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ARTICLE INFO ABSTRACT

Handling Editor: Yeonhwa Park Lutein possesses various physiological activities but is susceptible to light degradation, thermal degradation, and
oxidative degradation. As such, protecting the activity of lutein-based products using natural extracts has become

Keywords: a current research. In this study, lutein was protected by complexing inulin-type fructan (ITF), soybean protein

L“Fei“ ) isolate (SPI), and epicatechin (EC), and the protection mechanism of epicatechin-fructan glycosylated soybean

];gm?;;i}llil;] protein isolate (EC-GSPI) toward lutein was elucidated comprehensively. The results showed that the addition of

1 8 EC delayed the degradation of lutein. The results of light stability experiments showed that increased EC

significantly enhanced the storage time of the GSPI-Lutein system from 4 to 13 days. Additionally, the effect of
EC on glycosylated soybean 7S globulin (G7S) and glycosylated soybean 11S globulin (G11S) was assessed. The
light stability of G11S-Lutein and G7S-Lutein after the addition of EC was from G11S > G7S — G7S > G11S.
Furthermore, the proteins purified from SPI interacted differently with EC and ITF, with soybean 7S globulin (7S)
mainly interacting with EC and soybean 11S globulin (11S) mainly interacting with ITF. EC-GSPI-Lutein
exhibited a good protective effect, probably due to the occurrence of hygrothermal Maillard between ITF and
118, providing a porous structure for lutein storage. At the same time, the binding of EC to 7S significantly
enhanced the antioxidant property of the solution and the stability of the protein secondary structure, thereby
prolonging the storage time of lutein.

Molecular docking
Glycosylated soybean protein isolated

belonging to oxygenated carotenoids, is characterized by the esterifi-
cation of lutein with fatty acids, such as lauric, myristic, and palmitic
acids, and its primary source is marigold chrysanthemum (Garg et al.,
1999; Khalil et al., 2012). With the increasing demands of food in-
dustries, the antioxidant properties of lutein esters are falling short of
production requirements, requiring novel approaches to improve the
storage properties of lutein in food production (Gombac et al., 2021).
In recent years, the application of proteins and modified proteins to
protect natural pigments has attracted considerable attention from re-
searchers. Qi et al. screened different proteins for lutein ester protection
and found that bovine serum proteins had the best protective effect on
lutein esters, followed by whey protein isolate (Qi et al., 2021). Gao
et al. found that the protective effect of pigmentation could be enhanced
by using different protein interactions with cyanidin(Gao et al., 2022).
Yi et al. studied the interaction of milk proteins with lutein and found
that hydrophobic interaction was the main force, and milk proteins had

1. Introduction

With the advancements in people’s lifestyles, the requirement for
healthy food has become imperative. Natural pigments aid attractive-
ness to foods, among which lutein possesses excellent physiological
functions, such as anti-aging, cataract prevention, and anti-cancer
(Alves-Rodrigues and Shao, 2004).Lutein is a carotenoid commonly
found in various fruits, vegetables, grains, and flowers, with the highest
content being extracted from marigolds(Tagetes erecta L.) (Xu et al.,
2023). Although lutein has excellent physiological functions, it is sus-
ceptible to rapid degradation by light, heat and oxides(Aparicio-Ruiz
et al.,, 2011; Mora-Gutierrez et al., 2022). Currently, lutein esters are
being widely used to produce lutein-related products due to their
stronger antioxidant properties, less susceptibility to oxidation, and
higher bioavailability than lutein. Lutein ester, a natural colouring agent
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Abbreviations

ITF inulin-type fructan

SPI soybean protein isolate

EC epicatechin

EC-GSPI picatechin-fructan glycosylated soybean protein isolate
G7S glycosylated soybean 7S globulin
G11S glycosylated soybean 11S globulin

7S soybean 7S globulin

11S soybean 11S globulin

GTP Green tea polyphenols

KBr potassium bromide

UV-vis  ultraviolet-visible

DTNB 5,5'-dithiobis (2-nitrobenzoic acid)
ANS 1-Aniline naphthalene-8- sulfonic acid
OPA Ortho-Phthal aldehyde

PDI polydispersity index

FTIR Fourier transform infrared

SEM Scanning electron microscopy

antioxidant and prolonged storage effects on lutein (Yi et al., 2016). It is
reported that the application of modified proteins to protect natural
pigments exerts better results. Modified proteins not only extend the
storage time of natural pigments but also improve physical properties
such as protein solubility and emulsification (Jiao et al., 2023; Xu et al.,
2016). Protecting lutein by modifying proteins with polysaccharides is
one of the most popular means of modification (Mora-Gutierrez et al.,
2022). Wang et al. performed lutein protection using inulin-type fructan
and soybean protein isolate through the hygrothermal Maillard reaction
to prolong the survival time of protection on the original basis by more
than a factor of two (Wang et al., 2022). However, these studies still
don’t satisfy the storage time of the product, demanding the exploration
of novel approaches to protect lutein.

Currently, natural extracts have emerged as a potential alternative to
commonly used preservatives to inhibit food spoilage with high con-
sumer acceptability. So far, many studies have been reported on the
conservation of natural colours with high feasibility (Gu et al., 2022).
Yan et al. protected lutein by covalently linking dextran and chlorogenic
acid to bovine serum protein and adding vitamin E through an emulsion
system, which significantly prolonged the storage time of lutein while
enhancing its physical and chemical stability (Yan et al., 2020a). How-
ever, there are very few protection systems for lutein that are low cost,
made from natural extracts, and have a significant protective effect.
Green tea(Camellia sinensis) polyphenols (GTP) are the primary chem-
ical components of tea, with excellent healthcare functions and various
physiological activities (Zhang et al., 2019). Epicatechin (EC) is a tea
polyphenol with a more prominent antioxidant and clear free radical
ability (Gao et al., 2013). Inulin-type fructan (ITF) has the properties of
enhancing body resistance, accelerating metabolism, relieving fatigue,
anti-ageing, and antioxidation (Kaur and Gupta, 2004); Additionally, it
has the advantages of low cost and ample output, making it more suit-
able for practical production applications. Soybean protein isolate(SPI),
produced under low-temperature conditions by soy(Glycine max (L.)
Merr.), retains the best soybean ingredients and the rich variety of
amino acids and removes the inhibitory protein factor, purine, and other
soybean components not beneficial to absorption and health (Song et al.,
2011). Additionally, SPI has low costs and high productivity.The 11S
globulin present in SPI has the potential to cause allergies. However, the
addition of epicatechin can inhibit this reaction(L. Li et al., 2023).
Therefore, in this study, soybean protein isolate, inulin-type fructans,
and epicatechin were selected as the research materials to protect lutein
and reveal its mechanism of action.The protection system’s materials
consist solely of natural extracts, which are cost-effective and easy to
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apply in production. Additionally, this system provides a theoretical
basis for the ternary system’s natural pigment protection.

2. Material and methods
2.1. Materials

98% Soybean protein isolate (purity>98%, physical state: powder)
was purchased form Yuanye Bio-Technology Biotech Co., Ltd.(Shanghai,
China), 95% Inulin-type Fructan (purity>95%, physical state: powder)
was purchased from ChenGuang Bio-Technology Biotech Co., Ltd.
(Hebei, China), Sodium dihydrogen phosphate (purity>99%, physical
state: powder) was purchased from fuchen Chemical Biotech Co., Ltd.
(Tianjin, China), Sodium Phosphate, Dibasic (purity>99%, physical
state: powder) was purchased from fuchen Chemical Biotech Co., Ltd.
(Tianjin, China), Tea Polyphenols (purity>98%, physical state: powder)
was purchased from MREDA Biological Biotech Co., Ltd. (Beijing,
China), Epicatechin(purity>95%, physical state: powder)was purchased
from MREDA Biological Biotech Co., Ltd.(Beijing, China),Hydrochloric
acid(purity>36%, physical state: fluid)was purchased from MREDA
Biological Biotech Co., Ltd.(Beijing, China),Sodium hydroxide
(purity>96%, physical state: powder)was purchased from MREDA Bio-
logical Biotech Co., Ltd.(Beijing, China),Lutein(purity>95%, physical
state: Semi-fluid)was purchased from banxia Biological Biotech Co., Ltd.
(Qinghai, China), Micro Total Mercapto Assay Kit(BC1375-100T/48S)
was purchased from Solebro Biological Biotech Co., Ltd.(Beijing,
China), 12 percent of the separation gel premix was purchased from
Solebro Biological Biotech Co., Ltd.(Beijing, China), 5 percent concen-
trated gum gum premix was purchased from Solebro Biological Biotech
Co., Ltd.(Beijing, China), Ammonium persulfate(purity>99%, physical
state: powder)was purchased from Solebro Biological Biotech Co., Ltd.
(Beijing, China), 2X protein loading buffer was purchased from Solebro
Biological Biotech Co., Ltd. (Beijing, China), 1X Tris-Glycine Electro-
phoresis Buffer was purchased from Solebro Biological Biotech Co., Ltd.
(Beijing, China), Rainbow 180 Spectrum Protein Maker was purchased
from Solebro Biological Biotech Co., Ltd.(Beijing, China), 8-Aniline-1-
naphthalene sulfonic acid (purity>96%, physical state: powder) was
purchased from MREDA Biological Biotech Co., Ltd. (Beijing, China).

2.2. Sample preparation

2.2.1. Preparation of 7S globulin and 118 globulin

SPI was mixed with deionized water at a ratio of 1:20 (w/w), and the
pH was adjusted to 8.0 with 0.1 mol/L NaOH solution. After stirring at
room temperature for 24 h, it was centrifuged at 10,000 xg for 30 min at
4 °C. Then, the precipitate was removed to leave a supernatant, and
anhydrous sodium sulphate was added to adjust the SO3~ to 0.01 mol/L.
Later, 1 mol/L of HCI was added to the supernatant to adjust the pH to
5.8 and left to stand at 4 °C for 12 h. At the end of the standing period, it
was centrifuged at 4 °C and 10,000xg for 30 min, and the precipitate
obtained was soybean 11S globulin. The supernatant of the second
centrifugation was adjusted to pH 5.0 with 1 mol/L of HCl and then
centrifuged at 10,000xg for 30 min at 4 °C. After centrifugation, the
precipitate was discarded, and the supernatant was taken and added to
an equal volume of deionized water to adjust the pH to 4.5 with 1 mol/L
of HCI, followed by centrifugation at 10,000xg for 30 min at 4 °C.
Finally, the resultant precipitate was soybean 7S globulin(Gao et al.,
2016).

2.2.2. glycosylated soybean protein isolate preparation

Approximately 2 g of SPI/7S/118S solid powder and 2g of Inulin-type
fructan solid powder were dissolved in a phosphate buffer solution
(0.01 mol/L), the pH was adjusted to 11.0 with 0.1 mol/L of NaOH, and
finally made up to 100 mL. After full dissolution, the reaction was car-
ried out in boiling water at 100 °C for 4 h and 42 min in a Maillard
reaction.
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2.2.3. EC-fructan glycosylated soybean protein isolate and lutein complex
preparation

Approximately 15 mL of glycosylated protein (GSP1/G7S/G11S) was
prepared as mentioned in section 2.2.2, and 50 mL of phosphate buffer
solution (0.01 mol/L) with pH = 7 and 1 mL of lutein solution (5 mg/
mL) were added. The solution was mixed thoroughly, followed by the
addition of 5 mg of EC (purity >98%, physical state: powder), and
continuous mixing for half an hour. At the end of mixing, the pH was
adjusted to 7 with HCl (0.1 mol/L) and made up to 100 ml with phos-
phate buffer.

2.3. Light stability

The SPI, 7S and 118 proteins were glycosylated and added to poly-
phenols for light stability experiments at 25 °C and a 202 nm UV
wavelength. After sampling, the samples were tested by a colour dif-
ference metre. The CIELAB Tristimulus coordinates (L*, a*, b*), AE, and
AB were obtained. L* means bright and dark, +means brighter, scale
from O to 100; a* means red and green, +means reddish, - means
greenish, scale from —128 to +127; b*means yellow and blue, +means
yellowish, - means blueish, scale from —128 to +127. AE is the change in
the overall colour difference of the substance between the initial and
current states. AB is the change in the difference between the initial b
value and the current b value(Jv et al., 2023). The value (AE,AB) were as
follows:

AB = b¥, - b*

AE = \/(AL*)2 + (Aa*)2 + (Ab*)2

2.4. Fourier transform infrared (FTIR) spectroscopy

SPI, EC-SPI, GSPI, EC-GSPI, G7S, EC-G7S, G11S, EC-G11S, G11S,and
EC-G11S were ground into powder by freeze-drying in a freeze-dryer,
and then 2-3 mg of the sample powder was taken, ground and mixed
with potassium bromide (KBr),extruded to make a transparent sheet,
and loaded into a sample rack. The lower panel of the sample holder was
adjusted to the proper position and then inserted into the upper panel. It
was fixed diagonally with screws and then inserted into the detection
cell to measure the sample infrared spectrum. The detection range was
4000-400 cm-1. The secondary structure was then analyzed by fitting
the infrared spectrum to 1700-1600 cm-1 using PeakFit 4.12 software
(Balakhnina et al., 2017).

2.5. Fluorescence spectroscopy

Protein (1 mg/mL) or modified protein (1 mg/mL) was injected into
the enzyme labelling plate at 250 pL per well per sample in 6 parallels.
The fluorescence emission spectra were measured by a multifunctional
enzyme marker (Infinite 200 PRO) at 25 °C. The specific parameters
were as follows: the spectral width of excitation and emission was 5 nm,
the voltage was 80 V, and the scan speed was 2400 nm/min. The exci-
tation wavelength was set at 280 nm for selective excitation of the three
classes of colour-emitting amino acids, and the emission wavelength was
specifically observed between 310 nm and 450 nm (Tian et al., 2021).

2.6. Ultraviolet-visible(UV-vis) spectra

SPI, GSPI, EC-SPI, EC-GSPI, G7S, EC-G7S, and EC-G11S were diluted
to 3 mg/mL, and the pH was adjusted to 7.0. Then, 10 mm of the quartz
sampling cells were rinsed with the samples, and the samples were
added after rinsing. The spectra were scanned in the wavelength range
of 200-500 nm using a UV-visible spectrophotometer (Agilent Cary 60)
at 300 nm/min. The UV spectra were recorded on a computer after
scanning (Krebs et al., 2017).
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2.7. Total sulfhydryl content and hydrophobicity

DTNB is for the abbreviated form of 5,5-dithiobis (2-nitrobenzoic
acid) (5,5-dithiobis-(2-nitrobenzoic acid))(Zheng et al., 2003). The total
sulfhydryl content of proteins is mainly detected using the DTNB
method. In this experiment, the proteins (1 mg/mL) or covalent proteins
(1 mg/mL) were assessed using the total sulfhydryl kit following the
manufacturer’s instructions (solarbi-BC1370).

The 1-Aniline naphthalene-8-sulfonic acid (ANS) method is a com-
mon assay for determining the hydrophobicity of proteins (Aliza-
deh-Pasdar and Li-Chan, 2000), in which proteins or covalent proteins
are dissolved into a phosphate buffer solution of 3 mg/mL at pH = 7.0,
and the mass gradient is diluted to 5 gradients from 3 to 0.1875 mg/ml.
In this study, 2 mL of the sample solution was added to 20 pL of ANS (8
mmol/L), and then it was shaken and allowed to stand for 3 min. The
excitation wavelength was set at 390 nm (slit-corrected 5 nm), and the
emission wavelength was set at 470 nm (slit-corrected 5 nm). Finally,
the fluorescence intensity was measured. A curve was plotted with the
fluorescence intensity against the protein concentration, and the slope of
the initial stage of the curve was the hydrophobicity of the protein
surface.

2.8. Protein binding properties

2.8.1. Ortho-phthalaldehyde method

The degree of glycation of proteins was determined by measuring the
degree of reduction of free amino acids in the SPI and conjugate material
using the Ortho-phthalaldehyde (OPA) method. A total of 80 mg of OPA
was dissolved in a mixture containing 2 mL of 95% ethanol, 50 mL of
tetraborate buffer (0.1 mol/L, pH 9.5), 5 mL of SDS (20% w/v), and 0.2
mL of 2-mercaptoethanol. Later, the mixture was diluted to 100 mL with
ultrapure water.

The sample solution of 3 mg/mL protein or covalent complex (con-
taining 3 mg/mL protein) was mixed with OPA reagent at 20:1 (v/v) and
incubated for 2 min at 35 °C in a thermostatic incubator. The absorbance
value of the solution was measured at 340 nm (Fan et al., 2018).

DG (%) = [(Absorbance of unglycosylated SPI - Absorbance of glycosylated
SPI)/absorbance of unsweetened SPI]. x 100%

2.8.2. Molecular docking

The results of molecular docking of 7S and 11S with epicatechin
indicated the molecular docking simulation by cavityPuls. Soybean 11S
protein (PDB:10D5) and soybean 7S protein (PDB:3AUP) were used as
the receptor, and the ligand was epicatechin (Song et al., 2023).The
docking model was constructed using Chem 3D, and the minimum
binding energy was analyzed using PyMOL software. The detailed
methodology is described in the supplementary material.

2.9. Scanning electron Microscopy(SEM)

The morphology of eight proteins, including SPI, EC-SPI, GSPI, EC-
GSPI, G7S, EC-G7S, G118, and EC-G11S, as well as covalent proteins,
was observed using a scanning electron microscope after freeze-drying.
The samples were then spray-painted with sheet metal and observed
under a scanning electron microscope (SU1510). Later, the images were
captured at a resolution of 1000X and 2000X at 5 KV.

2.10. Particle diameter, polydispersity index (PDI) and {-potential

Particle size and zeta potential were measured according to the
previously reported method with minor modifications (Huang et al.,
2022). The EC-GSPI, EC-SPI, GSPI, SPI, 7S, 11S, G7S, G118, EC-G7S, and
EC-G11S solutions were diluted to 1 mg/mL and the pH was adjusted to
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7.0 using phosphate buffer solution (pH = 7 10 mmol) and 0.1 mol/L of
HCl. The samples were added to the quartz sampling cell and folded
capillary cell, respectively, and the particle size and zeta potential were
measured using a particle size analyser (ZEN3690).

2.11. Statistical analysis

Three batches of samples were prepared, and all measurements were
performed in triplicate, of which the fluorescence experiments were
performed in six replicates. The results were expressed as mean =+
standard deviation. The evaluation and analysis were performed using
SPSS software. Significant differences between the means were analyzed
by one-way analysis of ANOVA (P < 0.05) and independent samples t-
test (T) (P < 0.05).

3. Results and discussion

3.1. Light stability

Chromatic aberration is the most intuitive indicator of colour
change. Since the primary colour of lutein is yellow, b* and AE can
characterize the colour changes in the solution system. As shown in
Fig. 1a, the b* value of SPI-lutein was 5.24 after 24 h of UV irradiation,
while the b* value of GSPI-lutein reached this level after 144 h of UV
irradiation. Meanwhile, the b* value of EC-GSPI-lutein was still 11.14
after 144 h of UV irradiation following the addition of EC. This result
suggests that glycosylation could protect the proteins from lutein light
degradation, and the addition of EC could significantly extend this
protection time. The modification to EC-GSPI-Lutein extended the pro-
tection time of SPI-Lutein from 24 h to 336 h. Li et al. found that the
application of glycosylated proteins to protect proanthocyanidins
improved the stability of the pigments (Y. Li et al., 2023; Yan et al.,
2020Db). As shown in Fig. 1 a, the b* value of the purified protein
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primarily through hydrophobic cavities (Wang et al., 2022). The results
of the light stabilization experiments indicate that both EC and glyco-
sylation reactions could enhance the protective effect of lutein in this
system by altering the protein structure. Therefore, assessing the struc-
tural modification of SPI and its isolated products through EC and
glycosylation reactions is crucial for studying this protective
mechanism.

3.2. Fourier transform infrared (FTIR) spectroscopy analysis

Fourier infrared (FTIR) spectroscopy is commonly used to analyse
the changes in the structure of the functional groups of substances and
the secondary structure of proteins. The secondary structure was char-
acterized by fitting the infrared spectrum 1600-1700 cm™! to the anal-
ysis, as shown in Table 1. The p-fold is an ordered structure in the protein
structure, and its content can reflect the stability of the protein. In this
study, the addition of EC enhanced the f-folding content, with SPI being
the most obvious, and the glycosylated protein had a certain degree of
enhancement (Yan et al., 2020a). Glycosylated G11S had a more ordered
and stable structure than G7S, and G7S had a higher content of p-turns,
indicating better emulsification. Therefore, it can be concluded that the
improvement in SPI stability by glycosylation mainly affects soybean
11S globulin. Both EC and glycosylation can improve the stability and
antioxidant capacity of proteins, which is beneficial for loading lutein to
extend its shelf life (Liu et al., 2023). In this study, EC-GSPI, EC-G118S,
and EC-G7S had higher p-folding content than GSPI, G11S, and G7S,
indicating that the ternary complexes are more stable and more
conducive to lutein protection(Chen et al., 2021).

The addition of EC induced vibration in the SPI at 3352 cm ™! and its

Table 1
Proportion of protein secondary structures of SPI, EC-SPI, GSPI, EC-GSPI, G7S,

EC-G7S, G11S and EC-G11S.

G7S-lutein was lower than that of G11S-lutein. However, after EC name/Secondary  p-folding curl up a-Spiral p-turn
addition, the b* value of EC-G11S-lutein was lower than that of structure (%) irregularly ( % ) (%) (%)
EC-G7S-lutein. This indicates that different modification behaviors have EC-G7S 218 18.0 205 30.7
varying effects on different proteins. AE showed a similar trend G7S 21.6 18.3 20.6 39.5
(Fig. 1b). EC-G11S 25.8 18.2 19.1 36.8
Typically, the addition of polyphenols leads to changes in protein GL1S 25.5 18.3 19.2 36.9
. . . EC-GSPI 25.2 18.2 19.3 37.2
structure, and polysaccharides form complexes with proteins through a GsPI 251 185 195 36.9
hygrothermal Maillard reaction, both of which increase the antioxidant EC-SPI 22.9 18.0 20.5 38.4
properties of the system. This improvement leads to increased protective SPI 19.4 17.9 20.9 41.7
effects of lutein, with glycosylated soybean protein isolate shielding it
—=— GSPI-Lutein —=— GSPI-Lutein
—e— EC-GSPI-Lutein —e— EC-GSPI-Lutein
a —+— G7S-Lutein ?5 B —4— G7S-Lutein
—v— EC-G7S-Lutein " —vy— EC-G7S-Lutein
+— G11S-Lutein -+— G11S-Lutein
Loy «— EC-G11S-Lutein ——EC-G11S-Lutein
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—s— Lutein 104 (0/ —e— lutein
|
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5 | v— St
. / r" ° il
/ /i N—y e e
A‘ I/
| j e
L
i
0 T : 0 T T )
5 10 15 5 10 I5
Time (d) Time(d)

Fig. 1. (a)Effect of EC on different glycosylated protein-lutein complexes (b*), (b) Effect of EC on different glycosylated protein-lutein complexes (AE).
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peak intensity increased significantly. This result indicates that the
molecular hydrogen bonds between the carboxyl group and the amino
group could vibrationally stretch each other, and EC is mainly bonded to
SPI by hydrogen bonding (Zhou et al., 2023). As shown in Fig. 2 a and b,
the addition of EC affected the structure of -CH, in SPI and glycosylated
proteins, producing a significant shift near 2930 em ™. This might be
due to the symmetric stretching vibration of —CHjy, indicating the
appearance of carbon-hydrogen bond formation, which was consistent
with the molecular docking results. At approximately 2900 cm™?, the
peak positions of the SPI with and without EC showed some changes,
suggesting that hydrophobicity occurs during the coupling of proteins to
the polyphenols (Su et al., 2020); This might be attributed to the fact
that the polyphenols induce protein aggregation, which prevents the
formation of hydrophobic forces between the polyphenols and the hy-
drophobic groups inside the protein, leading to a decrease in the hy-
drophobic effect (Mohammadi et al., 2023).

3.3. Fluorescence spectroscopy analysis

Fluorescence spectroscopy is widely used to determine the protein
tertiary structure. After certain degrees of changes in the structure and
fluorescence, Proteins the proteins in the glycosylation and polyphenol
graft after the structure of different degrees of change and fluorescence
can be reflected from the interaction between different individuals. In
such cases, the chromogenic group tryptophan is the main contributor to
the intrinsic fluorescence of proteins, along with tyrosine and phenyl-
alanine, which also have a chromogenic function. As shown in Fig. 3 a,
the fluorescence intensity of SPI was significantly reduced and
redshifted after glycosylation, indicating that protein glycosylation re-
duces hydrophobicity and increases the degree of protein stretching. The
decrease in the fluorescence intensity might be attributed to the masking
of chromophores in SPI by the glycosylation process (Huang et al.,
2023). As for the three glycosylated proteins, G7S, G118, and GSPI, the
addition of EC caused the glycosylated proteins to blueshift, increased
the hydrophobicity and macromolecules in the folded state stability, and
decreased the a-helix. This result suggests that EC could enhance the
stability of glycosylated proteins and facilitate the loading of glycosy-
lated proteins with lutein to prolong their storage time(Moller and
Denicola, 2002). Generally, the fluorescence intensity of polyphenols
covalently bound to proteins decreases due to the masking of the
chromophores. However, in this study, the fluorescence intensity

1000 2000 3000 4000
Wavelength (cm™)
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increased, probably due to the interference of the aromatic groups in the
EC itself, which were similar to the aromatic amino acids at approxi-
mately 280 nm (Fig. 3 b). It can be seen that the fluorescence intensity of
EC exceeded the detection limit at 80 V, indicating that the fluorescence
intensity of EC decreased after binding to the protein.

3.4. UV-Vis absorption analysis

UV spectroscopy is a promising method for studying the internal
structure of biological macromolecules and analyse the absorption peaks
produced by solution samples in different wavelength bands. The light
absorption of proteins in the ultraviolet region (250-300 nm) is mainly
due to the electronic excitation of the aromatic amino acids Trp and Tyr
and, to a lesser extent, Phe and His(Sonu et al., 2017). As shown in Fig. 4
a, the addition of EC caused a blueshift of the maximum absorption peak
of the protein, thereby increasing the glycosylation protein conjugation
system and the spatial resistance of the soybean protein isolates and
altering the conjugation system protein structure. As shown in Fig. 4 c,
EC caused redshifts of G7S and G118, probably due to the introduction
of the —OH electronic groups by the addition of EC. The degree of
covalency can be explained by the intensity of its peaks in each group
through EC-G11S > EC-G7S = EC-GSPI > G11S > G7S = GSPI > EC-SPI
> SPI (Fig. 4). This result indicates that the main provider of covalency
degree is glycosylation or the hygrothermal Maillard reaction, followed
by the addition of EC (Zhao et al., 2020).Overall, 11S glycosylation was
more effective and obvious, and the addition of EC improved a part of
the covalent degree, increasing the covalent intensity of EC-G11S.

3.5. Total sulfhydryl content and hydrophobicity

The hydrophobicity of proteins is the tendency of water to repel
nonpolar molecules or groups to interact with each other in water
(Chong and Ham, 2014). The total sulfhydryl content is commonly used
as an indicator of antioxidant properties and changes in the secondary
structure of proteins(Cheng et al., 2022). As shown in Fig. 5 a, both
glycosylation and EC increased the total sulfhydryl content: total sulf-
hydryl content SPI < GSPI < EC-SPI = EC-GSPI. Glycosylation was more
pronounced for G118 sulfhydryl changes, whereas EC was more pro-
nounced for G7S sulfhydryl changes, suggesting that different modifi-
cation methods have different effects on different soybean globulins.
This might be due to the fact that 7S protein binding to EC is mainly
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Fig. 2. (a)Effect of EC on the infrared spectra of SPI and GSPI,(b) Effect of EC on the infrared spectra of G7S and G118.
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based on hydrophobic bonding, whereas 11S binding to EC is mainly
hydrogen bonding and van der Waals forces, and the number of its
conventional hydrogen bonds between 11S and inulin is greater than the
number of conventional hydrogen bonds between 7S and inulin. As
shown in Fig. 5 b, the addition of EC resulted in proteins producing
different degrees of hydrophobicity reduction, with EC addition having
the strongest effect on G7S, leading to a significant reduction in its hy-
drophobicity. This result was consistent with the findings of binding
strength of the total sulfhydryl content.

3.6. Protein binding properties

3.6.1. Degree of covalency
The grafting degree is one of the most common metrics used to

evaluate modified proteins, reflecting the extent to which the protein
binds to other compounds. As shown in Fig. 6 a, the degree of glyco-
sylation of GSPI was only 10.5%, whereas the degree of glycosylation of
G11S and G7S reached 219.1% and 80.1%, respectively. This finding
indicated that purified proteins were significantly more glycosylated
than unpurified glycosylated proteins, and 11S proteins were more
readily covalent with ITF than 7S proteins. Meanwhile, the degree of
grafting of GSPI and EC-GSPI was 10.5% and 9.9%, respectively, indi-
cating that the degree of glycosylation of glycosylated proteins
decreased to some extent after the addition of polyphenols. This is
probably because EC occupies some of the free amino acid sites of SPI,
and EC reacts with SPI to form oxidized quinone (Fan et al., 2018).As
shown in Fig. 6 b, free amino acids were the lowest in 11S protein and
the highest in 7S, suggesting that the grafting of 11S protein with ITF
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was better than other proteins.

3.6.2. 2Molecular docking

The docking of 7S and 118 proteins was modelled with inulin and EC
using a molecular docking technique. This type of computational anal-
ysis highlights the position with the best affinity for non-covalent bonds.
The results showed that the docking scores of 7S and 118 proteins with
EC were 8.91 and 8.77, respectively, whereas their docking scores with
inulin were 10.78 for 118 protein and 8.08 for 7S protein. It can be seen
from the binding scores that the 7S protein binds more strongly to EC
than 118, while 11S binds more strongly to inulin than 78S, illustrating
the different functional contributions of different proteins in the EC-
GSPI. Additionally, this finding explains the higher degree of glycosyl-
ation of 118 with inulin than that of 7S, supporting the different effects
of EC on 7S and 118.

3.6.2.1. 11S molecular docking. The main interaction forces between EC
and 118 are hydrogen bonding (Fig. 7), electrostatic, and van der Waals
forces. The benzene group of epicatechin formed one Pi-donor hydrogen
bond interaction with Ser487 in chain F of soybean 11S globulin. The
benzene groups of epicatechin formed two electrostatic interactions
with Glu87 in chain E and Glu87 in chain D of soybean 11S globulin.
Three oxygen atoms of epicatechin, regarded as hydrogen bond accep-
tors, formed three conventional hydrogen bond interactions with Glu87
in chain D and Ser110 and Gly321 in chain E of soybean 11S globulin.
Two oxygen atoms of epicatechin, regarded as hydrogen bond donors,
formed two conventional hydrogen bond interactions with Glu87 in
chain E and Gly321 in chain D of soybean 11S globulin. Moreover, van
der Waals interactions were observed between epicatechin and soybean
118 globulin.

The interaction forces between 11S and fructose are mainly
hydrogen bonding, carbon-hydrogen bonding, and van der Waals
forces. Hydrogen bonds and van der Waals (VDW) interactions were
formed between inulin and soybean 11S globulin. Six oxygen atoms of
inulin, regarded as hydrogen bond acceptors, formed six conventional
hydrogen bonds with Asn486 and Ser487 in the chain C, GIn108 in the
chain D, Gly485 and Ser487 in the chain F of soybean 11S globulin
(Fig. 8). Seven oxygen atoms of inulin, regarded as hydrogen bond do-
nors, formed seven conventional hydrogen bonds with Tyr483 and
Ser487 in the chain C, GIn108 in the chain D, Glu87 in the chain E,
Ser487 and Asp457 in the chain F of soybean 11S globulin. One oxygen
atom of inulin, regarded as hydrogen bond acceptor, formed one carbon
hydrogen bond with Pro86 in the chain E of soybean 11S globulin. van
der Waals interactions were also formed between inulin with soybean
118 globulin. These interactions mainly contributed to the binding en-
ergy between inulin and soybean 118 globulin.

3.6.2.2. 7S molecular docking. The predicted binding mode of epi-
catechin with soybean 7S globulin is illustrated in Fig. 9. As shown in
Fig. 9, hydrogen bond, hydrophobic, and van der Waals (vdW) in-
teractions were formed between epicatechin and soybean 7S globulin.
The benzene group of epicatechin formed one Pi-Donor hydrogen bond
interaction with Thr223 in the chain B of soybean 7S globulin. Two
oxygen atoms of epicatechin, regarded as hydrogen bond donors,
formed two conventional hydrogen bond interactions with Asn231 in
the chain B and Val255 in the chain D of soybean 7S globulin. Moreover,
hydrophobic interactions were observed between epicatechin and
Pro221, Arg233 in the chain B of soybean 7S globulin.

The predicted binding mode of inulin with soybean 7S globulin was
illustrated in Fig. 10. The inulin formed a suitable steric
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Fig. 8. (A) The 2D binding mode of inulin and soybean protein 11S,(B)The 3D-surface binding mode of inulin and soybean protein 11S,(C)The 3D-label binding
mode of inulin and soybean protein 11S,(D)The 3D-detail binding mode of inulin and soybean protein 11S..(For an explanation of the legend, please see the sup-

plementary material.)
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Fig. 9. (A) The 2D binding mode of epicatechin and soybean protein 7S,(B)The 3D-surface binding mode of epicatechin and soybean protein 7S,(C)The 3D-label
binding mode of epicatechin and soybean protein 7S,(D)The 3D-detail binding mode of epicatechin and soybean protein 7S..(For an explanation of the legend,
please see the supplementary material.)

A

Fig. 10. (A)The 2D binding mode of inulin and soybean 7S protein,(B)The 3D-surface binding mode of inulin and soybean 7S protein,(C)The 3D-label binding mode
of mode of inulin and soybean 7S protein, (D)The 3D-detail binding mode of mode of inulin and soybean 7S protein..(For an explanation of the legend, please see the
supplementary material.)
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complementarity with the binding site of soybean 7S globulin. Hydrogen
bonds and van der Waals (VDW) interactions were formed between
inulin and soybean 7S globulin. Four oxygen atoms of inulin, regarded as
hydrogen bond donors, formed four conventional hydrogen bonds with
Thr223 in the chain B, Asn92 in the chain C, Ser257 and Val255 in the
chain D of soybean 7S protein. One oxygen atom of inulin, regarded as
hydrogen bond acceptor, formed one conventional hydrogen bond with
Arg233 in the chain B of soybean 7S globulin. One carbon atom of inulin,
regarded as hydrogen bond donor, formed one carbon hydrogen bond
with Gly256 in the chain D of soybean 7S globulin. Two oxygen atoms of
inulin, regarded as hydrogen acceptors, formed two carbon hydrogen
bonds with His66 in the chain C and Ser257 in the chain D of soybean 7S
globulin. van der Waals interactions were also formed between inulin
with soybean 7S globulin. These interactions mainly contributed to the
binding energy between inulin and soybean 7S globulin.

The comparative analysis between 7S and 118 to EC binding showed
hydrophobic interactions between EC and Pro221 and Arg233 in the 7S
protein chain B in EC-7S. The hydrophobic force is the stronger form of
non-covalent bonds, so 7S was bound more tightly to EC. The compar-
ative analysis between the simulated structures of inulin docked to 7S
and 11S showed that 11S linked to inulin possessed one carbon-
hydrogen bond with thirteen conventional hydrogen bonds, and 7S
linked to inulin possessed three carbon-hydrogen bonds with five
conventional hydrogen bonds. The stability of the conventional
hydrogen bond is greater than that of the hydrogen bond formed with a
carbon atom as a donor. And the reason for this connection is that
compared the cysteines in the molecular models of 11S globin and 7S
globin. In 118 globulin (PDB ID 10D5), we observed four cysteine res-
idues forming disulfide bonds or flavonoids using Avogadro, whereas in
7S globulin (PDB ID 3AUP), we directly observed free cysteine residues
using Avogadro. The 7S proteins had fewer exposed disulfide bridges
compared to the 118 proteins. The exposed thiols in 7S proteins are more
favorable for binding to EC, which results in a tighter binding of EC to 7S
proteins in molecular docking(Mori et al., 2010).In addition,the
Protein-sol patch software analysis revealed that the surface polarity of
11S globular proteins was significantly higher than that of 7S globular
proteins. Research indicates that proteins with high surface polarity are
more hydrophilic and have stronger hydrogen bonding forces than those
with low surface polarity. The primary binding force between inulin and

Current Research in Food Science 8 (2024) 100750

globulin is hydrogen bonding, which explains why inulin binds more
strongly to 118 globulin(Durell and Ben-Naim, 2017). The inulin binds
more strongly to 11S globulin, indicating that the 7S and 118 proteins
had different functions in the ternary system, where the 7S protein was
mainly attached to EC while 11S was mainly attached to inulin. This
might explain the results of the photostability and grafting degree
experiments.

3.7. Scanning electron microscopy analysis

Scanning electron microscopy (SEM) is a commonly used technique
to study protein structure As shown in Fig. 11, the three unmodified
proteins, SPI, 11S, and 7S, showed irregular morphology, with 7S
globulin particles being smaller. Upon addition of EC, the surfaces of
SPI, 118, and 7S became smooth and dense (Wen et al., 2014). In the
glycosylated proteins G7S, G11S, GSPI, G11S and GSPI showed a loose
and porous structure, which was favorable for lutein protection, while
G7S showed a dense and smooth lamellar structure. Overall, the addi-
tion of EC resulted in smooth and dense structural changes on the sur-
face of glycosylated proteins. The glycosylated proteins associated with
GSPI and G11S showed porous structures, whereas G7S was predomi-
nantly smooth and lamellar. Therefore, it can be suspected that G118 is
the source of the porous structure in GSPIL Overall, the loose and porous
ordered structure could make the system more stable and prolong the
storage time of lutein. Meanwhile, EC could make the pores smaller and
smoother to delay the degradation of lutein.

3.8. Particle diameter, polydispersity index (PDI) and {-potential analysis

Particle size and zeta potential are two important indicators for
measuring the size of protein particles and the strength of interparticle
attraction or particle stability and are commonly used in protein solution
systems(Daubert et al., 2006). As shown in Table 2, the particle size and
PDI of SPI decreased by 21.5%-79.8% with the addition of EC and
glycosylation, while the absolute value of zeta potential increased by
58.2%-275.2%. This indicated that the addition of EC and glycosylation
decreased the particle size of SPI and made the system more stable than
that of the previous SPI. The particle size of G7S and EC-G7S increased
after 7S modification, and the solution homogeneity deteriorated, but its

\

Fig. 11. Sem images of SPI, EC-SPI, GSPI, EC-GSP], 118, 7S, G7S, EC-G7S, G118, EC-G11S.
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Table 2

Particle size, PDI, and zeta potential of SPI, EC-SPI, GSPI, EC-GSPI, 7S, 118, EC-7S, EC-11S, G7S, EC-G7S, G11S, EC-G11S, EC-G118S.
name Size(nm) PDI ZETA(mV) name size(nm) PDI ZETA(mV)
SPI 925.000 + 89.632 0.690 + 0.103 6.181 + 1.284 EC-SPI 547.000 + 17.001 0.541 + 0.157 9.780 + 1.572
GSPI 188.110 + 2.003 0.310 + 0.048 23.190 + 0.631 EC-GSPI 176.600 + 2.091 0.324 £+ 0.019 24.210 + 1.376
7S 44.740 + 13.561 0.410 £ 0.127 14.700 + 0.882 EC-7S 100.400 + 5.444 0.333 + 0.026 15.720 + 0.954
G7S8 443.100 + 74.031 0.630 + 0.015 23.481 £ 1.545 EC-G7S 633.200 + 120.365 0.820 + 0.052 24.310 £ 0.663
118 308.300 + 3.444 0.280 + 0.005 22.300 + 0.300 EC-11S 304.110 £ 6.242 0.260 + 0.014 22.840 + 0.920
G11S 54.741 + 21.890 0.590 + 0.284 21.410 + 2.010 EC-G11S 52.871 + 4.756 0.900 + 0.052 22.790 + 1.870

inter-particle attraction increased the stability of the solution. Mean-
while, the particle size of 11S became 82.8% smaller, and the PDI value
decreased after the addition of EC and glycosylation and the increase in
zeta potential increased the aggregation strength and stability. After the
ternary conjugation process, the particle size of SPI was stabilized, and
the PDI was lowered, indicating that the solution system was more ho-
mogeneous and the intermolecular attraction was profound, which is
very conducive to the loading of lutein for storage.

4. Conclusions

In this study, the storage time of lutein was prolonged using the
natural extracts SPI, ITF, and EC, and their protective mechanisms for
lutein were studied. The results showed that the glycosylation of SPI
enhanced the protection of lutein, with the addition of EC showing more
enhanced protection. The addition of EC and glycosylation retarded the
photodegradation of lutein by altering the protein structure. EC
increased the ordered structure of SPI, improved the stability, homo-
geneity, and antioxidant properties of the solution, and prolonged the
storage time of lutein. The glycosylation reaction led to the formation of
a dense and porous ordered structure of SPI, which increased the
B-folding content in the secondary structure and promoted the stability
of EC-GSPI-Lutein. Subsequently, the combination of EC, ITF, and SPI
significantly prolonged the storage time of lutein.

Additionally, the effect of EC on G7S and G11S was investigated. The
protective effect of G7S and G11S on lutein in the presence of EC was
G11S > G7S —» G7S > G11S. The results showed that the purified
proteins in SPI interacted differently with EC and ITF. Therefore, it was
concluded that 7S must be used in conjunction with 11S to maximize the
protective effect of EC-glycosylated protein combination. 11S globulin
was strongly bound to ITF, while 7S globulin was strongly bound to EC.
They played different roles in this ternary system of SPI, EC, and ITF, and
the result of this difference in the degree of binding might be due to the
fact that the number of conventional hydrogen bonds in the linkage
bond between 11S and ITF is greater than that of 7S, and the linkage
bond between 7S and EC possesses hydrophobic forces as a strong non-
covalent bond. In conclusion, this study has investigated the mechanism
of the ternary system to extend the storage time of lutein from a new
perspective, which may provides some theoretical basis for the practical
delivery of lutein in beverage systems.
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