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Functional immobilized metal affinity magnetic carboxymethyl chitosan nanoparticles (abbreviated as
Fe304 (PEG + CM-CTS) @ Fe (1I1)) were conveniently applied for phosvitin phosphopeptides (PPPs) enrich-
ment for the first time. The morphology of magnetic nanoparticles was observed by transmission electron
microscope (TEM). It was found that the diameter of Fe;04 (PEG + CM-CTS) @ Fe (III) was about 20 nm,
and could easily aggregate by a magnet when suspending in the aqueous solution. In the PPPs enrich-
ment study, the results obtained emphasized the role of pH, temperature and the initial concentration
of the peptides solution in governing the efficiency and mechanism of affinity interactions. Due to the
large specific surface area, the enrichment of PPPs onto the Fe;04 (PEG + CM-CTS) @ Fe (III) nanoparti-
cles was promising. The adsorption equilibrium of PPPs onto the obtained magnetic nanoparticles fitted
well with the Langmuir model, and the nitrogen/phosphorus molar ratio (N/P) which at the maximum
enrichment capacity for PPPs was 4.83. Due to the small diameter, the decrease of the N/P is particularly
rapid in the early enrichment stages (0-30 min) to reach a plateau after 60 min. Compared with tradi-
tional methods, the need for preparation of phosvitin before purification is obviated and PPPs of higher
purity were obtained. Since the preparation, surface modification and affinity separation processes of the
magnetic nanoparticles are cost-effective, convenient and efficient, this type of Fe304 (PEG + CM-CTS) @
Fe (III) nanoparticles would bring advantages compared to conventional separation techniques of PPPs
from chicken egg yolk, as well as for phosphopeptides enrichment in proteomics research.
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1. Introduction [6,7]. Furthermore, it was reported that PPPs exhibit free radical

scavenging and antioxidant properties against lipid peroxidation

Bioactive peptides have shown the most promising potentials
as health promoting agents. There are many kinds of bioactive
peptides with various biological properties, such as antioxidant,
antimicrobial, anticancer, metal binding, immunomodulatory,
antihypertensive and so on [1-3], among these peptidic molecules,
phosphopeptides are most interesting since it can effectively bind
calcium and inhibit the formation of insoluble calcium phosphates,
thus resulting in an increased calcium-binding capacity [4]. A
great number of natural phosphopeptides have been derived from
casein; however, a subunit of casein has only 1-13 phosphose-
rine residues to stabilize amorphous calcium phosphate, whereas
a molecule of phosvitin has approximately 120 phosphoserine
residues [5]. The phosvitin phosphopeptides (PPPs), extracted from
chicken egg yolk phosvitin have been shown to bind and solubilize
calcium more efficiently than commercial casein phosphopeptides
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and that they are also effective against oxidative stress in vitro
[8,9]. Moreover, Samaraweera et al. showed that PPPs could be used
as naturally derived antioxidant and antiaging metal-binding pep-
tides in the cosmetics industry [10]. Thus, we consider that PPPs
could be integrated into several different applications in the food,
medical and cosmetic industries in the near future.

Presently, specific enrichment of phosphopeptides is possi-
ble using several analytical strategies, such as high-performance
liquid chromatography (HPLC), the barium ethoxide precipita-
tion method, and immobilized metal ion affinity chromatography
(IMAC) [6,9,11]. Of all the available separation technologies for the
enrichment of phosphopeptides, those based on the metal ion affin-
ity interactions are the most favoured [12,13]. Immobilized metal
affinity magnetic nanoparticles (IMANs) which are based on the
separation principle of IMAC have been proved to be useful in the
enrichment of phosphopeptides as they encompass the following
advantages: firstly, their adsorption rate is rapid since they have
large surface-to-volume ratios; secondly, they significantly reduce
operation costs because the equipment used is not expensive since
the immobilization and the recovery of PPPs specifically through
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magnetic-based processes and last but not the least, they possesses
high metal ions and target molecules loading capacities [14-16].
PPPs enrichment from chicken egg yolk proteins using IMANs has
never been reported.

In our previous study, we have successfully applied chemical
coprecipitating and metal ions conjugation reaction to large-scale
synthesis of IMANs (Fe304 (PEG+CM-CTS) @ Fe (III)) [17,18]. In
this paper, we used Fe304 (PEG + CM-CTS) @ Fe (IlI) nanoparticles
as a new magnetic nanocarrier for PPPs enrichment. Considering
that the magnetic nanoparticles possess the advantages of high
efficiency, cost-effectiveness and easier separation from the reac-
tion system, the present work provides quantitative information
on the enrichment of PPPs when using Fe;04 (PEG + CM-CTS) Fe
(II) nanoparticles. Our final objective was to develop potential
applications of such magnetic nanoparticles in IMAC technology
as chromatographic resin agents for the separation of PPPs from
chicken egg yolk, as well as for phosphopeptides enrichment in
proteomics research.

2. Materials and methods
2.1. Materials

The sources of the chemicals are as follows: Trypsin (E.C.3.4.21.4,
3 x 10%1U/g), imidazole, ethylenediaminetetraacetic acid disodium
salt (EDTA-2Na), iron (IIT) chloride hexahydrate (FeCl3-6H,O). Fresh
chicken eggs were bought from local market. All the chemicals were
of analytical reagent grade used without further purification. The
water used in all experiments was prepared in a three-stage purifi-
cation system and had an electrical resistivity of 18.2MQcm™!
(highly pure water).

2.2. Preparation of immobilized metal affinity magnetic
nanoparticles (IMANs)

In order to investigate the enrichment of PPPs on IMANSs,
firstly Fe304 (PEG+CM-CTS) nanoparticles which were prepared
by chemical coprecipitating iron (II) and iron (III) in 25% (w/v)
NH3-H, O solution and subsequently conjugated with PEG 6000 and
CM-CTS under hydrothermal conditions have been synthesized.
Iron (II) and iron (III) were dissolved in water-ethanol solutions,
a certain amount of PEG6000 were added under continuous stir-
ring. Chemical precipitation was achieved by adding NH3-H,O
solution (25%) into the above solution at 60°C for 10 min, then,
5% CM-CTS was added dropwise to the above reaction mixture
over 10 min. After incubation for 60 min at 80°C, the magnetite
nanoparticles were precipitated with permanent magnet at room
temperature, and rinsed with distilled water for six times to remove
unreacted chemicals. The synthetic procedures of Fe304 (PEG + CM-
CTS) nanoparticles have been presented in detail in our previous
paper [17]. Secondly, Fe (Ill) ions were immobilized onto the
Fe304 (PEG+CM-CTS) nanoparticles. The reaction procedures of
the IMANs which abbreviated as Fe3O,4 (PEG + CM-CTS) @ Fe (III)
have been previously reported in detail by Sun et al. [18]. The con-
centrations of Fe (IIl) were measured using an Atomic Absorption
Spectrophotometer (AAS, Spectr AA 220/220Z, Varian, USA). Shape
and morphology analysis of Fe304 (PEG +CM-CTS) @ Fe (III) were
examined by transmission electron microscope (TEM, JEOL JEM-
2100 (HR)). Each experiment was performed in duplicate for quality
control and statistical purposes.

2.3. Preparation of egg yolk polypeptides from fresh chicken eggs
Chicken egg yolks which were isolated from fresh chicken eggs

were further defatted with 95% (v/v) ethanol using Soxhlet’s extrac-
tion method then dried in oven at 60 °C. The dried defatted egg yolk

powders were suspended in a 0.1 M NaOH solution and shaken in
a thermostated shaker (200 rpm) at 37 °C for 3 h. Then, the pH of
the solution was adjusted to 8.0 using a 0.1 M hydrochloric acid
solution and the mixture was then diluted 3-5 times using highly
pure water. The free phosphate anions were removed by Ultrafil-
tration (Mw =3000Da). The trapped fluid was transferred to the
enzyme solution reactor, and the pH of the solution was maintained
at 8.0 with 0.1 M NaOH. Trypsin was added to the above-mentioned
solution at an enzyme-to-substrate ratio of 1:10 (w/w). Then, the
mixture was incubated at 50 °C for 4 h. The enzymatic reaction was
stopped by maintaining the solution at 95°C for 15 min, and then
cooling it down to the room temperature before adjusting the pH
to 4.5. The tryptic digestion solution was centrifuged at 10,000 rpm
at 4°C for 20 min. The resulting supernatant protein solution was
lyophilized and used as the source of PPPs.

For comparison purposes, enrichment of the PPPs was also per-
formed according to conventional a procedure using phosvitin as
the tryptic enzymolysis source. Chicken egg yolk phosvitin was
isolated according to the method of Losso and Nakai [19]. Par-
tially dephosphorylated phosvitin and its phosphopeptides were
prepared according to the method of Jiang and Mine [6].

2.4. Phosvitin phosphopeptides enrichment

Magnetic Fe304 (PEG+CM-CTS) @ Fe (IlI) nanoparticles were
used in each experiment. Typically, 60 mg of Fe30,4 (PEG + CM-CTS)
@ Fe (III) nanoparticles was mixed with 40 mL of a crude egg yolk
hydrolysis polypeptides solution (1-20 mg/mL) which containing
PPPs (pH 4.0-7.0). The mixture was added into a 100 mL of triangu-
lar flask and the mixed suspension was shaken in a thermostated
shaker (200 rpm) at (10-37°C) for 15-180 min until the adsorp-
tion had reached equilibrium. Aliquots were withdrawn at suitable
time intervals. Changing the initial concentration of crude egg yolk
hydrolysis polypeptides solutions, adsorption model was studied.
After the adsorption reaction, the obtained supernatant was then
used to determine the contents of unimmobilized nitrogen (N) and
phosphorus (P), respectively. Each experiment was performed in
duplicate. The content of N was determined by Micro-Kjeldahl’s
method; and the molybdenum blue colorimetric method (GB/T
5537-2008) [20] was used for P content determination. The nitro-
gen/phosphorus molar ratio (N/P) was calculated with following
equation:

(CON — CeN) x 31
9~ (Cop —Cen) x 14 M
where g is the N/P of the final products; Coy and Cey are the quality
content (mg/g) of the N in the initial solution and the supernatant
phase after adsorption, respectively; Cop and Cep are the quality
content (mg/g) of P separately in the initial solution and the super-
natant phase after adsorption; 31 is the relative molecular weight
of P and 14 that of N.

2.5. Stability of the IMANSs in repeated use

To determine the reusability of the magnetic Fe30,4 (PEG + CM-
CTS) @ Fe (III) nanoparticles, the adsorption and desorption cycles
were repeated five times by using the same batch of magnetite
nanoparticles. Desorption of PPPs from Fe304 (PEG+CM-CTS) @
Fe (III) nanoparticles was investigated at 37 °C using 0.2 M imid-
azole (pH 8.0) containing 0.2M NaCl as the desorbing agents.
When equilibrium had been achieved for adsorption, the mag-
netic nanoparticles were recovered from the reaction mixture using
an external permanent magnet. The PPPs bound on the magnetic
nanoparticles were washed with highly pure water for five to six
times were mixed at a constant shaking rate of 200 rpm in the pres-
ence of the desorbing agents so as to desorb the PPPs from the
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Fig. 1. TEM image of the Fe304 (PEG + CM-CTS) @ Fe (III) nanoparticles.

nanoparticles. After 60 min of desorption, a permanent magnet was
used to precipitate the magnetic nanoparticles. The N/P ratio was
used as the evaluation index for assessing the stability of magnetic
Fe304 (PEG +CS) @ Fe (III) nanoparticles.

The targeted nanocarriers can be recovered and reused by wash-
ing sequentially with EDTA (0.1 M) and Fe (III) metal ions solution.

3. Results and discussion
3.1. The characteristics of the IMANs

As shown in our previous study [17], magnetic Fe304 (PEG + CM-
CTS) nanoparticles which are not decorated with Fe (III) ions were
essentially spherical, monodisperse, and with a mean diameter
of about 15 nm. After conjugation with Fe (III) ions, the resulting
IMANs remained spherical and monodispersed (Fig. 1), indicating
that the process of Fe (III) conjugation did not significantly lead to
a change in size and dispersibility of the nanoparticles. This can be
attributed to the fact that the Fe (II) conjugation reaction occurred
only on the surface of the magnetic Fe304 (PEG + CM-CTS) nanopar-
ticles.

The IMAC method is the most widely used technology for the
selectively enrichment of phosphopeptides from a complex mix-
ture system since it is a convenient, highly efficient, and economic
procedure. In this paper, we chose Fe304 (PEG + CM-CTS) @ Fe (I1I)
nanoparticles as the magnetic nanocarriers for PPPs enrichment.
The chosen Fe304 (PEG + CM-CTS) @ Fe (III) nanoparticles possess
the following advantages: firstly, the presence of hydrophilic group
(—COOH—OH and —NH,) on their surface allows for higher dis-
persibility in water-based solutions, a characteristic that improves
the interaction between PPPs and the Fe304 (PEG+CM-CTS) @
Fe (III) nanoparticles. Secondly, the larger surface/volume ratio of
Fe304 (PEG+CM-CTS) @ Fe (IlIl) nanoparticles endowed them a
higher binding rate for conjugation with PPPs. Interestingly, the
synthetic process of the magnetic Fe304 (PEG + CM-CTS) @ Fe (III)
nanoparticles is very easy to perform, and suitable for large-scale
synthesis.

The IMAC technology which applied for phosphopeptides
enrichment is based on the specific interaction between Fe (III)
and the phosphate groups of phosphopeptides. Based on this con-
cept, the more Fe (IIl) immobilized on the surface of the IMANS, the
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Fig. 2. Effects of pH on PPPs enrichment on the Fe304 (PEG+CM-CTS) @ Fe (III)
nanoparticles (initial concentration of peptides solution: 5.0 mg/mL; temperature:
37°C; time: 120 min).

more phosphopeptides enrichment will be achieved. AAS was used
to determine Fe (III) content in magnetic Fe304 (PEG + CM-CTS) @
Fe (III) nanoparticles. For two repeated determinations an average
content of 153.8 mg/g of Fe304 (PEG+CM-CTS) nanoparticles for
Fe (III) was obtained. However, the amount of immobilized metal
ions only represents the binding capacity of the support and does
not provide any information about the absorption capacity of the
corresponding IMANSs. Therefore, enrichment of PPPs from chicken
egg yolks was studied.

3.2. Phosvitin phosphopeptides enrichment

The final degree of hydrolysis (DH) of chicken egg yolk protein
was 13.02%. The low DH value can be explained by the high speci-
ficity of trypsin which cleaves at basic amino acids, Lys and Arg,
thus a limited number of peptides might be generated. Further-
more, the phosphoserine residues are arranged in a core section,
which forms blocks that can carry up to 15 consecutive residues
alternated with the basic amino acids [21], so the trypsin cleavage
sites are presumably hindered and less accessible.

Theoretically, all the PPPs with a phosphate groups should be
able to be captured and enriched by such an IMAC technology. In
the present work, the resulting magnetic Fe304 (PEG + CM-CTS) @
Fe (III) nanoparticles were used for direct enrichment and purifi-
cation of PPPs in tryptic hydrolysates of crude chicken egg yolk
proteins. Different enrichment parameters were studied on PPPs
enrichment.

3.2.1. Effect of the pH

The purity of a target peptide could be improved by controlling
the adsorption process and the pH of the medium which is a very
important parameter that determines the adsorption capacity of
the IMANSs. The pH of the adsorption medium affects the net charge
of the immobilized metal ions as well as the protein molecule. The
optimal pH values for enrichment of PPPs on Fe304 (PEG + CM-CTS)
@ Fe (IlI) nanoparticles were investigated in the pH range of 4.0-7.0
(Fig. 2). The preferential medium pH for PPPs enrichment was at
pH 4.5. At higher pHs, the molar ratio of nitrogen to phosphorus
(N/P) which reflects the sample purity [22] was clearly increased.
Therefore, it could be postulated that PPPs enrichment was highly
related with the pH of the solution given that the optimal medium
pH for PPPs enrichment was observed at pH 4.5. This phenomenon
may result from the fact that Fe (IIl) ions behave as Lewis acid, and
the pH of the reaction solution plays an important role in whether
ornot the Fe (Ill)ions can reactas a strong Lewis acid. Fe (Ill) ions can
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Fig. 3. Effects of temperature on PPPs enrichment on the Fe;04 (PEG + CM-CTS) @
Fe (III) nanoparticles (initial concentration of peptides solution: 5.0 mg/mL; pH: 4.5;
time: 120 min).

selectively trap PPPs in acidic solution because Fe (III) ions behave
as a strong positively charged Lewis acid. The Lewis acid property
of Fe (III) ions and the selectivity of the IMANs for PPPs diminishes
with increasing the pH value, leading to high N/P and low purity of
the products (Fig. 2).

3.2.2. Effect of temperature

The medium temperature is another important parameter
which can affect the absorption of bioactive molecules. At present,
a growing number of studies on the effect of temperature on
bioactive molecules absorption have been reported [23-26]. Some
researchers had drawn the conclusion that bioactive molecules
absorption is an exothermic process, in which the absorption rate
decreased gradually as temperature increase [25]. Other authors
inferred that the process is endothermic [26]. In this paper, the
effect of temperature on PPPs enrichment from the mixed protein
solution shown in Fig. 3 shows that the adsorption of PPPs onto
the functional Fe30,4 (PEG + CM-CTS) @ Fe (II) nanoparticles signifi-
cantly increased when increasing temperature from 10 to 45 °C. The
N/P (molar ratio) of the Fe30,4 (PEG + CM-CTS) @ Fe (IlI) nanoparti-
cles for PPPs enrichment decreased from 14.7 to 5.25. This indicated
that the increase in temperature was favourable to PPPs enrichment
onto the magnetic nanoparticles. This result is consistent with the
fact that arise of temperature induces a rise in kinetic energy of the
nanoparticles which increases molecular movements and collision
frequency between the sorbent and adsorbates.

3.2.3. Kinetic properties

With regards to further studying the adsorption characteris-
tics of PPPs onto the surface of Fe304 (PEG+CM-CTS) @ Fe (III)
nanoparticles, the effect of contact time (15-180min) on PPPs
enrichment was examined using 60 mg of Fe304 (PEG + CM-CTS)
@ Fe (III) nanoparticles with 40 mL of crude egg yolk polypeptides
hydrolyzates at the initial concentration of 5.0 mg/mL, and results
are shown in Fig. 4. Since the nanoparticles have a very small diam-
eter and large specific surface area, the decrease of the N/P (molar
ratio)is particularly rapid in the early enrichment stages (0-30 min)
to reach a plateau after 60 min. This data indicates that efficient
enrichment of PPPs onto the magnetic Fe304 (PEG + CM-CTS) @ Fe
(1) nanoparticles occurs fairly rapidly and that IMANs nanoparti-
cles are a promising approach to PPPs purification.
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Fig. 4. Effect of reaction time on PPPs enrichment on the Fe;04 (PEG + CM-CTS) @
Fe (IlI) nanoparticles (initial concentration of peptides solution: 5.0 mg/mL; pH: 4.5;
temperature: 37 °C).
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Fig. 5. (a) Effect of the initial concentration of peptides solution of the PPPs enrich-
ment on the Fe;04 (PEG+CM-CTS) @ Fe (Ill) nanoparticles. (b) Curve fitting of
Langmuir model.

3.2.4. Adsorption model

Using 60mg of magnetic Fe304 (PEG+CM-CTS) @ Fe (III)
nanoparticles and 40mL of crude egg yolk polypeptides
hydrolyzates solution with different initial concentration, the
adsorption process was studied. The relationship between the
enrichment capacity and the initial crude egg yolk polypeptides
hydrolyzates concentration is presented in Fig. 5a. The results
show a correlation between the decrease of the N/P (molar ratio)
and the increasing initial concentration of the crude egg yolk
polypeptides hydrolyzates solution. However, the decrease of
the N/P molar ratio was slowed down when the original crude
egg yolk polypeptides hydrolyzates solution concentration was
5 mg/mL and remains unchanged at concentrations values higher
than 5 mg/mL, it may be due to adsorption sites saturation of the
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magnetic nanoparticles. Also, a good linear relationship is observed
between the concentration of the crude egg yolk polypeptides
hydrolyzates solution and N/P molar ratio (Fig. 5b) indicating that
the enrichment of PPPs on the Fe304 (PEG+CM-CTS) @ Fe (III)
nanoparticles basically complies with Langmuir model which can
be used to describe the absorption process. The equation can be
expressed as follows:

¢ G, 1
Ge  qm  qmk

(2)

where C, (mg/mL) and g are the concentration of crude egg yolk
polypeptides hydrolyzates solution and the N/P at time t (min),
respectively. gp; is the minimum N/P which at the maximum enrich-
ment capacity for PPPs and k is the adsorption constant.

In this work the equilibrium concentration and the N/P molar
ratio at the maximum enrichment capacity can be expressed as
follows: Ce/qe =0.207C, —0.2097, R> =0.9973; q;n = 1/0.207 =4.83.

The related coefficient (R%)is 0.9973; high R? values indicate that
the Langmuir model provides a good description of the behaviour
of the adsorption process. This suggests that the enrichment of PPPs
by Fe304 (PEG + CM-CTS) @ Fe (IlI) nanoparticles is monolayer-type,
and the PPPs might form a layer on the surface of the magnetic
nanoparticles.

According to the principle of immobilized metal affinity sep-
aration, the binding of PPPs onto Fe304 (PEG+CS) @ Fe (III)
is mainly occurring through coordination between metal ions
with the electron-donating side chain of phosphoserine peptide
residues. However, Fe (Ill) iron is cationic while phosphorous group
is negatively charged, and they would bind together through an
electrostatic interaction. Furthermore, the electron-donating side
chain of phosphoserine peptide residues provides numerous highly
efficient metal-binding sites, so the exposed phosphoserine pep-
tide residues should be the dominant affinity binding sites in PPPs
adsorption with immobilized Fe (III) ions.

3.3. Purification of phosphopeptides from polypeptides

PPPs were also enriched from the tryptic solution using the
phosvitin as hydrolysis substrate. The enrichment efficiency of
Fe304 (PEG + CM-CTS) @ Fe (III) nanoparticles with PPPs obtained
from the phosvitin hydrolysis solutions was examined using 60 mg
of Fe304 (PEG+CM-CTS) @ Fe (Ill) nanoparticles with 40 mL
of phosvitin hydrolysis solution at the initial concentration of
5.0 mg/mL. The mixed suspension was shaken in a thermostated
shaker (200rpm) at 37°C for 120 min when the adsorption had
reached equilibrium. Although the N/P (molar ratio) was 4.97
which was comparable with that obtained with the above method,
it did not improve appreciably. However, the preparation of the
phosvitin hydrolysis solutions was more complicated (the con-
tent of phosvitin is only 2% (w/w) of the egg yolk dry matter, and
the purification process needs vacuum freezing drying which con-
sumes a lot of energy) than the procedure which uses the crudes
chicken egg yolk protein as the hydrolysis substrate. Thus this type
of superparamagnetic Fe304 (PEG + CM-CTS) @ Fe (III) nanoparti-
cles can result in potential application in the enrichment of PPPs
from the tryptic hydrolysis solutions of crude chicken egg yolk
proteins.

3.4. Stability of magnetic nanoparticles in repeated use

The PPPs-loaded Fe304 (PEG + CM-CTS) @ Fe (IIl) nanoparticles
were placed within the elution medium containing 0.2 M NaCl at
0.2 M imidazole (pH 8.0), imidazole, which can compete with the
functional groups of phosphate ions which covalent coupling with
Fe (III) ions, is usually used as an eluent in metal affinity absorption.

To evaluate the repeated use of the Fe3;04 (PEG+CM-CTS)
@ Fe (IlI) nanoparticles, the adsorption-desorption operation
cycles was repeated five times by using the same batch of
Fe304 (PEG+CM-CTS) @ Fe (IlI) nanoparticles for PPPs enrich-
ment. The N/P molar ratio clearly increased after three repeated
absorption-desorption cycles. This result indicated that the stabil-
ity of the Fe304 (PEG+CM-CTS) @ Fe (III) nanoparticles was low
probably due to the strong interactions between Fe (III) ions and
imidazole molecules, which most likely removed some of the Fe
(1IT) ions from the Fe304 (PEG+CM-CTS) @ Fe (III) nanoparticles.
The selection of the optimal eluent and elution conditions will
be studied in future research work. It should be noted that, the
Fe304 (PEG + CM-CTS) @ Fe (Ill) nanoparticle could be regenerated
by washing sequentially with EDTA (0.1 M) and Fe (III) ions solu-
tions.

4. Conclusion

Functional immobilized metal affinity magnetic carboxymethyl
chitosan nanoparticles (abbreviated as Fe304 (PEG+CM-CTS) @
Fe (III)) were conveniently applied for PPPs enrichment for the
first time. The adsorption equilibrium of PPPs onto the obtained
nanocarriers fitted well with the Langmuir model, and the
nitrogen/phosphorus molar ratio (N/P) which at the maximum
enrichment capacity for PPPs was 4.83. Compared with the enrich-
ment of PPPs from phosvitin hydrolyzates, Fe304 (PEG + CM-CTS)
@ Fe (IlI) nanoparticles would bring potential application in PPPs
enrichment from egg yolk protein hydrolyzates with the sim-
pler procedures and higher enrichment efficiency. The purification
process avoiding expensive equipment makes routine PPPs enrich-
ment feasible. However, the nanoparticles were not very stable
when subjected to three repeated adsorption-elution cycles, so
the selection of the optimal eluent and elution conditions will be
studied in future research work. It is anticipated that such Fe30,4
(PEG +CM-CTS) @ Fe (IlI) nanoparticles may have great potential
to be used in large-scale purification of PPPs from chicken egg
yolk, as well as for phosphopeptides enrichment in proteomics
research.
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