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Herein, three types of ovalbumin (OA)-polysaccharide conjugates were prepared with three polysaccharides (XG:
xanthan gum; GG: guar gum; KGM: konjac glucomannan) for the fish oil emulsion stabilization. The glycation did
not change the spectra bands and secondary structure percentages of OA, whereas it decreased the molecular
surface hydrophobicity of OA. The initial emulsion droplet sizes were dependent on the polysaccharide types, OA
preparation concentrations, polysaccharide: OA mass ratios, and glycation pH. The emulsion stability was mainly

dependent on the polysaccharide types, polysaccharide: OA mass ratios, and glycation pH. However, it was
minorly dependent on the OA preparation concentrations. The emulsions stabilized by conjugates with high
polysaccharide: OA mass ratios (e.g., >3:5 for OA-GG) or appropriate glycation pH (e.g., 5.0-6.1 for OA-XG)
showed no obvious creaming during the room temperature storage. This work provided basic knowledge on
the structural modification and functional application of a protein.

1. Introduction

Ovalbumin (OA) is the major protein in egg white (~54% by weight)
and has a molecular weight of 45 kDa with 386 amino acids. Besides its
significant nutritional values, it has excellent functional properties such
as gelling, foaming, and emulsifying properties (Chen et al., 2024).
Therefore, OA is an outstanding food hydrocolloid and has been widely
applied as gelling, foaming, and emulsifying agents in the food pro-
cessing field (Rostamabadi et al., 2023). It is also a promising ingredient
to prepare delivery vehicles for functional foods and pharmaceuticals
(Zeng et al., 2022).

The emulsifying properties of OA are subjected to variations in food
matrix and processing conditions. Typical food matrix factors include oil
concentrations (Mine et al., 1991), interfacial film types (e.g., Tween
addition) (Li, Xue, et al., 2022), etc. Typical processing conditions
include pH, ionic strength, heat, high pressure, etc. (Galazka et al.,
2000). OA is in a sphere shape as a Pickering emulsifier at pH 3 and in a

polymeric shape as a traditional emulsifier at pH 7 (Xu et al., 2020).
Molecular modification such as glycation could improve the structure
and functional behaviors of OA (Yang, Wang, et al., 2022). Therefore, it
is important to explore novel modification methods to tackle these
bottlenecks for the wider application of OA in the food field.

Many molecular modification methods have been developed to
improve the emulsifying properties of OA. Phosphorylation could in-
crease the emulsifying properties of OA by inhibiting protein aggrega-
tion to cause more protein adsorption on the oil/water interface (Tang
et al., 2019). Hydroxyl radical-induced oxidation could improve the
emulsifying properties of OA by changing the surface chemical groups
and structures (Li et al., 2019). The physical and oxidative stability of
the emulsions stabilized by OA could be improved by procyanidins
mixing (Wen et al., 2022). The synergistic modification of enzymatic
hydrolysis and phosphorylation induced better emulsifying properties
than both the hydrolyzed and unmodified OAs (Liu et al., 2020). Poly-
saccharide xanthan gum (XG) addition could promote the emulsifying
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properties of OA to stabilize soybean oil emulsions (Xiao et al., 2021).
The electrostatic complexation between polysaccharide gum Arabic and
OA induced higher emulsion stabilization ability than OA (Li, Zhang,
et al., 2022). Controlled glycation with neutral dextran could improve
the emulsifying properties of OV (Zheng et al., 2022). These works
significantly promoted the development and application of OA-based
food emulsifiers in the field of food science. Especially, polysaccharide
glycation of protein is a mature method to prepare protein-
polysaccharide conjugates with improved functional properties (Zhang
et al., 2021). However, the effect of polysaccharide glycation on the
structural and emulsifying properties of OA has not been systematically
studied until now.

Non-gelling food polysaccharides are a class of polysaccharides that
remain fluid or viscous solutions when they are completely hydrated or
dispersed in water (Yang, Li, Li, Sun, & Guo, 2020). They are commonly
used as thickening agents, dispersing agents, and emulsifying agents in
the food industry. Typical non-gelling food polysaccharides include
anionic XG, nonionic guar gum (GG), and nonionic konjac glucomannan
(KGM). Anionic XG has a p-glucose backbone with some trisaccharide
side chains in the molecular chain (Nsengiyumva et al., 2024). Nonionic
GG has a mannose backbone with some galactose side chains in the
molecular chain (Sharma et al., 2018). Nonionic KGM has p-1,4-linked
mannose and glucose units in the molecular chain (Li, Wang, et al.,
2022). It is well known KGM can self-associate to form a thermally
irreversible gel network in the alkali environments (Yang, Li, Li, Li,
et al., 2020). Therefore, XG, GG, and KGM were commonly chosen as
representative food polysaccharides to improve the properties of food
polymers (Lan & Lai, 2023).

The purpose of this work was to study the effect of glycation with
three polysaccharides (XG, GG, and KGM) on the structural and emul-
sifying properties of OA. First, three types of OA-polysaccharide conju-
gates (OPCs) were prepared according to a glycation protocol and
confirmed by observation and the analyses of the degrees of grafting
(DGs). Second, the structural properties of OPCs were determined using
scanning electron microscopy (SEM), attenuated total reflectance
Fourier transform infrared (ATR-FTIR) spectrometry, secondary struc-
ture percentage analyses, and molecular surface hydrophobicity ana-
lyses. Third, the effects of OA preparation concentrations and
polysaccharide types on the preparation and stability of the OPC-
stabilized emulsions were studied using digital camera technique and
optical microscopy. Fourth, the effect of the GG: OA mass ratio on the
preparation and stability of the OPC-stabilized emulsions was investi-
gated using digital camera technique and optical microscopy. Fifth, the
effect of glycation pH on the preparation and stability of the OPC-
stabilized emulsions was analyzed using digital camera technique and
optical microscopy.

2. Materials and methods
2.1. Materials

XG (USP grade, CAS No.: 11138-66-2, Production No.: GB810381;
Ash content: 11.7%; Loss on drying: 10.3%; Heavy metals: 13.8 ppm)
and OA (BR grade, CAS No.: 9006-59-1, Production No.: E6337, Water:
0%-10%, Molecular weight: 44-45 kDa) was purchased from Shanghai
Macklin Biochemical Co., Ltd., China. GG (AR grade, CAS No.: 9000-30-
0, Production No.: S30550, Solubility: 10 mg/mL in water), and KGM
(Viscosity >15,000 mpa.s, CAS No.: 37220-17-0, Production No.:
$30903, Solubility: 40 mg/mL in water) were purchased from Shanghai
Yuanye Biotechnology Co., Ltd., China. Fish oil (DHA + EPA > 70%) was
bought from Xi'an Qianyecao Biological Technology Co., Ltd., Shaanxi,
China. The other common materials were bought from Sinopharm
Chemical Reagent, Shanghai, China.
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2.2. Preparations of OPCs

The OPCs were fabricated using a glycation protocol in our and
others' previous work (Hu et al., 2022; Huang et al., 2020; Zhang et al.,
2022). Basic experimental process was described as below: solid poly-
saccharide reagents (XG, GG, and KGM) were mixed with 5 mL of OA
(Shanghai Aladdin) solution (10 mg/mL). Then, 0.01 g of poly-
saccharide was added to the solution. The pH was pH 6.1. Then, the
mixtures were Vortexed for 30 s and were incubated at 90 °C for 1 h to
obtain OPC solutions. The OPC solutions were freeze-dried to obtain
solid OPC samples. The protein-polysaccharide conjugates and raw
materials (protein and polysaccharide) were macromolecules. There-
fore, almost all the works on the development and application of
protein-polysaccharide conjugates did not separate the protein-
polysaccharide conjugates from the raw materials (protein and poly-
saccharide) after the glycation (Amiratashani et al., 2024; Feng et al.,
2023).

Different OA concentration (2, 4, 6, 10, and 15 mg/mL; poly-
saccharide concentration of 2 mg/mL, unchanged pH), polysaccharide:
OA mass ratios (1:5, 2:5, 3:5, 4:5, and 1:1; OA concentration of 10 mg/
mL; unchanged pH), and glycation pH (3.0, 5.0, 7.0, 9.0, and 11.0; OA
concentration of 10 mg/mL, polysaccharide concentration of 2 mg/mL)
were explored to analyze their effects on the structural and emulsifying
properties of OPCs. The pH was adjusted with 1 mol/L of HCl and 1 mol/
L of NaOH. The untreated OA solutions were stored at room temperature
to show their solubilization in water.

2.3. Degree of grafting

The DGs were obtained using a typical O-phthalaldehyde (OPA)
method (Wen et al., 2020). Briefly, 50 mL of OPA reagent was freshly
prepared by mixing 1 mL of 40 mg/mL OPA methanol solution, 2.5 mL
of 20% (w/w) sodium dodecyl sulfate solution, 25 mL of 0.1 mol/L so-
dium tetraborate buffer, 100 pL of f-mercaptoethanol, and water. Then,
4 mL of OPA reagent was mixed with 200 pL of OPC solution. The
mixture was incubated in the dark for 2 min at 35 °C. Subsequently, the
mixture absorbance was determined at 340 nm using a Persee T6 UV-Vis
spectrophotometer (Beijing, China). A mixture of 4 mL OPA reagent
with 200 pL of water was used as the reference solution. DG (%) was
calculated by dividing the absorbance differences between the OA/
polysaccharide mixture and OPC solution by the absorbance of the OA/
polysaccharide mixture and multiplying by 100.

2.4. Scanning electron microscopy

The freeze-dried OPC samples were attached to a conductive adhe-
sive, sputtered for 90 s, and examined using Hitachi SU5000 scanning
electron microscope (Japan) with a voltage of 5.0 kV. The OA or poly-
saccharides without each other were treated with the same OPC prep-
aration procedure and then observed by SEM.

2.5. ATR-FTIR spectroscopy and secondary structure analysis

The freeze-dried OPC samples were examined using a PerkinElmer
Spotlight 400 ATR-FTIR spectrometer (Waltham, MA, USA) with a
spectra range of 600-4000 em~! (Hu et al., 2022). The scan resolution
was 1 em™L. The spectra (1700-1600 cm’l) were analyzed using Sea-
Solve PeakFit software (V4.12, San Jose, CA, USA) to obtain the sec-
ondary structure percentages. The OA or polysaccharides without each
other were treated with the same OPC preparation procedure and then
analyzed by ATR-FTIR spectrometry as controls.

2.6. Molecular surface hydrophobicity

Molecular surface hydrophobicity of OPCs and OA were measured
using a 1l-anilino-8-naphthalenesulfonate magnesium salt (ANS)
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fluorescent probe method (Xu et al., 2022). OPCs and OA were dissolved
in phosphate buffer solution (0.05 mol/L, pH 7.0) at a concentration of
1.0 mg/mL. Then, the solutions were diluted to 0.2-1.0 mg/mL. Then,
15 pL of ANS phosphate buffer solution (0.05 mmol/L) was mixed with
6 mL of the sample solution. After 30 min in the dark, the fluorescence
intensity of the samples was determined using an F-7000 fluorescence
spectrophotometer (Hitachi, Tokyo, Japan) with an excitation wave-
length of 390 nm and an emission wavelength of 470 nm. The fluores-
cence intensity versus protein concentration (g/L) was plotted and fitted
by a linear equation. The slope was the molecular surface hydropho-
bicity of OPCs or OA.

2.7. OPC-stabilized fish oil emulsions

The emulsions were prepared using a homogenizer (T10, IKA,
Guangzhou City, Guangdong Province, China) (Hu et al., 2022). Briefly,
5 mL of the OPC solution was mixed with 5 mL of fish oil (Xi'an Qia-
nyecao, Shaanxi, China). The mixture was treated with the homogenizer
for 90 s at a speed of 11,500 rpm. The emulsions were stored at room
temperature.

The emulsions were photographed using a digital camera. The
emulsion creaming index (CI) value (%) was dividing the serum layer
height by the emulsion height and multiplying by 100. The emulsions
were observed using an upright optical microscope (ML8000, Shanghai
Minz, China) with an objective of 40x. Optical images were randomly
chosen from three independent experiments (> one from each) and all
the droplet sizes in these images were fully measured using the com-
mercial microscope software. The sizes (500-700 values) were analyzed
by the frequency distribution and multiple peak Gaussian fitting.
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2.8. Statistical analysis

Mean + standard deviation was used to express the obtained data (n
= 3). One-way ANOVA with Duncan's analysis was used for the statis-
tical analysis.

3. Results and discussion
3.1. Preparation and confirmation of OPCs

Protein glycation is the initial stage of the Maillard reaction process
between proteins and polysaccharides, which generally includes the
initial, intermediate, and final stages (Hu et al., 2024; Huang et al.,
2021). Protein glycation is a classical protein-polysaccharide chemical
crosslinking process, in which the aldehyde group of a polysaccharide
reacts with the amino group of a protein reacts to form conjugates (Hu
et al., 2022). Therefore, according to the glycation protocol in our and
others' previous work (Hu et al., 2022; Huang et al., 2020; Zhang et al.,
2022), the OA and polysaccharides (XG, GG, and KGM) could react to
form OPCs.

As shown in Fig. 1A and B, the OA/polysaccharide mixtures were in
white fog. After the glycation reaction (90 °C and 1 h), the obtained OPC
solutions were still in white fog. It suggested that the glycation reaction
did not change the colors of reaction solutions. The obtained freeze-
dried solid OPC (solid conjugates) were in white. The pure OA solu-
tions (4 and 10 mg/mL) after room temperature storage showed pre-
cipitations in the bottom of the bottles (Figs. 1C and S1). It suggested
that the OA was more hydrophobic and easy to aggregate in an aqueous
solution (Zheng et al., 2022). These three polysaccharides (anionic XG,
nonionic GG, and nonionic KGM) are commonly water-soluble (Hu
et al., 2022; Zhang et al., 2022). Therefore, the glycation could increase
the solubility of OA in the aqueous solution.
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Fig. 1. Preparation and characterization of ovalbumin (OA)-polysaccharide conjugates (OPCs) with a polysaccharide concentration of 2 mg/mL and different OA
concentrations. (A-B): OA (A: 4 mg/mL; B: 10 mg/mL) and polysaccharides (XG, xanthan gum; GG, guar gum; KGM, konjac glucomannan) were glycated (90 °C and
1 h) and then the obtained conjugates were freeze-dried to form solid conjugate samples. (C): Storage of OA solutions for different times (0 and 1 h) at room
temperature. The upper row showed the solutions in the tilted glass beakers. The lower row showed the bottom of the solutions in the tilted glass beakers. (D): Degree

of grafting (DG) of OA with different OA concentrations.
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The DG value was used to analyze if the glycation reaction occurred
or not (Wen et al., 2020). As shown in Fig. 1D, all the final products
showed different DG values from 1.2% to 12.6%, which suggested that
OPCs were successfully prepared after the glycation process. The DG
values of OA-GG conjugates decreased with the increase of OA con-
centrations. The steric effect on the glycation reaction was almost the
same in the OA concentration range. Therefore, the DG values linearly
decreased with the increasing OA concentrations. With the increase of
the OA concentrations (Fig. 1D), the DG values of OA-XG and OA-KGM
conjugates increased and then decreased. Therefore, the DG values did
not linearly decrease with the increasing OA concentrations. These DG
change trends were different from that of the fish gelatin-polysaccharide
conjugates' DG values (Hu et al., 2022). Therefore, the glycation cross-
linking degree was dependent on both the type and concentrations of
both proteins and polysaccharides.
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3.2. Structural properties of OPCs

The freeze-dried OPCs, OA, and polysaccharides were observed by
SEM (Fig. 2A). All the samples showed sheet-like structures. The sheet
sizes of OPCs were larger than those of both OA and polysaccharides.
They further confirmed that OPCs were successfully prepared after the
glycation process. Moreover, these three types of freeze-dried OPCs have
different sheet morphologies. It might result from that the three poly-
saccharides might have different glycation crosslinking behaviors with
OA (Fig. 2A).

ATR-FTIR spectrometry was applied to analyze the structural infor-
mation of OPCs. OA and polysaccharides were treated with the same
OPC preparation process and used as controls. As shown in Fig. 2B, OA
showed four obvious bands: amide A (3278 cm™1), amide B (2926
cm’l), amide T (1627 cm™! with a shoulder peak of 1650 cm’l), and
amide IT (1539 cm’l). It also showed weak amide III bands (1239 cm’l).
The band peaks were different from the five obvious bands of collagen
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Fig. 2. Structural properties of freeze-dried OPCs with an OA concentration of 4 mg/mL and a polysaccharide concentration of 2 mg/mL. Freeze-dried OA and
polysaccharides were used as controls. (A): Scanning electron microscopy. The scale bar indicates 500 pm. (B): Attenuated total reflectance Fourier transform infrared
spectra with the wavenumber range of 4000-600 cm™!. (C): Secondary structure percentages. (D): Molecular surface hydrophobicity of OPCs and OA. Different

lowercase letters indicate significant differences (p < 0.05) in each image.
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(Bi et al., 2019). These five band peaks were almost similar to those of
the previously reported OA except that no shoulder peak was present in
the amide I band (Castanha et al., 2023). Polysaccharides showed
different spectra bands to the OA (e.g., no shoulder peaks at the corre-
sponding wavenumber of the polysaccharide band peaks). However, the
OPCs showed the same shapes of the five bands to the OA. It suggested
that the spectra band intensities of the polysaccharides were signifi-
cantly weaker than those of OA. Moreover, the glycation with three
polysaccharides did not change the spectra bands of OA.

As shown in Figs. 2C and S2, the secondary structure percentages of
OPCs were analyzed by peakfitting the ATR-FTIR spectra of the amide I
band (1700-1600 em™1) (Xu et al., 2021). In order to analyze the effect
of polysaccharides on the OPCs, the absorption of polysaccharides at
1700-1600 cm ™' was also fitted. The comparisons among OA, OPCs,
and polysaccharides suggested the glycation with three types of poly-
saccharides did not change the secondary structure percentages of OA.
Previous work suggested OA is in a sphere shape at pH 3 and a polymeric
shape at pH 7 (Xu et al., 2020). Therefore, no obvious structural changes
of OA were reasonable that the polysaccharides might interact with the
side functional groups of the polymeric OA at the preparation pH of 6.1.
The secondary structure percentages of OA and OPCs were: $-sheet >
B-turn > a-helix =~ random coil > B-antiparallel.

ANS fluorescent probe method can be applied to analyze the
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molecular surface hydrophobicity of a protein because ANS can bind
with the buried hydrophobic groups of a protein to significantly increase
the fluorescence up to 100 times (Munishkina & Fink, 2007). As shown
in Fig. 2D, the OPCs had lower molecular surface hydrophobicity values
than OA: OA-XG (9284 + 311) < OA-KGM (9638 + 393) < OA-GG
(10,183 + 403) < OA (10,897 + 291). It suggested the OPCs were
successfully prepared after the glycation process, which confirmed the
conclusion from the DG results (Fig. 1D). Considering OA was more
hydrophobic and could be aggregated to form precipitation in water
(Fig. 1C) (Zheng et al., 2022), the decrease of the molecular surface
hydrophobicity might increase the amphiphilicity of the OA, and might
increase the emulsifying properties of the OA.

3.3. Effects of OA preparation concentrations and polysaccharide types
on the OPC-stabilized emulsions

As shown in Fig. 3, the fish oil-loaded OPC-stabilized emulsions were
prepared with different OA preparation concentrations (4 and 10 mg/
mL) and polysaccharide types (XG, GG, and KGM). All the freshly ob-
tained emulsions were in typical milk-white color and were consisted of
microscale droplets (Fig. 3A: 0 min; Fig. 3B: 0 min). The OA-stabilized
emulsions showed tetramodal distribution for the droplet sizes
(Fig. 3C, D, and S3). However, the OPC-stabilized emulsions showed
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Fig. 3. Stability of the fish oil emulsions stabilized by OPCs with a polysaccharide of 2 mg/mL and different OA concentrations. The OPCs were prepared by a
glycation reaction (90 °C and 1 h) with a polysaccharide concentration of 2 mg/mL, an unadjusted glycation pH, and different OA concentrations (4 and 10 mg/mL).
The emulsions were stored at room temperature. OA was used as a control. (A-B): Digital camera and optical microscopy images of the emulsions. The scale bars
indicate 30 pm. Black asterisks indicate emulsions gels. (C—D): Initial droplet sizes of the emulsions. (E-F): Creaming index (CI) values of the emulsions.
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trimodal distribution for the droplet sizes. The glycation by three types
of polysaccharides significantly decreased the droplet sizes of the
emulsions. Moreover, the droplet sizes were dependent on the applied
polysaccharides: OA > OA-XG > OA-KGM > OA-GG. In addition, the
droplet sizes at high OA concentration (10 mg/mL) were larger than
those at low OA concentration (4 mg/mL). This trend was accorded with
those of the emulsions stabilized by proteins such as bovine bone gelatin
nanoparticles (Gong et al., 2024) and tilapia scale gelatin (Peng et al.,
2022). Therefore, the initial droplet sizes were dependent on the poly-
saccharide types and the OA preparation concentrations.

The storage stability of the fish oil-loaded emulsions at room tem-
perature was analyzed such as liquid-gel transition, creaming stability,
and droplet stability (Fig. 3). The emulsions changed from liquid to gel
at day 7 or 14 (Indicated by black asterisks in Fig. 3). The liquid-gel
transition time was mainly dependent on the polysaccharide types. It
was dependent on the OA preparation concentrations (OA-XG: day 7 for
4 mg/mL and day 14 for 10 mg/mL) or not (OA and OA-KGM: day 7; OA-
GG: day 14). The creaming stability was mainly dependent on the
applied polysaccharides and minorly dependent on the OA preparation
concentrations (Fig. 3E and F). KGM glycation slightly decreased the
emulsion CI values. GG glycation increased or decreased the emulsion CI
values at low (4 mg/mL) or high (10 mg/mL) OA preparation concen-
trations, respectively. In particular, XG glycation induced no obvious
creaming during the 28-day storage. As shown in the optical microscopy
images of Fig. 3, all the droplet sizes increased with time due to droplet
coalescence (Li & Van der Meeren, 2022). Moreover, the droplet sizes of
the OPC-stabilized emulsions were significantly less than those of the
OA-stabilized emulsions, which confirmed that polysaccharide glycation
could decrease the emulsion droplet sizes. All these results demonstrated
the emulsion stability was mainly dependent on the polysaccharide
types and minorly dependent on the OA preparation concentrations.

The emulsion CI value is generally positively correlated with the
droplet move rate (Vy,kes)- Stokes' Law was used to describe the affecting
factors for the droplet move rate (McClements & Jafari, 2018; Yang,
Yang, et al., 2022):

2g%(py — p1) e}

Vitokes = — 97’]
1

where g, 1, p,, p;, and n, are the gravity acceleration, initial droplet
radius, droplet density, water phase density, and water phase viscosity,
respectively. According to the Stokes' Law (Eq. 1), the CI value is posi-
tively correlated with the initial droplet radius. Among the OA and OPCs
(Fig. 3), the OA-GG conjugate induced the lowest initial droplet sizes
(Fig. 3C and D), whereas it did not induce the lowest CI values (Fig. 3E
and F). It suggested that the initial droplet size might not be the major
factor affecting the creaming stability of the emulsions stabilized by
different OA preparation concentrations and polysaccharide types ac-
cording to Stokes' Law (Eq. 1). In addition, the DG values (Fig. 1D) did
not show obvious relationships to the initial droplet sizes (Figs. 3D) and
the CI values (Figs. 3F). Therefore, the droplet sizes and creaming sta-
bility of the emulsions was not directly dependent on the DG values of
OPCs with different polysaccharide types. However, it did not mean that
the changes in DG of the same complex have no effect on the droplet size
and stability of the emulsion.

3.4. Effect of GG: OA mass ratio on the OPC-stabilized emulsions

Among the three types of OPCs, OA-GG conjugate induced the
smallest initial droplet sizes of the fish oil emulsions (Fig. 3C and D).
Therefore, the OA-GG conjugates (Fig. S4) were prepared using a gly-
cation reaction with different GG: OA mass ratios (1:5, 2:5, 3:5, 4:5, and
1:1) to analyze their effect on the preparation and stability of the OPC-
stabilized emulsions. Both the OA/GG mixtures and OA-GG conjugates
solutions were in white fog. Therefore, the glycation reaction with
different GG: OA mass ratios did not change the colors of reaction
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solutions. It was consistent with the unchanged color of OPCs at
different OA concentrations (Fig. 1A and B) after the glycation reaction.

The OPCs with different GG: OA mass ratios were used to prepare fish
oil-loaded emulsions (Fig. 4). All the freshly obtained emulsions were in
typical milk-white color and consisted of microscale droplets (Fig. 4A: 0
h). The OPC-stabilized emulsions showed bimodal (2:5 and 3:5) or tri-
modal (1:5, 4:5, and 1:1) distribution for the droplet sizes (Figs. 4C and
S5). Moreover, the droplet sizes were dependent on the GG: OA mass
ratio: 1:1 > 4:5 ~ 1:5 > 2:5 ~ 3:5. In addition, the viscosity was
dependent on the GG: OA mass ratio (Fig. 4B: 0 h). The emulsion at a GG:
OA mass ratio of 1:1 showed higher viscosity than that at a GG: OA mass
ratio of 3:5. Therefore, the glycation with higher GG amounts induced
the higher emulsion viscosity.

The storage stability of the fish oil-loaded emulsions at room tem-
perature was analyzed such as liquid-gel transition, viscosity change,
creaming stability, and droplet stability (Fig. 4). The GG: OA mass ratio
of 1:1 induced the liquid-gel transition time of 1 day and others induced
the time of 7 days. Therefore, the liquid-gel transition time was
dependent on the GG: OA mass ratios. As shown in Fig. 4B, the emulsion
viscosity increased with time. It confirmed the transition of the emul-
sions from liquid to gel. The creaming stability increased with the in-
crease of GG: OA mass ratios (Fig. 4A and D). Moreover, the emulsions
showed no obvious creaming at the GG: OA mass ratios of >3:5. As
shown in the optical microscopy images of Fig. 4A, all the droplet sizes
increased with time due to droplet coalescence (Li & Van der Meeren,
2022). Moreover, higher (>2:5) GG: OA mass ratios induced stronger
droplet stabilization ability than lower (1:5) GG: OA mass ratios
(Fig. 4A: Day 14 and 28). It suggested that polysaccharide glycation
could increase the emulsion droplet stability, which might be due to the
induction of polysaccharides. All these results demonstrated the stability
of the emulsions stabilized by OPCs was dependent on the GG: OA mass
ratios.

For the emulsions stabilized by OA-GG conjugates with different GG:
OA mass ratios (Fig. 4), the emulsion CI values were not positively
correlated with the initial droplet sizes (Fig. 4A, C, and D), which was
not consistent with the positive relationship between the CI value and
initial droplet radius in the Stokes' Law (Eq. 1). It was also consistent
with the results in Fig. 3. According to the Stokes' Law (Eq. 1), we could
conclude that the initial droplet size was not the major factor to affect
the creaming stability of the emulsions stabilized by OPCs with different
polysaccharide: OA mass ratios.

The DG values of OA-GG conjugates were increased and then
decreased with the increasing GG: OA mass ratios (Fig. 4E). The results
confirmed the successful preparation of OA-GG conjugates with
different GG: OA mass ratios. However, the DG values did not show
obvious relationships to the initial droplet sizes (Fig. 4C) and the CI
values (Fig. 4D). Therefore, the initial droplet sizes and creaming sta-
bility of the emulsions were not directly dependent on the DG values of
OA-GG conjugates. However, it did not mean that the changes in DG of
the same complex have no effect on the droplet size and stability of the
emulsion.

3.5. Effect of glycation pH on the OPC-stabilized emulsions

Among the three types of OPCs, OA-XG conjugate induced no
obvious creaming of the fish oil emulsions during the 28-day storage at
room temperature (Fig. 3E and F). Therefore, the OA-XG conjugates
(Fig. S6) were prepared at different glycation pH (6.1 of unadjusted pH,
3.0,5.0,7.0,9.0, and 11.0) to analyze their effect on the preparation and
stability of the OPC-stabilized emulsions. Both the OA/XG mixtures and
OA-XG conjugates solutions were in white fog (Fig. S6). Therefore, the
glycation reaction with different pH did not change the colors of the
reaction solutions. It was consistent with the unchanged color of OPCs at
different OA concentrations (Fig. 1A and B) and GG: OA mass ratios
(Fig. S4) after the glycation reaction.

The OPCs with different glycation pH were used to prepare fish oil-
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loaded emulsions (Fig. 5). All the freshly obtained emulsions were in
typical milk-white color and consisted of microscale droplets (Fig. 5A: 0
h). Droplet coalescence occurred with the glycation pH of 3.0, which
suggested that pH 3.0 was not an appropriate pH to prepare OPCs for
emulsion preparation. The OPC-stabilized emulsions showed trimodal
distribution for the droplet sizes (Fig. 5B and S7). Moreover, the droplet
sizes were dependent on the glycation pH. The glycation pH of 5.0, 6.1,
and 9.0 induced relatively smaller droplet sizes than the glycation pH of
7.0 and 11.0 (Figs. 5B and S7). Therefore, weak acidic and basic pH
might be the appropriate pH to prepare OPCs for the stabilization of fish
oil emulsions with small droplet sizes.

The storage stability of the fish oil-loaded emulsions at room tem-
perature was analyzed such as liquid-gel transition, creaming stability,
and droplet stability (Fig. 5). The emulsions stabilized by OPCs with a
glycation pH of 3.0 showed obvious droplet disruption during the whole
storage. Therefore, emulsion could not be formed at pH 3.0 according to
the optical microscopy images. All the emulsions showed different
liquid-gel transition times (pH 5.0, 6.1, and 11.0: 7 days; pH 7.0 and 9.0:
14 days). Therefore, the liquid-gel transition time was dependent on the
glycation pH. The creaming stability was also dependent on the glyca-
tion pH (Fig. 5A and D). Moreover, the emulsions showed no obvious
creaming at the glycation pH of 5.0 and 6.1. As shown in the optical
microscopy images of Fig. 5A, all the droplet sizes increased with time
due to droplet coalescence (Li & Van der Meeren, 2022). pH 11.0
induced the droplet disruption at day 5. All the other emulsion droplets
were disrupted on day 28. These results suggested that glycation pH had

an obvious effect on the emulsion droplet stability.

For the emulsions stabilized by OA-XG conjugates with different
glycation pH (Fig. 5), the emulsion CI values were not positively
correlated with the initial droplet sizes (Fig. 5A, B, and C), which was
not consistent with the relationship between the CI value and initial
droplet radius in the Stokes' Law (Eq. 1). It was consistent with the re-
sults in the Figs. 3 and 4. According to Stokes' Law (Eq. 1), we could
conclude that the initial droplet size was not the major factor affecting
the creaming stability of the emulsions stabilized by OPCs with different
glycation pH.

The DG values of OA-XG conjugates were dependent on the glycation
pH (Fig. 5D): pH 11.0 > pH 5.0 > pH 6.1 > pH 3.0 > pH 7.0 > pH 9.0.
The results confirmed the successful preparation of OA-XG conjugates
with different glycation pH. However, the DG values did not show
obvious relationships to the initial droplet sizes (Fig. 5B) and the CI
values (Fig. 5C). Therefore, the initial droplet sizes and creaming sta-
bility of the emulsions were not dependent on the glycation pH of OA-
GG conjugates.

4. Conclusions

This work studied the effect of glycation with three polysaccharides
on the structural and emulsifying properties of OA. The glycation with
three polysaccharides showed different effects on the OA-
polysaccharide grafting to form OPCs and their application to stabilize
the fish oil-loaded emulsions. This work provided useful information to
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understand the effect of molecular modification on the structural and
functional properties of a protein. It also provided promising OA-
polysaccharide conjugates for emulsifier development in the field of
food science.

Further studies are still required for the development and application
of OPCs in the future. First, the obtained OPCs might have impurities
such as OA and polysaccharides. Almost no separation step was applied
to purify protein-polysaccharide conjugates after the glycation step in
the previous related works. However, further work is interesting to
explore purification methods to obtain pure OPCs for emulsion stabili-
zation. Second, though polysaccharide glycation of a protein is a mature
method to prepare protein-polysaccharide conjugates, comprehensive
characterization analyses of the OPCs are useful to understand their
structure-function relationship using additional characterization tech-
niques such as gel permeation chromatography, circular dichroism,
differential scanning calorimetry, and three-phase contact angle mea-
surement. The results will further ascertain whether binding occurs
between polysaccharides and proteins, as well as the type of binding.
Third, comprehensive characterization analyses of the emulsion stabi-
lization are required using additional characterization techniques such
as laser particle size analyzer, zeta potential analyzer, and rheometer.
The results would be useful to understand the stabilization process and
mechanism of the emulsions. Finally, it is also interesting to explore the
effect of glycation with more anionic polysaccharides on the structural
and functional properties of OA.
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