indicator to measure the
degree of aggregation of lipid droplets in the emulsion. Lipid
droplet network layout, structural rearrangement, and final
phase separation kinetics are the critical aspects, which impact
emulsion instability, and depletion flocculation is one of the
main causes (40-42). Emulsions with a high creaming index
are generally unstable (16). According to Srinivasan et al., a
high CN emulsion content resulted in low stability due to
depletion flocculation generated by the unabsorbed CN in the
aqueous phase (43). Our results showed that the addition of
K" and Ca?" plays an important role in emulsion stability.
The electrostatic repulsion between the droplets was gradually
shielded by the anti-ions around the droplets, and the small
particulate matter adsorbed on each other, so that the large
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particles aggregated and the fat floated upward with the
addition of KT and Ca?* (44). In addition, the effects of K+
and Ca?* on creaming index might be gradually increasing
particle size and making droplet aggregation to result in
flocculation with storage days. A higher degree of flocculation
is preferable to a higher degree of creaming in emulsions
(45). Creaming instability measurements in the absence of
K" and Ca?" support the result of particle size and zeta
potential measurements.

The rheological property is also a key factor to consider
in O/W emulsion stability. Previous research showed that the
floccules created in the emulsion trapped water molecules in
the two oil-water phases. This increased the effective volume
fraction of particles and promoted the flocculated emulsion to
have a higher viscosity than the unflocculated emulsion (45,
46). Our results indicated that the Ca?*- containing emulsion
has a higher viscosity, as shown in Figure 3D. It would be
expected that Ca?t could promote the flocculation of droplets
to a greater extent and increase its strength due to electrostatic
screen interactions, reduce droplet charge, and act as ionic
bridges, while potassium ion could only play a role of electrostatic

screen interactions, with weak strength and low emulsion
viscosity (33).

Emulsion destabilization is often due to various physical
phenomena. As shown in Table 2, the emulsion particle size in
each group increased to different degrees and the Ca?* group
had the highest particle size on day 40 of the storage period.
Previous studies have indicated that flocculation, rather than
coalescence, is the cause of droplet aggregation of emulsions with
calcium (19) and potassium (47). Flocculation occurs because
the metal ions reduce the electrostatic repulsion between the
droplets, thus these droplets get closer. According to Ray and
Rousseau, droplet aggregation caused by electrostatic action
is blocked when the absolute value of the zeta potential of
the emulsion is higher than 30 mV (58) (48). In contrast, the
absolute value of the zeta potential of a calcium ion was 29.67
=+ 0.40, which is the smallest among the three groups. This
result showed that the emulsion of adding Ca’* would be
unstable, which was consistent with the previous results. The
emulsion particle size and zeta potential during the 40 days
of study indicated that the storage stability of each emulsion
is different due to factors such as protein ratios and ionic
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strength, which is consistent with the results reported by Ye
(49). The above results indicated that Kt and Ca’t affect
the long-term stability of OPO emulsions, which may have
significant effects on the formulation of potassium- and calcium-
enhanced emulsion-based products with a long expected shelf-
life.

In addition to physical properties, lipid oxidation is a
major issue in food storage and consumption, influencing the
flavor, odor, and color of food (11). Our results showed that
lipid oxidation might be caused by the different structures of
WPI and CN, enabling their affinity for iron to be different.
However, during the oxidation process, the principal product,
hydroperoxide, dissociates into secondary oxidation products,
such as malondialdehyde and hexanal, resulting in a decrease in
the oxidation content of POV (50).

As shown in Figures 4B-b,C-c, our results indicated that both
POV and TBARS values increase after adding K+ and Ca?* into
the emulsion, which can promote the oxidation of emulsions
enabling emulsions to be unstable. The results were the same as
particle size and creaming index.

We chose the different ratios of WPI and CN to better simulate
the different stages of breastfeeding, and added OPO human
milk fat substitute, which was conducive to the digestion and
absorption of breast milk by infants. Furthermore, minerals
are also essential, and K* and Ca’" account for a high
proportion of minerals in infant formula. Thus, macronutrients
and micronutrients complement each other. However, this
infant formula was not ideal, which might be related to the
concentration of added minerals. Therefore, the effect of varying
mineral ion concentrations on the physicochemical properties of
the OPO emulsion must be thoroughly explored to prepare a
stable liquid infant formula. In addition, from a nutritional point
of view, in vitro gastrointestinal digestion would be ideal, and
could be further investigated.
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