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In this work, an egg yolk protein hydrolysate (EYPH) with a high iron-chelating ability (87.32%) was prepared.
The fractionation using 60% (v/v) ethanol concentration (E3 fraction) led to the efficiently accumulating the
iron-chelating peptides in EYPH. The characterization results showed that iron mainly chelated with carboxyl,
amino and phosphate groups of peptides. From E3 fraction, six iron-chelating peptides with MW ranging from
1372.36 to 2937.04 Da were identified and a hypothesized molecular model of DDSSSpSpSpSpSpSVLSK-Fe was

simulated. In vitro stability determination showed that E3-Fe chelate owned a good heat, alkalinity and digestion
tolerance, but a relatively bad acid tolerance. Finally, iron transport analysis showed that iron in the E3-Fe would
be absorbed in caco-2 cell membrane more effectively than that of iron salts, indicating that it was possible to
apply the E3-Fe complex as iron supplements.

1. Introduction

Iron, as an indispensable component of cytochrome, enzymes, hae-
moglobin and myoglobin, plays a critical role in regulating many vital
physiological processes such as oxygen transport, electron transfer re-
actions, gene regulation and cell growth, and differentiation via a series
of mechanisms (Sophie et al., 2014). Iron deficiency, which is the result
of insufficient dietary intake or poor utilization of iron, is the most
common nutritional disorder. Nowadays, it is considered a global public
health problem as it is a leading risk factor for anaemia, cancer, poor
cognitive development, and even maternal mortality. Even though di-
etary iron can be obtained from a wide variety of animal and plant-
sourced foods, the dietary intake of iron is limited due to its low
bioavailability (Steinbicker & Muckenthaler, 2013).

More recently, various iron supplements have been developed such
as including inorganic salts, organic acid salts and metal agents. How-
ever, traditional salt-based fortification methods have some limitations
due to their deleterious effects on food’s physical and sensory properties.
Besides, iron salts have side effects on the consumer’s health upon
administration (Zhang et al., 2021). In this context, iron chelating
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peptides, owing to their superiority in terms of bioavailability, absorp-
tion rate, and stability, are increasingly attracting the scientific com-
munity attention (Abdul et al., 2022). During the past decades, many
studies have addressed the role of iron-chelating peptides from several
sources including Acetes japonicas, mung bean, whey protein, rice bran,
vegetable protein, etc (Kong et al., 2021). The related research results
indicated that the type of the used enzyme, protein source and hydro-
lysis conditions influence the iron-chelating ability of hydrolysate (Wu
et al., 2021). Moreover, it has also been reported that the net charge,
side chain length and functional groups of the amino acids also play a
crucial role in the iron-chelating ability of peptides, including specific
phosphate groups of serine, carboxyl groups of glutamic acid and
aspartic acid, guanidine of arginine and amino group of lysine (Shi et al.,
2021; Sun et al., 2017). Despite there are some results assuming that the
above-mentioned factors are possibly related to the iron-chelating
ability of peptides, its mechanism was much more complicated and
still far from being entirely understood.

Egg yolk is one of the most readily available and widely consumed
food in the human daily diet and consists of a wide spectrum of nutrients
(lipids, proteins, vitamins, and metal ions) that are needed for cell and
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tissue development, function and survival (Guilmineau et al., 2005).
Particularly, egg yolk protein is a novel high-quality protein with high
biological value. Egg yolk is mainly composed of y-livetin and phosvitin
which were reported to have varieties of physiological activities such as
immune, antioxidant, promoting bone growth, bacteriostatic, blood
pressure lowering and metal ions binding activities (Aluko & Mine,
1997; Huang & Ahn, 2019; Shi et al., 2021; Zambrowicz et al., 2012). In
contrast to egg white, egg yolk has a high proportion of lipids. Therefore,
egg yolk has long been used in the food and cosmetics industry to pro-
duce lecithin (Penaranda-Lopez et al., 2020). The remaining defatted
egg yolk powder (DEYP) after lecithin extraction, however, has low
functionality due to its partial denaturation during the extraction, thus
limiting its application and causing a waste of protein resources.
Therefore, further studies should be required to increase the economic
value of DEYP.

In light of the above considerations, the objective of this study was to
obtain high iron-chelating peptides from DEYP by enzymatic and
ethanol precipitation technology. Molecular weight (MW) distribution,
hydrophobicity and amino acid composition, Fourier transform infrared
(FTIR) spectroscopy, differential scanning calorimetry (DSC), and mass
spectrometry were used to clarify the binding mechanism between egg
yolk peptides and iron. Finally, the in vitro stability and iron transport
analysis of iron-peptides chelate were investigated to evaluate its po-
tential as an iron supplement.

2. Materials and methods
2.1. Materials and chemicals

Defatted egg yolk powder (DEYP) was obtained from Guangzhou
Yingzhu Biological Technology Co., Ltd (Guangzhou, China). Alkaline
protease was purchased from Novozymes Company (Tianjin, China).
The reagents used in the high-performance liquid chromatography
(HPLC) and liquid chromatography-mass spectrometry (LC-MS/MS)
experiment were offered by Beijing Solarbio Science & Technology Co.,
Ltd (Beijing, China). All other reagents were of analytical grade and
purchased from Fuchen Chemical Reagent Co., Ltd (Tianjin, China).

2.2. Determination of the proximate composition

A proximate analysis (moisture, ash, fat and protein contents) of the
DEYP was carried out using the method described by AOAC (AOAC,
1995). The total sugar content was assessed with the phenol-sulphuric
acid method described by The People’s Republic of China (GB/T
15038-2006). All measurements were performed in triplicate and the
absolute difference between the two independent measurements did not
exceed 5% of the arithmetic mean.

2.3. Preparation of egg yolk protein hydrolysates (EYPH)

The effects of solution pH (6, 7, 8, 9, 10 and 11), enzyme concen-
trations (0.20, 0.60, 1.00, 1.40 and 1.80 %), hydrolysis temperatures
(35, 45, 55, 65 and 75 °C) and hydrolysis times (0, 3, 6, 9, 12 and 24 h)
on iron-chelating ability assays were studied by single factor design.
Prior to the hydrolysis, the DEYP was smashed by pulverizer and passed
through an 80 meshes sieve. Then, the powdered sample was dispersed
in distilled water at a 1:9 (w/v) ratio and the solution pH was adjusted
with 1 mol/L NaOH. Afterwards, the hydrolysis reaction was started by
the alkaline protease addition. At the end of the reaction, the enzyme
was inactivated by heating the hydrolysate at 100 °C for 15 min. Sub-
sequently, the mixture was centrifuged (8000 x g for 15 min) and the
supernatant was separated and lyophilized for further use. On the basis
of the single-factor experiment results, the mathematical regression
model for optimizing the hydrolysis process was established by means of
the response surface methodology.
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2.4. Determination of the metal ion-chelating activity

The iron-chelating activity of EYPH was measured according to the
method of a previous study with slight modifications (Torres-Fuentes
et al., 2012). Briefly, the EYPH sample (1 mL, 1.0 mg/mL) was mixed
with 3.7 mL of 0.05 mol/L sodium acetate buffer (pH = 5) and 0.1 mL of
2 mmol/L FeCl, solution (water was used as a control). After incubation
at room temperature for 10 min, the binding reaction of the mixture was
terminated by adding 0.2 mL of 5 mmol/L phenanthroline into the so-
lution. The absorbance of the obtained complex was measured at 562
nm after 10 min. The formula for iron-chelating ability was as follows:

Amm[ - (A.\-umple - Ah[ank)

x 100
Ataml

Chelating rate (%) =

where Ayotal, Asampte and Apiank represent the absorbance values of the
total mixture, the sample and the blank, respectively.

The calcium and copper chelating activity of EYPH was determined
using the EDTA titration method. Briefly, EYPHs were transferred into a
new glass tube, and the pH was adjusted to 7.0 with a solution of NaOH
(1 mol/L) before the addition of CaCly or CuSO4 solution. The resulting
mixture was subjected to stirring at 37 °C for 40 min. The Ca®* or Cu®*
content in the supernatant was evaluated using the ethyl-
enediaminetetraacetic acid (EDTA) method.

2.5. Determination of the degree of hydrolysis (DH)

The ammonia nitrogen (AN) content was determined by the formol
titration method (Xie et al., 2021). Briefly, EYPH solutions (5 g) were
mixed with distilled water (75 g) and the pH was adjusted to 8.2 with
0.1 mol/L NaOH. Then 10 mL of 38% (v/v) formaldehyde solution was
added and the total mixture was left at the room temperature for 5 min.
The mixture was then titrated with 0.1 mol/L NaOH until a pH of 9.2.
The distilled water was taken as the blank. The total nitrogen (TN) in the
sample was determined by the Kjeldahl method. The content of the AN
and the DH was calculated as follows:

AN (%) — (V1 - V0)*C*0.014*100,

m

DH (%) = AN content.in supernata'nt 100
TN content in raw materials

where V; and Vj are the volumes of NaOH used for the titration of the
sample solutions and water (blank experiment), respectively, C is the
concentration of NaOH and m is the amount (g) of the sample solutions
(Zhao et al., 2018).

2.6. Isolation and purification of egg yolk peptides (EYP)

Based on the ethanol precipitation method, EYPH was subjected to
stepwise fractionation into four different fractions using elevated con-
centrations (20, 40, and 60%, v/v) of aqueous ethanol solutions. Firstly,
the fractionation of EYPH was induced by adding anhydrous ethanol
into the EYPH solutions (25%, w/v) to a final ethanol concentration of
20% (v/v). The mixture was held for 1 h and centrifuged at 9000 x g for
20 min and the precipitate was labelled E1. Secondly, the ethanol con-
centration of 40% and 60% was used to separate the EYPH, all steps
were similar to the first step except for the ethanol concentration. The
precipitate obtained successively was labelled E2 and E3, and the final
supernatant was labeled E4, respectively. All fractions were freeze-dried
for later use.

2.7. Molecular weight (MW) analysis

The MW distribution was determined using high-performance liquid
chromatography (HPLC, Agilent 1200LC, USA), according to Chang et al


https://www-sciencedirect-com-443.webvpn.xju.edu.cn%3a8040/topics/chemical-engineering/formaldehyde

Y. Liu et al.

(Chang et al., 2021). Prior to the chromatographic analysis, the samples
were dissolved in deionized water to a 10 mg/mL protein concentration
and filtered through a 0.45 pm filter. Samples (20 pL) were loaded into
the sample loop, using a microliter syringe, and separated by the TSK-
GEL G2000SWXL size exclusion column (Tosoh Bioscience, Tokyo,
Japan). For the EYPH fractions separation, a flow rate of 0.5 mL/min of
acetonitrile in isocratic mode at 37 °C was used and the detection
wavelength was 220 nm. A mixture of standards was used to cover the
range of 100-70000 Da, as follows: bovine serum albumin, 68000 Da;
cytochrome C, 12384 Da; aprotinin, 6511 Da; bacitracin, 1423 Da;
glutathione, 189 Da. Finally, the relative molecular mass calibration
curve was drawn, with the retention time as the abscissa and the loga-
rithm of the relative molecular mass as the ordinate MW distribution
was calculated.

2.8. Analysis of amino acid composition

The amino acid composition and content were analyzed according to
the method reported by Liu et al (Liu et al., 2018). The samples were
subjected to acid hydrolysis with 6 M HCI at 110 °C for 24 h. The hy-
drolyzate was vacuum dried until waterless, mixed with sodium citrate
buffer and analyzed by an amino acid analyzer (HITACHI L-8900,
Japan).

2.9. Peptide identification by LC-MS/MS

The freeze-dried E3 fraction was dissolved in deionized water to a
0.1% (v/v) solution, desalted and concentrated onto OMIX pipette tips
C18. The column information is: 300 pm x 5 mm, Acclaim PepMap,
RSLC C18, 5 pm (Thermo, 160454); Acclaim PepMap 75 pm x 150 mm,
C18, 3 pm (Thermo, 160321). The mobile phase was: solvent A: water
(0.1% (v/v) formic acid); solvent B: acetonitrile (0.1% (v/v) formic
acid); flow rate: 300 pL/min. The gradient profile was set as follows:
0-5% solvent B for 5 min, 5-45% solvent B for 40 min, 50-90% solvent B
for 5 min, 90% solvent B for 5 min and 90-5% solvent B for 5 min. The
separated peptides were split through the spray voltage and detected by
electron spray ionization in survey scans from 100 to 2000 m/z. Later,
high-purity nitrogen (98%) was used as atomizing and drying gas, the
drying temperature was 180 °C, and the drying gas flow rate was 4.0 L/
min. The original data was converted by MM File Conversion, and the
Uniprot database was searched by MASCOT to obtain the target poly-
peptide sequence. The identification of the phosphorylation site was
according to the specific increasing value (+79.996) of the mass-to-
charge ratio (m/z) of peptides. The relative content of the peptide was
calculated by the ionic strength of the peptide.

2.10. Fourier transform infrared (FTIR) spectroscopy

The E3 and E3-Fe chelate complexes were characterized by an
Infrared spectrophotometer (IS50, Thermo Nicolet Corporation, Wis-
consin, USA) using the KBr compression method (Fang et al., 2020). 0.5
g of E3 and E3-Fe?" chelate freeze-dried powders were weighed, added
with potassium bromide, evenly mixed, ground and pressed to obtain a
tablet, and scanned in the wavenumber range of 400-4000 cm™!. The
spectrum obtained was analyzed by Ominic software, and the secondary
structure was analyzed by Peakfit 4.0 software.

2.11. Differential scanning calorimetry (DSC)

DSC thermograms of E3 and E3-Fe?* chelate complexes were
recorded using a differential scanning calorimeter (PEAQ-DSC MicroCal,
Northampton, MA, USA) to evaluate the thermal properties (Cai et al.,
2019). An appropriate amount (3 mg) of E3 and E3-Fe2" chelate freeze-
dried powders were weighed in the crucible and placed in the instru-
ment for thermal stability analysis. The parameters were as follows:
temperature range of 25-200 °C, the heating rate of 10 °C /min and the
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N, flow rate of 50 mL/min.

2.12. In vitro stability of E3-Fe chelate

For acid-base tolerance studies, E3-Fe sample was mixed with water
(1%, m/v) at seven different pH (3, 4, 5, 6, 7, 8, 9 and 10) values. For
high-temperature tolerance studies, E3-Fe sample was mixed with water
(1%, m/v) and placed in the shaking water bath at different tempera-
tures (30, 40, 50, 60, 70 and 80 °C). All tolerance tests lasted for 1 h, the
free iron release was used to evaluate the stability. The digestion sta-
bility of the E3-Fe was referred to the method described by Zhang et al.
(Zhang et al., 2021). The prepared E3-Fe (0.1 g) was dissolved in 100 mL
water, gastric digestion was conducted using pepsin (5 mg/mL) at pH 2
(adjusted with 1 M of HCI) under 37 °C. The digestive system was
incubated for 2 h and neutralized with NaOH (1 M). Then, the intestinal
digestion was carried out using trypsin (2 mg/mL at pH 7 under 37 °C for
4 h) using an air shaker. After the process was completed, sodium car-
bonate was added to quench the reaction. The supernatant was collected
after centrifugation (10000 x g, 10 min) and the free iron content was
determined using the phenanthroline colorimetry method. The digestion
stability of the E3-Fe was evaluated by the free iron increase in the
supernatant.

2.13. Iron transport studies in Caco-2 membrane

Cytotoxicity experiments were performed using MTT (3-[4,5-dime-
thylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide) kit before iron
transport studies. In the iron transport experiment, Caco-2 cells were
employed as a model of the intestinal epithelium (Jantarajit et al.,
2007). Caco-2 cells (1 mL) were seeded on 12-well polyester transwell
inserts (0.4 pm pore size, 12 mm diameter, corning) with a cell density of
1 x 10° cells/mL and 21 days incubation. The culture medium was daily
changed after 24 h of seeding and the volume of the culture medium was
0.5 mL and 1.5 mL on the apical side (AP) and basolateral side (BL),
respectively. During the 21-day incubation, transepithelial electrical
resistance (TEER), alkaline phosphatase activity ratio (ALP, AP/BL), and
sodium fluorescein permeability (SFP) were monitored. The Caco-2 cell
monolayers were used for the calcium transport experiments until the
TEER, ALP and SFP reached 400 Q x cmz, 31.60 and 41.43%, respec-
tively. After cell wells were washed twice with PBS (pH 7.4), 1 mL of
FeSO4 (55, 110 and 220 pg) and E3-Fe (0.5, 1 and 2 mg/mL; 40 Fe pg/
mg) were added to the AP side, separately. Transwell plates were
incubated in an incubator (37 °C, 5% CO>) for 4 h, and 1 mL solution was
collected from the BL to measure the ferrous iron concentration by using
flame atomic absorption spectroscopy. Three replicates were performed
for each group.

2.14. Statistical analysis

Statistical analysis was carried out with SPSS (version 16.0). For
significant main effects, means were considered to be different at a
significance level of 0.05. Data were expressed as means of three
replicates.

3. Results and discussion
3.1. Proximate composition of defatted egg yolk powder (DEYP)

DEYP, the by-product after the egg yolk lecithin extraction, is rich in
proteins and owns various biological activities. The proximate compo-
sition of DEYP was determined. As expected, DEYP showed a high
amount of proteins (79.88 + 0.23%) and a small quantity of fat (5.08 +
0.74%), ash (4.78 + 1.26%, including iron 2.70 mg/100 g), water (4.36
+ 0.31%) and sugar (0.2 + 0.09%).
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3.2. Choice of chelated metal ions

The egg yolk protein hydrolysate (EYPH) generated during the hy-
drolysis with the alkaline protease may possess different chelating
ability towards different metal ions, such as iron, calcium and copper. To
test this hypothesis, preliminary experiments on the EYPH chelating
ability towards these divalent metal ions were conducted under the
same operative conditions and results were compared with those of
casein phosphopeptide (CPP). Fig. S1 shows that the metal ions-
chelating ability significantly increased with the hydrolysis time dur-
ing the first 3 h and started to decrease afterwards. EYPH exhibited the
highest iron-chelating ability, followed by calcium and copper. As
compared to CPP, the EYPH chelating ability towards calcium and
copper was lower, while the iron-chelating ability was significantly
higher even at lower protein concentrations than the control group.
Therefore, it can be concluded that the iron-chelating ability of EYPH is
competitive compared with calcium and copper. The differences in the
metal-chelating ability observed for the EYPH could be attributed to
chemical and physical differences between these metal ions and the
peptide structure (Dudev & Lim, 2014).

3.3. Optimization of the enzymatic hydrolysis process

Single-factor experiments were used to investigate the effects of
hydrolysis parameters, including the enzyme concentration, tempera-
ture, pH and hydrolysis time, on the DH and iron-chelating ability of the
EYPH. The DH is an important indicator of the enzymatic hydrolysis, as
it is directly related to the hydrolyzate functionality (Nisov et al., 2020).
As shown in Fig. 1A, the DH showed a significant increase as the enzyme
concentration increased from 0.2 to 1.8%. Accordingly, the increase in
the enzyme concentration from 0.2 to 1.0% led to the increase in the
iron-chelating ability: the EYPH with a DH of 14.77% showed the
highest iron-chelating ability (86.37%) at 1.0% of the enzyme concen-
tration. However, further increasing the enzyme concentration from 1.0
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to 1.8% resulted in a decrease in the iron-chelating ability, indicating
that a lower or higher enzyme concentration might lead to inadequate or
excessive substrate hydrolysis, respectively, thereby affecting the iron-
chelating ability (Vo et al., 2020). Based on the reported results, it
could be suggested that, to some extent, the DH is not directly linked to
the iron-chelating ability of EYPH, where appropriate hydrolysis is
crucial for obtaining a hydrolyzate with high iron-chelating ability
(Budseekoad et al., 2018). The iron-chelating abilities of EYPH obtained
after different hydrolysis times were investigated and the related results
are shown in Fig. 1B. A significant increase in the DH and iron-chelating
ability was observed during the first 3 h: the EYPH with a DH of 14.77%
possessed the highest iron-chelating ability (87.61%) at 3 h, after which
a gradual decline was observed for the iron-chelating ability, while the
DH gradually increased afterwards. These results are in agreement with
the observations of another study (Sun et al., 2017). This variation in the
DH and iron-chelating ability of the EYPH over time might be due to the
continuous formation and degradation of the iron-binding peptides by
an increased hydrolyzing effect of the alkaline protease (Hernandez-
Ledesma et al., 2002). The temperature is one of the most important
parameters in the enzymatic hydrolysis as it leads to the substrate and
enzyme conformational changes, metal-ligand interaction and kinetic
energy of enzymatic reactions (Sun et al., 2001). The temperature effect
on the DH and iron-chelating ability was studied by using a temperature
ranging from 35 to 70 °C. Fig. 1C shows that the DH and iron-chelating
ability significantly increased by raising the temperature from 35 to
55 °C, reaching the maximum of 15.01 and 84.67% at 55 °C, respec-
tively. However, the DH and iron-chelating ability decreased as the
temperature increased from 55 to 70 °C, indicating that the high tem-
perature might lead to a permanent loss of the enzyme activity due to the
enzyme denaturation (Thiansilakul et al., 2007). As shown in 1D, the pH
significantly influenced the DH and iron-chelating ability of EYPH. The
increase in the reaction pH from 7 to 11 caused an increased trend of the
DH and iron-chelating ability, which reached the highest value (15.27
and 90.78%, respectively) at pH 11. The increased DH value with
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Fig. 1. Effect of the enzyme amount, time, temperature and pH on the iron-chelating ability and DH: (A) enzyme amount; (B) enzymatic hydrolysis time; (C)
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increasing pH could be due to the disruption of phospho-calcic bridges
between high-density lipoproteins and phosvitin compact complexes
under the condition of charge distribution change. Besides, the substrate
and enzyme conformation resulted in an increased solubility of the egg
yolk proteins and thus a substrate was able to interact with the enzyme
more easily. Moreover, the egg yolk protein isoelectric point ranged
between 5 and 6, and the pH increase leads to a negative charge in-
crease, resulting in the exposure of more —COO- groups and high iron-
chelating activity of EYPH (Huang et al., 2021; Thiansilakul et al.,
2007).

Based on the results of the single-factor experiments, different in-
dependent variables were selected to study their effect on the EYPH iron-
chelating ability using the response surface methodology. The results of
17 experiments with different conditions are shown in Table S1 and the
iron-chelating ability of EYPH ranged from 64.12 to 87.53%. It can be
seen from Table S2 that the p value (0.0001) of the model is extremely
significant (p < 0.01), the determination coefficient (R? = 0.991 3) and
the adjusted determination coefficient (Rgdj = 0.9802) are quite close,
indicating that the regression model is well fitted. The optimal hydro-
lysis conditions obtained by the quadratic experiment model are as
follows: hydrolysis time 3.22 h, hydrolysis temperature 55.59 °C,
enzyme concentration 1.08%. Under the predicted optimal conditions,
the theoretical iron-chelating ability of EYPH was 88.57%.

3.4. Total nitrogen (TN) and iron-chelating ability determination

The fractionation of the EYPH into distinct fractions might help
enrich some fractions with higher bioactivity as compared to the orig-
inal mixture. The gradient ethanol precipitation was used for separation
in this objective and the EYPH was separated into four different fractions
(E1, E2, E3, and E4) with gradient ethanol concentrations (20, 40 and
60%). Fig. 2 shows the TN and iron-chelating ability of different frac-
tions obtained by the ethanol fractionation. The TN content of the E1
was the highest and gradually decreased until E3 fraction. Interestingly,
although characterized by the lowest TN content, the E3 fraction
exhibited the highest iron-binding ability, which was significantly
higher than that of other samples. This might be mainly attributed to the
dual effects of the ethanol precipitation as enrichment of the target
peptides and reduction of peptides interactions by removing non-similar
peptides, which was likely to improve the iron-chelating ability of
fractions further (Caetano-Silva et al., 2015).

= Total nitrogen @@ Iron-chelating ability
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Fig. 2. Total nitrogen and iron-chelating ability of different components ob-
tained by the ethanol fractionation.
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3.5. Surface hydrophobicity analysis

The surface hydrophobicity refers to the hydrophobic amino acids
distribution on the proteins/peptides surface by structural changes,
which is related to the functional properties of the proteins or hydro-
lyzate (Liu et al., 2015; Liu et al., 2010). The surface hydrophobicity of
the different fractions obtained by the ethanol fractionation is shown in
Fig. 3A. Different fractions showed significantly different surface hy-
drophobicity. The fractions surface hydrophobicity progressively
increased with increasing the ethanol concentration from 20 to 60%
with the fraction E3 showing the highest value, while the lowest surface
hydrophobicity was observed for supernatant (E4). The hydrolyzate
hydrophobicity depends on the substrate nature and the peptides MW
(Calderon de la Barca et al., 2000). It is well known that the ethanol
dielectric constant is lower than that of the water. In the EYPH system,
the dielectric constant of the solution decreased with the increase of the
ethanol volume fraction, the ethanol molecules diffused to the peptide
surface, bound to the hydrophobic region and resulted in the precipi-
tation. At the same time, the hydrophobic region buried inside the
protein was gradually exposed to the surface, which destroyed the
peptide’s natural structure and led to the high hydrophobicity (Shi et al.,
2015). The exposing hydrophobic groups might provide more sites that
bind to the iron, and it might be the reason why the E3 component had a
high iron-chelation rate (Mattar et al., 2022).

3.6. Molecular weight (MW) distribution analysis

The alkaline protease, with its broad specificity and preference for
hydrophobic residues, represents a good candidate for producing low
free amino acids in the hydrolyzate as compared to other proteinases.
The ethanol fractionation with increasing concentration from 20 to 60%
(v/v) led to a gradual change in the percentage of MW distribution in the
different fractions, confirming the occurrence of the ethanol-induced
aggregation. As shown in Fig. 3B, the lowest percentage of high MW
(greater than5000 Da) fragments was observed in E4, and the percent-
age of this fragment gradually decreased from 9.73% (EYPH) to 5.21%
(E4) with the fractionation. The percentage of 1000-5000 Da fragments
gradually increased for fractions E1 (24.79%), E2 (29.87%) and E3
(33.45%), but for E4 (20.40%) a significant decrease was observed. As
for the percentage of smaller MW fragments (<1000 Da), a gradual
decrease from fractions E1 to E3 (69.63-61.55%) was revealed, whereas
a significant increase was evidenced for E4 (74.28%), indicating that the
ethanol addition up to a certain concentration could lead to a pro-
nounced variation in the composition between the precipitate and
supernatant.

3.7. Amino acids composition

The iron-chelating activity of different fractions can be attributed to
the composition and sequences of amino acids (Torres-Fuentes et al.,
2012). On the basis of the high iron-chelating ability of the E3 fraction, it
is supposed that the gradient ethanol precipitation process might enrich
the peptides with specific amino acids with high chelating ability.
Herein, the composition and content of amino acids in EYPH and frac-
tions with the highest iron-chelating activity (E3) were further analyzed.
As shown in Table 1, a total of 17 different amino acids, including 9
hydrophilic and 8 hydrophobic amino acids, in both EYPH and E3 was
determined. The results evidenced that EYPH and E3 had similar amino
acids composition, but significantly (P < 0.05) differed in some amino
acids content. The amino acids profile of EYPH showed that glutamic
acid was the most abundant amino acid (14.50 g/100 g), followed by
aspartic (10.72 g/100 g), leucine (8.62 g/100 g), lysine (7.54 g/100 g)
and serine (7.36 g/100 g), relative to other amino acids. In contrast, the
major amino acids in the E3 fraction were glutamic (12.90 g/100 g),
serine (12.47 g/100 g), aspartic (10.67 g/100 g), lysine (9.63 g/100 g)
and arginine (8.83 g/100 g). Besides, the serine and lysine content in E3
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Table 1
Amino Acid Composition of Egg Yolk Protein Hydrolysate (EYPH) and E3
Component.

Amino acid EYPH E3 P-value
aspartic acid 10.72 + 0.11 10.67 £+ 0.09 0.759
threonine 5.80 & 0.01% 5.53 + 0.02" 0.007
serine 7.36 + 0.21° 12.47 £ 0.19% 0.003
glutamic acid 14.50 + 0.23 12.90 + 0.41 0.077
glycine 3.64 + 0.09° 3.22 + 0.03" 0.047
alanine 5.64 £+ 0.01° 4.94 + 0.02° 0.001
cystine 1.05 + 0.00° 1.13 + 0.01% 0.015
valine 6.64 +0.11% 4.76 + 0.08" 0.005
methionine 2.48 +0.08% 1.72 + 0.03° 0.012
isoleucine 4.61 +£0.23 3.79+£0.17 0.103
leucine 8.62 + 0.30 6.22 + 0.59 0.068
tyrosine 4.35 £+ 0.01° 3.50 + 0.07° 0.007
phenylalanine 451 + 0.02° 3.95 + 0.09° 0.026
lysine 7.54 + 0.09° 9.63 + 0.15% 0.007
histidine 2.28 +0.01° 2.83 £ 0.04" 0.006
arginine 6.34 + 0.10° 8.83 £ 0.10% 0.003
proline 3.92 £+ 0.06 3.90 £ 0.10 0.880
Hydrophobic amino acid 40.06 + 0.11* 32.50 + 0.21° 0.001
Hydrophobic Q value 4.36 = 0.09 3.82+0.10 0.057

Means in the same line followed by the different letter are significantly different
(p < 0.05).

was significantly higher that that of EYPH. Many studies have found that
histidine, glutamic acid, aspartic acid, and lysine are amino acids related
to the chelation of ferrous ions which can provide binding site for ferrous
ions. In addition, phosphoserine residues have also been identified as
important amino acids associated with iron binding (O’Loughlin et al.,
2015). Therefore, it appears that the ethanol fractionation leads to the

enrichment of serine and lysine containing peptides, thereby exhibiting
high iron-chelating activity.

3.8. Fourier transform infrared (FTIR) spectroscopy and differential
scanning calorimetry (DSC)

In order to unravel the precise iron binding sites of the peptides, the
FTIR spectroscopy was employed to examine the shift of characteristic
absorption peaks. Indeed, the variation in the absorption peaks of the
FTIR spectra could reflect the interaction of metal ions with organic
ligand groups in the peptides. As illustrated in Fig. 3C, several charac-
teristic absorption peaks of E3 shifted upon the coordination with irons.
The coordination with irons led to the E3 absorption peak shift from
3431.40 to 3402.03 cm ™}, suggesting an involvement of the N-terminal
amino group and the amino group in the side chains (such as the residue
side chains of lysine and aspartic) in the iron binding (Zhang et al.,
2021). The C=0 absorption peak at 1655.59 em ! and the -COOH
absorption peak at 1398.14 cm™! showed an obvious shift after the
chelation, indicating the existence of an interaction between the
carboxyl group and Fe?*. The amide band at 1542.77 cm ™!, ascribed to
the N—H deformation and C—N stretching vibrations, shifted to
1551.04 em™! (Wu et al., 2021). Additionally, the absorption peak at
1089.58 cm ™!, associated to the-PO3 stretching vibration, shifted to
1071.26 cm™}, implying that the phosphate group was involved in the
chelation. Moreover, the peak at 721.24 cm ™! moved to 796.45 cm™ !,
most probably due to the vibration of the C—H and N—H bonds (Chen
et al., 2013). Based upon the above data, it can be concluded that the
peptides carboxyl, amino and phosphate groups might be involved in the
interaction with the iron. The characterization results showed that the
iron mainly chelated with carboxyl, amino and phosphate groups of
peptides and the peptides stability was increased upon the chelation.
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Thermal properties of the protein are commonly used to elucidate
the ability to resist aggregation or denaturation during heat processing
(Lan et al., 2020). As shown in Fig. 3D, a prominent double exothermic
peak (123 °C) was observed for the E3 fraction; however, E3-Fe chelate
showed two prominent single peaks (61 and 91 °C) with a significantly
different onset temperature of denaturation. The above results indicated
that the iron-chelating may be responsible for the denaturation observed
in E3-Fe chelate sample, and different denaturation temperatures might
be the result of the denaturation of different peptides. Compared with
E3, only one broader peak with a steeper slope was observed, and it
might arise from the overlapped denaturation peaks of peptides. In
terms of the onset temperature, the E3-Fe fraction was characterized
with a higher onset temperature, indicating increased heat stability to
some extent.

3.9. Mass spectrometry of E3 fraction

The identified peptide sequences from the E3 fraction are shown in
Table 2. Using LC-MS/MS, 6 peptides with a MW ranging from 1372.36
to 2937.04 Da were identified The DDSSSpSpSpSpSpSVLSK, ARII-
TEVNPESpEEEDE, and AGSRAAARIITEVNPESpEEEDESpSPYE were
derived from phosvitin and RQSpVEDVSpSGNSF, NIRDRQSp-
VEDVSpSGNSF, and TDNIRDRQSpVEDVSpSGNSF were derived from
vitellogenin-1. In accordance with the amino acids results shown in
Table 1, the peptides were composed of 13-27 amino acid residues and
exhibited common structural characteristics, such as an abundance of
serine or glutamic for each peptide. Obviously, most of the serine in the
identified peptides was phosphorylated. In agreement with this,
numerous studies have found that hydrophilic amino acids, such as
glutamic, aspartic, serine, lysine and arginine, were related to the pep-
tide’s iron-chelating ability. In detail, glutamic and aspartic increased
the hydrolysate iron-chelating ability, donating free electrons in
carboxyl oxygen to the iron empty orbital. Besides, the lysine e-amino
nitrogen and the arginine guanidino nitrogen might be also involved in
the iron binding (Bautista et al., 1996; Kim et al., 2007). It has also been
reported that serine and its phosphorylated hydroxyl group play an
important role in the iron binding (Jung et al., 2006). Besides, the most
abundant peptide DDSSSpSpSpSpSpSVLSK was synthesized with a pu-
rity of 98%. The iron chelating activity of the synthetic peptide was
verified, the iron binding rate was 94.87 + 1.02% and the iron ion
chelating amount was 24.08 + 1.12 mg/g.

3.10. Prediction of the mechanism of combination between
DDSSSpSpSpSpSpSVLSK and Fe

According to the results of the amino acids composition, FTIR, DSC,
LC-MS/MS and previous reports, it is confirmed that
DDSSSpSpSpSpSpSVLSK-Fe is a new peptide. The possible iron binding
sites are mainly involved in carboxyl, amino and phosphate groups of
peptides. According to the above results, the hypothetical structure of
the DDSSSpSpSpSpSpSVLSK-Fe was speculated in Fig. 4. Compared to
other side chain groups, the phosphorylated serine residue exposure
could provide more sites for binding with the iron. The interaction was
combined with multiple irons, so phosphorylated serine, as a strong
irons ligand, could effectively improve the iron-chelating ability.
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Fig. 4. The hypothetical structural of the DDSSS*S*S*S*S*SVLSK-Fe.

3.11. In vitro stability analysis of E3-Fe

The pH, temperature and digestive enzymes effects on the stability of
E3-Fe complex were shown in Fig. 5. As the pH increased, the iron
release rate of E3-Fe presented a general trend, firstly increasing and
then remaining unchanged (Fig. 5A). In the strongly acidic conditions
(pH 3), the iron release rate showed the highest value of 18.62%, sug-
gesting that the E3-Fe structure was unstable in the strongly acidic
conditions, probably due to the H' competing for iron with peptides and
leading to the iron release from the chelate complexes (Zhang et al.,
2021). The E3-Fe chelate showed very high stability under the neutral
and basic conditions as the iron release rates all remained at a low value
(about 7%). The iron release rate of E3-Fe at different temperatures was
at a low value (about 6%) and there were no significant differences
among the different groups, indicating that the E3-Fe chelate owned a
high thermal stability (Fig. 5B). Fig. 5C shows the digestion stability of
E3-Fe: during the 2-hours gastric digestion, the iron release rate signif-
icantly increased and reached the highest value of 21.36% at 120 min.
However, the intestinal digestion resulted in an iron release rate
decrease of only 11.02%. These experimental results demonstrated that
E3-Fe chelate presented high overall stability in the intestinal digestion,
but low stability in the gastric digestion. It might be due to the low pH
value of the gastric juice which could make the E3-Fe structure unstable,
as a consequence, the iron releases. Besides, another reason was that the
E3-Fe would be degraded by the pepsin and the irons released from E3-
Fe complex (Wu et al., 2019). However, in the pancreatic juice digestion,
the environmental pH was high and the complex was more stable.
Moreover, the free iron ions might be re-chelated by some small peptides
decomposed under neutral and basic conditions (Udechukwu et al.,
2018).

3.12. TIron transport in Caco-2 cells

Cytotoxicity tests were performed with Caco-2 cells by MTT test. The
samples that decreased the absorbance at 490 nm in the MTT assay by
more than 10% compared to the control were considered to be toxic.
From Fig. 6A, the E3-Fe chelate showed no toxicity with a concentration
of 0.25-6 mg/mL. The concentrations of 0.5, 1 and 2 mg/mL were used
to study the iron transport of E3-Fe. The E3-Fe and iron sulfate samples
with the same iron mass were used for the iron transport in Caco-2 cells.
The iron quantity passed through the Caco-2 membrane in different
groups is shown in Fig. 6B. As the iron salt concentration increased, the
iron transport rate slightly increased (from 14.45 to 16.65% when the
iron salt concentration increased from 20 to 80 pg/mL). In the E3-Fe

Table 2
Peptide Sequences Identified in E3 Component.
Number Peptide sequence MW (Da) Relative content (%) Organism
1 DDSSS*S*S*S*S*SVLSK 1372.36 4.55 Phosvitin
2 ARIITEVNPES*EEEDE 1859.92 1.81 Phosvitin
3 AGSRAAARIITEVNPES*EEEDES*SPYE 2937.04 1.74 Phosvitin
4 RQS*VEDVS*SGNSF 1510.58 0.04 Vitellogenin-1
5 NIRDRQS*VEDVS*SGNSF 1909.99 213 Vitellogenin-1
6 TDNIRDRQS*VEDVS*SGNSF 2126.18 1.09 Vitellogenin-1
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Fig. 6. In vitro evaluation of the bioavailability of E3-Fe: (A) cell viability of Caco-2 cells; (B) iron transport of E3-Fe in the Caco-2 cell membrane.

group, the irons transport rate significantly increased (from 15.10 to
21.40%) with the iron concentration increasing from 20 to 80 pg/mL.
Besides, the E3-Fe groups all showed a higher iron transport rate when
compared with the FeSO4 groups under three different iron concentra-
tions (20, 40 and 80 pg/mL). In other studies, some proteins and pep-
tides reported a comparable effect such as barley iron-chelating
peptides, duck egg white peptides, and whey proteins (Caetano-Silva
et al., 2018; Eckert et al., 2016; Shi et al., 2021). The acquired results
showed that the iron in the E3-Fe would be absorbed more effectively
than the iron salts, indicating that it was possible to apply E3-Fe complex

as iron supplements.
4. Conclusions

In summary, this study demonstrated that the DEYP could be used as
a good source of iron-binding peptides. The hydrolysis results indicated
that the selection of the enzymatic hydrolysis conditions and desirable
DH was crucial in the process design and development for hydrolyzed
products. This was evident in the variation in DH, MW, amino acid se-
quences and iron-chelating ability. The ethanol fractionation was
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proved to be an effective method to accumulate iron-binding peptides.
Phosphorylated serine, glutamate, carboxyl and amino in peptide chains
might play a crucial role in the iron binding. The E3-Fe chelates owned a
good heat, alkalinity and digestion tolerance, but a relatively bad acid
tolerance. Finally, the iron in the E3-Fe would be absorbed more effec-
tively than the iron salts. Our study provides a potential approach to
prepare new iron supplements.
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