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A B S T R A C T   

Potential allergenicity of amandin was reduced by binding amandin with (− )-epigallocatechin gallate (EGCG) via 
alkaline, free radical, ultrasound-assisted alkaline, and ultrasound-assisted free radical methods. These results of 
total phenol content, free sulfhydryl group, free amino group, surface hydrophobicity, and sodium dodecyl 
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) indicated that amandin might be covalently bound to 
EGCG through reactive groups such as sulfhydryl and amino groups, or non-covalently through hydrophobic 
interactions. Fourier transformed infrared (FT-IR) spectroscopy and fluorescence spectroscopy revealed struc-
tural changes of amandin-EGCG conjugate, which also caused significant reduction in potential allergenicity of 
amandin. Liquid chromatography-tandem mass spectrometry (LC-MS/MS) found that amandin bound to EGCG 
mainly through cysteine and glutamate residues, and linear epitope for amandin was reduced. This provided a 
new method and theoretical basis of hypoallergenic almond food.   

1. Introduction 

Amandin is a central storage protein in almonds, accounting for 65 % 
of the soluble protein (Zhang et al., 2018), which is an oligomeric pro-
tein containing prunin monomers, with the three protomers forming a 
doughnut-shaped trimer connected by a non-crystalline 3-fold axis. Al-
monds, one of the eight major food allergens, caused allergic reactions 
that were persistent and even severe to life-threatening (Bezerra et al., 
2021). 

The diversity of food made it exist in the market in a unitary form and 
various forms, such as pastries, drinks, and snack foods. This condition 
significantly increases the risk of food allergies for consumers. 
Currently, the methods for reducing food allergenicity are mainly heat 
and non-heat treatments. Heat treatment included dry heat, boiling, 
autoclaving, roasting, and ohmic heating (Zaffran & Sathe, 2018; Zhang 

et al., 2016; Pereira et al., 2021). Non-heat treatment included radiation, 
ultrasound, Maillard reaction, fermentation, ultrahigh pressure, and 
enzymatic hydrolysis (Deng Han, 2017; Zhao et al., 2017). Some pro-
teins had high thermal stability during food processing, so reducing the 
potential allergenicity of protein through heat treatment was prohibi-
tively expensive. 

(− )-Epigallocatechin gallate (EGCG) is the main constituent of green 
tea polyphenol. Phenols are mainly non-covalently and covalently 
bound to proteins through hydrogen bonding, p-bonding, and hydro-
phobic, ionic, and covalent linkages (Wang et al., 2014). EGCG oxidized 
to o-quinone under alkaline conditions and reacted nucleophilically 
with sulfhydryl groups in proteins, resulting in Ces bonds forming co-
valent crosslinks. The free radical method mainly involved the interac-
tion of redox components in generating hydroxyl radicals, which 
attacked the reaction residues on the protein side chain and caused the 
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protein residues that react with EGCG (Wang et al., 2014; Zhou et al., 
2020b). As previously described, protein allergens, such as ovalbumin 
and whey proteins, significantly reduce the potential allergenicity of 
proteins when combined with EGCG (He et al., 2019; Pessato et al., 
2018). The determination of total phenol content in protein-EGCG 
conjugates was mainly performed by the Folin-Ciocalteu method 
(Wang et al., 2014; Wei et al., 2015). Polyphenols react specifically with 
Folin-Ciocalteu reagent, and their reaction products have maximum 
absorption at specific wavelengths. The absorption value is linearly 
related to the number of polyphenols in a particular range. 

In this paper, amandin-EGCG conjugate was prepared by alkaline 
and free radical methods. The effects of EGCG on potential allergenicity 
of amandin were examined by enzyme linked immunosorbent assay 
(ELISA) and Western blot, and the changes of EGCG on the physico-
chemical property and structure of amandin were studied by free sulf-
hydryl content, free amino content, Fourier transformed infrared (FT-IR) 
spectroscopy, and fluorescence spectroscopy. Further, liquid 
chromatography-tandem mass spectrometry (LC-MS/MS) was used to 
explore the sites where amandin could bind to EGCG and the alteration 
of amandin linear epitopes. These results provide a new idea and theo-
retical basis for reducing the potential allergenicity of almond-related 
foods in processing. 

2. Material and methods 

2.1. Materials 

The stone almonds were purchased from the almond farm in Shache 
County, Kashgar Prefecture (Xinjiang, China), and the harvest date was 
usually around August 20. Almond ELISA kit (EKT-A10) was purchased 
from Qingdao Pribolab Bioengineering Co. (Qingdao, China). EGCG, 
ascorbic acid, Folin–Ciocalteu reagent, Ellman reagent, ortho-phthal-
dialdehyde (OPA), bromophenol blue, and potassium bromide were 
purchased from Shanghai Aladdin Biochemical Technology Co., Ltd 
(Shanghai, China). SDS-PAGE gel preparation kit, loading buffer, and 
Coomassie Brilliant Blue rapid dyeing solution were purchased from 
Beijing Solarbio Technology Co., Ltd (Beijing, China). Other analytical 
reagents were purchased from Sinopharm Chemical Reagent Co., Ltd. 
(Shanghai, China). All solutions were prepared with deionized water. 

2.2. The extraction of amandin 

The method of extracting amandin was referred to Xin et al. (2021). 
Distilled water containing 0.02 % sodium azide was added to almond 
defatted powder. Almond defatted powder was extracted by magnetic 
stirring at room temperature (RT, 25 ℃) for 1 h. The extracted mixture 
after extraction was centrifuged at 4 ℃ for 10 min, and the above 
extraction operation was repeated. The supernatant was filtrated by 
brucellofer funnel and stood at 4 ℃ for 12–18 h. Precipitation was 
collected after centrifugation (8000g, 20 min, 4 ℃) of supernatant. The 
extracted amandin was freeze-dried and stored in the refrigerator at 
− 20 ℃ for later use. 

2.3. Preparation of amandin-EGCG conjugate 

The preparation of amandin-EGCG conjugate was based on the 
method of He et al. (2019) and slightly modified, including alkaline, free 
radical, ultrasound-assisted alkaline, and ultrasound-assisted free 
radical method. 

Alkaline method: The pH of amandin (5 mg/mL) was adjusted to 9.0, 
and then 0.2 mmol EGCG was added to the reaction at RT and 130 rpm 
for 24 h. After the reaction, unreacted EGCG was removed by dialysis 
with deionized water (4 ℃, 48 h). 

Free radical method: The 0.25 g ascorbic acid and 1 mL hydrogen 
peroxide (5.0 mol/L) were added to amandin (5 mg/mL) and responded 
at RT and 130 rpm for 2 h. Then 0.2 mmol EGCG was added and reacted 

at RT and 130 rmp for 24 h. After the reaction, the unreacted EGCG was 
removed by dialysis with deionized water (4 ℃, 48 h). 

Ultrasound-assisted alkaline method: Amandin (5 mg/mL) was 
ultrasonicated at 400 W for 15 min, and then subsequent operations 
were the same as alkaline method. 

Ultrasound-assisted free radical method: Amandin (5 mg/mL) was 
ultrasonicated at 400 W for 15 min, and subsequent preparation steps 
were the same as free radical method. 

2.4. Determination of total phenol content 

The determination of total phenol content was based on the method 
of Jing et al. (2020). About 1 mg/mL amanidn was mixed with 2.5 mL 
Folin–Ciocalteu reagent at 25 ℃ for 5 min, then 2 mL anhydrous sodium 
carbonate (7.5 %) was added and reacted at RT for 2 h under dark 
condition. The absorbance was measured at 760 nm by ultra-
violet–visible spectrophotometer (UV-1780PC, Shimadzu Co. Ltd, Suz-
hou, China), and the EGCG content was calculated using EGCG standard 
curve. 

2.5. Determination of free sulfhydryl group content 

The free sulfhydryl group content of amandin and amandin-EGCG 
conjugate was determined by referring to the method of Luo et al. 
(2022). Amandin was mixed with 8 mL Tris-glycine solution and 
centrifuged for 15 min to remove the residue. The 4.5 mL supernatant 
and 0.5 mL Ellman reagent (10 mmol/L) were thoroughly mixed and 
reacted for 30 min under dark. The absorbance value was measured at 
412 nm, and the molar extinction coefficient was 13,600 L/(mole cm). 

2.6. Determination of free amino content 

The determination of free amino content was slightly modified ac-
cording to the method of Wu et al. (2022). The 200 µL amandin was 
added to 4 mL OPA reagent, and the absorbance was measured at 340 
nm. Free amino content of sample was determined by Lys standard 
curve, and the absorbance value of sample was substituted into a stan-
dard curve to calculate free amino content. 

2.7. Determination of surface hydrophobicity 

About 200 μL bromophenol blue solution was added to 1 mL 
amandin (1 mg/mL) and then reacted at RT for 10 min. The mixture was 
centrifuged (5000g, 10 min), and the absorbance of supernatant was 
measured at 595 nm. 

2.8. Determination of solubility 

Solubility was determined by referring to the method of Huang et al. 
(2021a). The protein concentration was determined before and after 
centrifugation (10,000g, 10 min). Protein solubility was the percentage 
of protein content in protein supernatant to total protein content after 
centrifugation. 

2.9. SDS-PAGe 

The SDS-PAGE operation method referring to Huang et al. (2021b) 
was carried out and slightly modified. Amandin (8 mg/mL) was mixed 
with the sample loading buffer (containing β -mercaptoethanol) in a 
ratio of 4:1 (V/V), and then the protein was bathed in boiling water for 
10 min. The cooled sample solution was centrifuged at 4 ℃ and 10,000g 
for 10 min. About 5 μL supernatant was added to the gel (separate 12 % 
and concentrate 4 %) and electrophoresis was performed at 100 V for 
1–2 h. After electrophoresis, Coomassie Brilliant Blue rapid dyeing so-
lution was used for rapid staining and decolorization until the bands 
were clear. 
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2.10. Fourier transform infrared (FT-IR) spectroscopy 

About 4 mg of freeze-dried protein was mixed with 400 mg of dried 
potassium bromide for milling and tablet pressing. FT-IR spectrometer 
(Shimadzu Corporation, Tokyo, Japan) was used for measurement, with 
a wave number range of 4000–400 cm− 1 and resolution of 4.0 cm− 1. The 
number of scans was 32 (Li et al., 2021). 

2.11. Fluorescence spectroscopy 

Fluorescence spectroscopy was determined according to the method 
described by Geng et al. (2021), with some modifications. The excitation 
wavelength of protein solution was 280 nm, and the emission wave-
length was 300–450 nm. The measurement was carried out with fluo-
rescence spectrometer (RF-5301, Shimadzu Crop., Kyoto, Japan) under 
the narrow slit width of 5 nm. 

2.12. Western blot 

The operation method of Western blot was modified according to 
Zhang et al. (2018). The target area of protein glue was soaked in 
methanol for 5 min and then transferred to a membrane transfer solu-
tion. The filter paper was laid flat on the sponge. The bond was spread on 
filter paper and membrane transfer solution was added to drive away 
bubbles again. Electrophoresis tank was placed in the ice water mixture 
at a constant flow of 150 mA for 1.5 h. PVDF membrane was immersed 
in sealing solution and slowly rocked in a horizontal shaker at RT for 1 h. 
Then it was soaked in the corresponding primary antibody and incu-
bated gently at RT for 1 h or overnight at 4 ℃. After primary antibody 
incubation, PVDF membrane was washed with TBST five times. PVDF 
membrane was infiltrated into the corresponding secondary antibody 
and incubated gently at RT for 1 h. After the second antibody incubation, 
PVDF membrane was rewashed. Horseradish peroxidase HRP-ECL 
luminescence method was used. ECL chemiluminescence substrate A 
and B luminescence solutions were diluted and mixed at 1:1 (V/V) ratio. 
Carton was covered with plastic wrap, and then plastic wrap was placed 
on filter paper angle of the PVDF film. Mixed solutions A and B were 
dropped on PVDF membrane and photographed by GelView 6000 M 
(Guangzhou Boluteng Instrument Co., Guangzhou, China). 

2.13. ELISa 

The almond ELISA kit determined IgE-binding capacity of amandin 
and amdnin-EGCG conjugate. The 100 μL sample dilution was added to 
an enzyme-labeled plate containing antibodies and incubated at RT for 
20 min. The unbound antibody samples were removed by washing so-
lution three times and then incubated with 100 μL peroxidase-marzipan 
second antibody conjugate. After washing again, about 100 μL chro-
mogenic solution was added and reacted at RT for 20 min under dark 
conditions. Finally, the 100 μL stop solution was added, and the absor-
bance value was measured at 450 nm. 

2.14. LC-MS/Ms 

The target rubber strip was treated with trypsin and digested with 
the enzyme at 37 ℃ for 16 h. Extraction solution in water bath for 1 h 
was treated by ultrasound and centrifugation (5 min), then transferred 
into a new EP tube and repeated. Extract was combined and dried by 
vacuum centrifugation. After enzymatic digestion, the peptide was 
desalted by self-filling desalting column and dried in 45 ℃ vacuum 
centrifuge concentrator. The analytical column was 150 μm i.d. × 150 
mm, packed with Acclaim PepMap RPLCC18, 1.9 μm, 100 Å. Mobile 
phase A was 0.1 % formic acid; mobile phase B was 0.1 % formic acid 
and 80 % ACN. The flow rate was controlled at 600 nL/min and analysis 
time for each component was 60 min. The resolution of the primary mass 
spectrometry was 60,000, AGCtarget was 3e6, MaximumIT was 100 ms, 
and the scan range was 400 to 1200 m/z. The parameters of the sec-
ondary mass spectrometry were 15,000 resolution, AGCtarget was 1e6, 
MaximumIT was 50 ms, TopN was 20, and NCE was 30. 

2.14. Statistical analysis 

The test results were expressed as mean ± standard deviation, and 
the number of sample replicates n = 3. The different letters (a, b) indi-
cated significant differences (p < 0.05) between samples. SPSS 25.0.0 
software (SPSS Inc., Chicago, IL, USA) was used for one-way ANOVA, 
and Origin 2018 software (OriginLab, Northampton, MA, USA) was used 
for plotting. 

3. Results and discussion 

3.1. Total phenols content 

Total phenols content of amandin-EGCG conjugate could be used to 
assess the degree of amandin binding to EGCG. As shown in Fig. 1, total 
phenol content of the conjugate prepared by free radical method was the 
highest at 37.8 mg/g, and the lowest was 21.8 mg/g for the conjugate 
prepared by ultrasound-assisted alkaline method. Total phenol content 
of the conjugate prepared by free radical method was significantly 
greater than that of alkaline method. He et al found that the EGCG 
content in ovalbumin-EGCG conjugate prepared by free radical and 
alkaline methods were 33.24 and 11.31 mg/g, respectively. The binding 
efficiency of free radical method was higher than that of alkaline method 
(He et al., 2019). This result was consistent with trend of this paper. 
However, Jing et al showed that total phenolic content in ovalbumin-tea 
polyphenol conjugate prepared by alkaline method was greater than 
that of free radical method (Jing et al., 2020). The reason for this dif-
ference might not only be due to the different molecular mechanisms of 
protein–phenolic conjugate prepared by free radical and alkaline 
methods, but also due to the differences in amino acid composition and 
structure of different proteins. Total phenolic content of the conjugates 
prepared by ultrasound-alkaline method and ultrasound-assisted free 
radical method was lower than that of alkaline and free radical methods, 
respectively. However, the reaction time of ultrasound-assisted methods 
was 60 min compared to 24 h for the free radical and alkaline methods. 
Ultrasound assistance promoted protein unfolding and increased the 

Fig. 1. Total phenolic content of amandin-EGCG conjugate prepared by 
different methods. 
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amount of reactive amino groups in the grafting reaction, thus greatly 
reducing the reaction time (Jing et al., 2020). 

3.2. Free sulfhydryl group content 

Sulfhydryl groups are reactive chemical groups in proteins, which 
are easily affected by phenols, with reducing ability. Free sulfhydryl 
content of amandin-EGCG conjugate prepared by different methods was 
shown in Fig. 2a. Free sulfhydryl content of amandin-EGCG conjugate 
was lower than that of amandin, and free sulfhydryl content of amandin- 
EGCG conjugate prepared by free-radical and ultrasound-assisted free- 
radical methods was significantly lower than that prepared by alkaline 
method. The presence of urea in the test avoided conversion of sulfhy-
dryl groups to disulfide bonds. This could indicate that the decrease in 
sulfhydryl content of amandin-EGCG conjugate was due to the reaction 
of amandin with EGCG. EGCG oxidized to o-quinone under alkaline 
conditions and reacted nucleophilically with sulfhydryl groups in pro-
teins, resulting in Ces bonds to form covalent crosslinks. Zhou et al found 
that free sulfhydryl groups of soybean isolate protein-EGCG conjugates 
prepared by alkaline method were significantly lower than those of 
soybean isolate (21.35 μmol/g), which was mainly because the covalent 
reaction of sulfhydryl groups in soybean isolate with EGCG to form Ces 
bonds (Zhou et al., 2020a). Free radical method mainly involved the 
interaction of redox components to generate hydroxyl radicals, which 
attacked the reaction residues on the protein side chain and generated 
the protein residues that react with EGCG. Free sulfhydryl content of 
amandin-EGCG conjugate prepared by free radical and ultrasound- 
assisted free radical methods was significantly lower than that pre-
pared by alkaline method (Fig. 2a). Amandin exposed more sulfhydryl 
groups that could bind to EGCG in alkaline method than in free radical 
method. 

3.3. Free amino content 

The OPA method can be used to determine free amino content of 
protein and can provide some information on the lysine side chain 
(Church et al., 1983). Amandin had free amino content of 6.34 mg/mL. 
Free amino content of amandin-EGCG conjugate prepared by different 
methods was lower than that of amandin, and the trend was consistent 
with that of free sulfhydryl groups (Fig. 2b). Fan et al showed that free 
amino group content of conjugates from reaction of a-lactalbumin, b- 
lactoglobulin, lactoferrin and sodium caseinate with EGCG was lower 
than that of single protein (Fan et al., 2015). Both the sulfhydryl and 
amino groups of protein were reactive groups in proteins. When poly-
phenols were converted to quinones, the hydroxyl group in EGCG could 
act as an intermolecular cross-linker and the quinones form CeS and CeN 
bonds with the reactive groups in proteins via Schiff base and Michael 
addition reactions (Wu et al., 2018). 

3.4. Surface hydrophobicity 

Surface hydrophobicity was the number of hydrophobic groups on 
the surface of protein in contact with water and was often expressed as 
the amount of bromophenol blue binding (Luo et al., 2022). The more 
the protein bound to bromophenol blue, the greater the surface hydro-
phobicity. Surface hydrophobicity of amandin-EGCG conjugate pre-
pared by different methods was shown in Fig. 2c. Surface 
hydrophobicity of amandin was 104.67 μg. Surface hydrophobicity of 
amandin-EGCG conjugate prepared by different methods was lower than 
that of amandin, with the lowest surface hydrophobicity (79.07 μg) of 
amandin-EGCG conjugates prepared by alkaline method. Amandin and 
EGCG might react through hydrophobic groups. Hydrophobic in-
teractions were mainly between the non-polar aromatic rings of 

Fig. 2. Contents of free sulfhydryl group (a), free amino group (b), surface hydrophobicity (c), solubility (d) in amandin-EGCG conjugate prepared by 
different methods. 
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phenolic compounds and hydrophobic sites of protein (Zhang et al., 
2020). β-Lactoglobulin bound to EGCG mainly through hydrophobic 
interactions, and surface hydrophobicity of its conjugate was much 
lower than that of β-lactoglobulin (Zhang et al., 2020). Surface hydro-
phobicity of conjugates prepared by free radical method and ultrasound- 
assisted free radical method differed significantly, with surface hydro-
phobicity of ultrasound-assisted free radical method being significantly 
greater than that of free radical method. The ultrasonic treatment 
opened the structure of amandin and exposed the hydrophobic groups 

partially buried in amandin. However, there was no significant differ-
ence between alkaline method and ultrasound-assisted alkaline method. 
However, there was no significant difference between alkaline method 
and ultrasound-assisted alkaline method. This was consistent with the 
effect of sonication assistance on the surface hydrophobicity of prepared 
egg white protein-EGCG (EWP-EGCG) conjugate (Jing et al., 2020). 

Fig. 3. SDS-PAGE profile (a), fluorescence intensity (b), FT-IR spectra (c), contents of secondary structures (α-helix, β-folding, β-turning and random coil) (d) of 
amandin-EGCG conjugate prepared by different methods. 

Fig. 4. Immunoreactivity data of amandin-EGCG conjugate prepared by different methods. Where A is the western blot of amandin-EGCG conjuage, 1, 2, 3, 4, and 5 
are amandidn, amandin-EGCG conjugate prepared by alkaline method, amandin-EGCG conjugate prepared by ultrasound-assisted alkaline method, amandin-EGCG 
conjugate prepared by free radical method and amandin-EGCG conjugate prepared by ultrasound-assisted free radical method, respectively. B is the ELISA data of 
amandin-EGCG conjugate prepared by different methods. 
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3.5. Solubility 

Solubility could be used to measure the degree of protein denatur-
ation and aggregation, which affected functional properties and 
immunoreactivity of proteins (Dong et al., 2019). Chen and Ma found 
that solubility of EWP-EGCG conjugate prepared under neutral condi-
tions was lower than that of egg white protein (Chen & Ma, 2020). 
Combined with FT-IR spectroscopy, the decrease in solubility might be 
due to the lower polar microenvironment in which the conjugates were 
located and stable formation of egg-white protein-EGCG insoluble con-
jugates. Fig. 2d showed solubility of amandin-EGCG conjugate prepared 

by different methods. Solubility of amandin-EGCG conjugate prepared 
by different methods was less than that of amandin, among which sol-
ubility of amandin-EGCG conjugate prepared by ultrasound-assisted 
alkaline method was the lowest at 74.74 %. However, there was no 
significant difference between amandin-EGCG conjugate prepared by 
free radical method and ultrasound-assisted free radical method. Protein 
precipitation by phenolics might result from two different mechanisms. 
The phenolics acted as multisite ligands interacting with multiple sites 
or multiple proteins, resulting in the formation of protein–phenolic 
dimer or multimers. In addition, coverage of the proteins with a less 
hydrophilic 10 Q also led to reduced solubility of the bound material 

Fig. 5. Linear epitopes contained in amandin-EGCG conjugate prepared by amandin, ultrasonic-assisted alkaline method and ultrasonic-assisted free radical method.  
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(Zhang et al., 2020). 

3.6. SDS-PAGe 

Amandin was the main storage protein in almonds, which mainly 
consisted of two polypeptide chains at 38–41 kDa and 20–22 kDa (Zhang 
et al., 2020). As shown in Fig. 3a, the extracted amandin mainly had 
bands at 70, 60, 45, 40, 35, 30, and 22 kDa. The bands at 40 and 30 kDa 
of amandin-EGCG conjugate prepared by alkaline method and 
ultrasound-assisted alkaline method were slightly shifted upward. 

Amandin-EGCG conjugate prepared by free radical and ultrasound- 
assisted free radical methods showed significant upward shift of the 
bands at 30 kDa, and the bands were both lighter than those of alkaline 
and ultrasound-assisted alkaline methods. Plundrich et al found the SDS- 
PAGE bands became blurred or even disappeared when polyphenols 
from green tea or fruit juice were added to peanut proteins, which might 
be due to complexation with phenolics that interfere with protein 
staining (Plundrich et al., 2014). The loading buffer contained β-mer-
captoethanol, which could break the disulfide bond in the sample. The 
upward shift of the bands indicated that amandin bound to EGCG 

Fig. 5. (continued). 
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Fig. 5. (continued). 
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through non-disulfide bonds. 

3.7. FT-IR spectroscopy 

The secondary structure of amandin and amandin-EGCG conjugate 
were determined using FT-IR spectroscopy, and Fig. 3c showed the main 
spectral peaks of the samples. The absorption bands at 1600–1700 cm− 1 

and 1450–1500 cm− 1 correspond to the groups in the amide I and II 
bands, respectively. The spectral peaks at 1541 cm− 1 in amandin-EGCG 
conjugate underwent a shift to lower wave number, while the spectral 
peak at 1654.8 cm− 1 underwent a shift to higher wave number. In 
addition, no new non-covalent bonds were generated in amandin-EGCG 
conjugate. The shift of the spectral peak to higher wave numbers might 
be a strong stretching vibration of the newly formed C–N covalent bond 
in conjugate, suggesting that amandin might be covalently bound to 
EGCG through the C–N bond. Jing et al found that the FT-IR spectro-
scopic results indicated that tea polyphenol (TP) and EWP in both free 
radical and alkaline methods might be covalently bound through C–N 
bonds, which was consistent with the results of this paper (Jing et al., 
2020). 

The amandin I band at 1600–1700 cm− 1 was subjected to deconvo-
lution and other processes to obtain the content of protein secondary 
structures (α-helix, β-sheet, β-turn and random coil). Fig. 3d represented 
secondary structures of amandin as well as amandin-EGCG conjugate. 
The amandin-EGCG conjugate prepared by alkaline and free radical 
methods showed reduced content of α-helix and random coil and 
increased content of β-sheet and β-turn relative to amandin. This might 
also be responsible for the reduced amide I band amplitude. Secondary 
structure within protein was associated with specific hydrogen bonding 
pattern (Jia et al., 2019), and protein structure was changed after 
amandin binding to EGCG, mainly from ordered to disordered structure. 

3.8. Fluorescence spectroscopy 

The endogenous fluorescence of proteins was mainly caused by 
chromophore groups tryptophan and tyrosine residues, of which tryp-
tophan played a major role. The chromophores of proteins were sus-
ceptible to polarity of surrounding microenvironment, and small 
molecule ligands could modify the fluorescence intensity of proteins by 
altering surrounding microenvironment or binding to chromophores of 
proteins (Chen & Ma, 2020). Fig. 3d showed fluorescence intensity of 
amandin-EGCG conjugate prepared by different methods. Amandin had 

the strongest fluorescence intensity, and fluorescence intensity of 
amandin-EGCG prepared by different methods was lower than that of 
amandin, but the maximum emission wavelength did not change. 
Combined with total phenolic content of amandin-EGCG conjugate, the 
higher total phenolic content of amandin-EGCG conjugate, the lower its 
fluorescence intensity. This was consistent with the trend of results of 
previous studies (Jing et al., 2020; You et al., 2014). These phenomena 
suggested that the binding of EGCG to amandin led to the quenching of 
tryptophan and tyrosine or formation of shielding region around tryp-
tophan residuesa. The highest degree of EGCG grafting on amandin, the 
more significant the quenching of fluorescence intensity. 

3.9. Western blot 

Western blot detected antigenicity in samples based primarily on 
specific binding of antigenic antibodies and was often used to assess 
potential allergenicity of proteins. As shown in Fig. 4a, amandin showed 
bands at 72, 60, 43, and 38 kDa, which indicated that amandin could 
bind to IgE-antibodies and was potential allergenicity. Amandin-EGCG 
conjugate did not show bands binding to IgE-antibodies, and EGCG 
binding significantly reduced the potential allergenicity of amandin. 
Combined with solubility and structural characterization, amandin- 
EGCG conjugate showed significant decrease in solubility and changed 
in protein structure. The antigenic epitope of amandin was destroyed or 
buried, and its potential allergenicity was reduced. Structural and 
conformational changes caused by processes such as food processing 
alter the immunoreactivity of proteins (Fotschki et al., 2020). The 
reduced potential allergenicity of amandin might be mainly due to the 
absence of disulfide bonds, decreased solubility such as formation of 
protein–polyphenol insoluble conjugates, and burial of antigenic epi-
topes (Chhabra et al., 2017). 

3.10. ELISa 

The effect of EGCG binding on the IgE-binding capacity of amandin 
was shown in Fig. 4b. The higher absorbance value of ELISA assay, the 
stronger binding capacity of protein to antibody. amandin had the OD 
(450) value of 1.23, and the OD (450) value of amandin-EGCG conju-
gate decreased significantly. The OD (450) value of amandin-EGCG 
conjugate prepared by ultrasound-assisted alkaline method was the 
lowest at 0.25, which was 79.67 % lower compared to the OD (450) 
value of amandin. Combined with Western blotting, EGCG binding 

Fig. 5. (continued). 

X. Luo et al.                                                                                                                                                                                                                                      



Food Chemistry: X 16 (2022) 100482

10

Fig. 6. The M/Z spectrum of the LC-MS /MS of the peptides hydrolyzed by the amandin-EGCG conjuage in the ultrasound-assisted alkaline method and the 
ultrasound-assisted free radical method, in which A–E was the ultrasound-assisted alkaline method and F–K was the ultrasound-assisted free radical method. The 
peptide sequences marked in red are the amino acid residues that AMP and EGCG may bind to detected by LC-MS/MS. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.) 
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significantly reduced potential sensitization of amandin. EGCG has been 
documented to reduce the potential sensitization of some proteins such 
as egg white proteins, soy isolates and lactoglobulins. Among them (Sen 
& Marina, 2018) showed that minor structural modifications of ovo-
mucoid significantly decreased the IgE-binding capacity of egg whites. 
Soybean isolated protein was modified by EGCG through cysteine, his-
tidine, lysine and arginine residues, thus reducing IgE-binding capacity 
(Zhou et al., 2020a). The results of this paper also confirmed that EGCG 
modification could alter the potential allergenicity of amandin. In 
addition, protein degradation and cross-linking between proteins and 
peptides might occur after ultrahigh-pressure treatment, leading to 
significant reduction in allergenicity. The degraded protein fragments or 
released peptides might also disrupt the linear epitopes of the antigen, 
thus reducing the IgE/IgG-binding capacity (Quirós et al., 2007; Zhang 
et al., 2019; Zhang et al., 2017). 

3.11. LC-MS/Ms 

The main cause of food allergy was presence of linear and confor-
mational epitopes in food. Conformational epitopes were mainly unique 
three-dimensional structure of allergen, which was more complex and 
rarely measured by more intuitive detection methods. Linear epitopes 
were composed of simple primary structures of a few amino acids and 
were often identified using LC-MS/MS. Han et al identified peptide 
sequence of novel oyster allergen Sarcoplasmic Calcium-Binding Protein 
by LC-MS/MS and found that its gene sequence cross-reacted with both 
mollusks and aroids (Han et al., 2020). Combined with the SDS-PAGE 
and immunoreactivity data analysis, the SDS-PAGE bands of 
ultrasound-assisted alkaline method and ultrasound-assisted free radical 
method were clear and their immunoreactivity was significantly 
reduced, so the amandin-EGCG conjugate was prepared by ultrasound- 
assisted alkaline method and ultrasound-assisted free radical method 
for subsequent LC-MS/MS analysis. The peptide sequences of amandin 

Fig. 6. (continued). 
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detected by LC/MS-MS after trypsin digestion were compared with the 
reported amandin-sensitizing peptide sequences (Fig. 5). The results 
showed that amandin contained 37 peptide sequences with linear epi-
topes, and amandin-EGCG conjugate prepared by the ultrasound- 
assisted alkaline method identified 41 peptide sequences with linear 
epitopes, while amandin-EGCG conjugate prepared by the ultrasound- 
assisted free radical method had only 28 peptide sequences with linear 
epitopes. The aim of ultrasound assistance was to open the structure of 
amandin and expose more binding sites. Whereas the mechanism of 
amandin-EGCG conjugate preparation by free radical method and 
alkaline method were different, the reason for reduced potential aller-
genicity of their conjugates might also be different. The conjugates 
prepared by the ultrasound-assisted free radical method contained the 
least number of linear epitopes, which might be due to hydroxyl radicals 
attacking the active residues of amandin, resulting in the disruption of 
linear epitopes. In addition, shielding of certain epitopes by covalent 
attachment of amino acid residues and EGCG might be responsible for 
the reduced IgE-binding capacity (Wu et al., 2018). 

Combined with structural characterization and immunoreactivity 
related data, total phenol content of the conjugates prepared by free 
radical and ultrasound-assisted free radical methods was higher than 
that of alkaline and ultrasound-assisted alkaline methods. Free amino 
group and free sulfhydryl group of amandin-EGCG conjugate were 
significantly reduced compared with amandin, indicating that EGCG 
bound to amandin through covalent bonds. The conformational epitopes 
of protein antigens were closely related to their secondary or tertiary 
structures. Secondary structure of amandin-EGCG conjugate was 
significantly altered and its fluorescence intensity was significantly 
reduced. The binding of EGCG significantly altered the protein confor-
mation of amandin, thus significantly reducing the potential allerge-
nicity of amandin by disrupting its conformational epitopes. 
Furthermore, the potential allergenicity of sensitized proteins was 
determined by both linear and conformational epitopes. Although the 
amandin-EGCG conjugate prepared by alkaline method had more linear 
epitopes than amandin, its immunoreactivity was significantly reduced. 
This might be due to the dominance of disruption or burial of confor-
mational epitopes of amandin during ultrasound-assisted alkaline 
method. 

Information on modification sites of amandin was obtained by MS/ 
MS scanning after trypsin digestion. Five peptides of amandin-EGCG 
conjugate prepared by alkaline method were detected to be covalently 
bound to EGCG, while six peptides of conjugate prepared by free radical 
method were detected to be covalently bound to EGCG (Fig. 6). The 
peptides of amandin covalently bound to EGCG in amandin-EGCG 
conjugate prepared by alkaline and free radical methods were 
different, and these peptides were mainly bound to EGCG via glutamate 
and cysteine. Alkaline and free radical methods were two commonly 
used non-enzymatic protein-phenol covalent coupling methods. He et al 
found that EGCG reacted with Cys74 and Glu347 in ovalbumin in free 
radical reaction and reacted with Cys74 in alkaline reaction (He et al., 
2019). Related studies found that hydroxyl radicals in free radical re-
actions, generated by interaction of hydrogen peroxide and ascorbic acid 
as redox components, attacked the reactive residues on protein side 
chain, generating protein residues that then reacted with EGCG (Spiz-
zirri et al., 2009; Zhang et al., 2020). From the LC-MS/MS results, 
amandin was mainly covalently bound to EGCG via glutamate and 
cysteine residues. Phenols were sensitive to oxidation under alkali 
conditions and could be oxidized to semi-quinones, which were then 
rearranged to o-quinones. These highly reactive intermediates could 
react with nucleophilic amino acid residues on protein side chains (Kroll 
et al., 2003). Amandin-EGCG conjugate were formed by quinones 
generated by EGCG under alkali conditions, which could covalently bind 
to cysteine and glutamate residues. He et al and Ishii et al both found 
that EGCG oxidized under alkali conditions generates quinones that 
covalently bound to the cysteine residues of ovalbumin and 
glyceraldehyde-3-phosphate dehydrogenase (He et al., 2019; Ishii et al., 

2008). Jing et al suggested that protein, glutamate and cysteine residues 
were the main cross-linking sites of egg white proteins with theophylline 
(Jing et al., 2020). 

4. Conclusion 

Protein binding with phenolics might reduce allergenicity of proteins 
and might prepare hypoallergenic protein foods. In this paper, amandin- 
EGCG conjugates were prepared by different methods aiming to reduce 
allergenicity of amandin. Although the ultrasound-assisted alkaline 
method and ultrasound-assisted free radical method had lower phenolic 
content than alkaline and free radical methods for the preparation of 
amandin-EGCG conjugate, their reaction time was 23 h less. The po-
tential allergenicity of amandin-EGCG conjugate tended to be signifi-
cantly reduced compared to amandin as evidenced by immunoblotting 
reactions and ELISA. This was mainly due to reduction of linear epitope 
of amandin-EGCG conjugate and change in conformation of amandin 
that might mask some of conformational epitopes. This study provided a 
new idea as well as a theoretical basis for the preparation of hypoal-
lergenic foods from almonds. 
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