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A B S T R A C T

This study aimed to engineer a novel polyoxometalates composite for efficient and controllable separation of 
ovalbumin (Ova) and lysozyme (Lys) from complex egg white sample. Here, we synthesized the SbW9@PEI 
composite via liquid-phase method with pH-responsive selectivity. At pH 4.0, the composite (2 mg) achieved 96 
% adsorption efficiency for Ova (100 μg mL− 1, 1 mL), with the adsorption capacity of 266.5 mg g− 1. At pH 11.0, 
it exhibited 100 % adsorption efficiency for Lys (100 μg mL− 1, 1 mL), with the adsorption capacity of 366.3 mg 
g− 1. This method was successfully applied to the selective isolation of Ova and Lys from egg white, with the 
separated proteins being confirmed to have high purity. Notably, compared with untreated egg white, 10 and 40 
low-abundance proteins were respectively identified through the separation of Ova and Lys. This study holds 
significant importance for the fields of functional food development, and food safety, et al.

1. Introduction

Eggs including egg white and yolk are a simple and nutritious 
cooking ingredient that is widely used in human diets and food pro
cessing. Egg white contains various proteins, including ovalbumin 
(Ova), ovotransferrin (Ovt), ovomucin, ovomucoid, and lysozyme (Lys) 
(Gazme, Rezaei, & Udenigwe, 2022). Due to the abundance of hydro
phobic residues and free sulfhydryl groups in its structure, Ova has 
shown exceptional functional characteristics. Its high nutritional value, 
accessibility, and biocompatibility/biodegradability make Ova a potent 
candidate for food applications, such as being used as a gel forming 
agent, an emulsifier and a foam stabilizer, et al. (Rostamabadi et al., 
2023). For example, Rao utilized an oil-in-water method to create the 
ovalbumin-carvacrol complex, which could effectively inhibit bacterial 
growth at lower concentrations and remained stable without degrada
tion by light during storage. These complexes could serve as antimi
crobial delivery systems in various food applications to combat 
foodborne pathogens (Rao et al., 2020). Liu successfully prepared 
Pickering emulsions stabilized by quercetin-ovalbumin composite 

nanoparticles, demonstrating excellent emulsion stability during storage 
and significantly superior antimicrobial properties. Furthermore, the 
value of the emulsions in the application of food preservation was 
studied through its influence on the quality of fresh pork. As a novel food 
preservative, quercetin-ovalbumin composite nanoparticles show 
extremely broad application prospects (Liu et al., 2025). Lys is 
composed of a single polypeptide chain with 129 amino acids with a 
molecular weight of 14.3 kDa. It has demonstrated strong inhibitory 
effects against bacteria, fungi, and viruses, including the ability to pre
vent Norovirus contamination in food, making it a natural preservative 
for controlling bacterial growth in food products (Yang & Yan, 2025). 
Moreover, Lys is utilized in various cheese types to prevent late blowing 
caused by the fermentation of lactate by Clostridium tyrobutyricum 
(D’Incecco et al., 2016). Extensive research has been conducted on Lys 
due to its unique biological functions. For example, Niu prepared 
lysozyme-N-succinyl chitosan by using N-succinyl chitosan loaded 
lysozyme. Based to the high bacteriostatic activity of lysozyme-N- 
succinyl chitosan, the compound was used as bacteriostatic materials 
in strawberry preservation. This research provides a safe and feasible 
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green bacteriostatic preservative material for the fresh storage of food 
(Niu, Zhu, Xi, Guo, & Wang, 2020). D’Incecco investigated the effects of 
Lys on lactic acid bacteria and free amino acids in 16 raw-milk hard 
cheeses produced in eight parallel cheese makings at four dairies. The 
results indicated that the addition of Lys encouraged the microbial 
degradation of arginine in the cheeses (D’Incecco et al., 2016). 
Furthermore, studies have shown that stomach lysozyme functions as a 
major digestive enzyme in ruminant-like mammals, helping to make 
those bacteria which enter the stomach from the foregut available for 
hydrolysis by conventional digestive enzymes (Dobson, Prager, & Wil
son, 1984). Thus, the isolation and purification of Ova and Lys holds 
significant importance for the fields of functional food development, and 
food safety, et al.

Currently, there are several techniques available for isolating and 
purifying proteins from complex samples, such as ultrafiltration and 
affinity chromatography (Liu et al., 2020). Ultrafiltration uses pressure 
or centrifugal force to filter out solutes through a membrane for puri
fication. It is effective for separating proteins with similar molecular 
weights but has drawbacks like low resolution and high impurity con
tent (Wang et al., 2024). Affinity chromatography purifies proteins 
using biological molecule interactions, but faces challenges like non- 
specific binding, expensive affinity ligands, limited availability of suit
able ligands, time-consuming optimization, and loss of target proteins 
during elution (Bilkova et al., 2025). Therefore, the development of 
efficient and selective methods for isolating and purifying Ova and Lys is 
crucial.

Polyoxometalates (POMs) are a class of ionic clusters formed by 
transition metal oxides connected through oxygen bridges. They have 
well-defined molecular structures include Keggin, Dawson, Anderson, 
and Waugh structures, with Keggin-type POMs being the most 
commonly used (Omwoma, Gore, Ji, Hu, & Song, 2015) and unique 
chemical properties, such as excellent redox characteristics, large size, 
high negative charge, nucleophilicity, and thermal stability (Li, Hu, Sa, 
& Feng, 2014; Yan et al., 2012). In addition, the cage-like structures of 
POMs allow them to form supramolecular compounds by binding with 
inorganic molecules, organic molecules, or ions. Therefore, they are 
widely used in catalysis, pharmaceuticals, electrochemistry, photo
chromism, magnetism, medicine, and more (Lv et al., 2022; Salazar 
Marcano, Lentink, Moussawi, & Parac-Vogt, 2021; Taheri, 2021; Wang 
et al., 2022). What is more worth mentioning is that the negative charge 
of polyoxometalates and the abundant oxygen atoms on their surfaces 
provide many effective binding sites for their interaction with proteins. 
Thus, the utilization of polyoxometalates composite in protein separa
tion and purification is based on strong foundations, providing good 
selectivity, reusability, and high adsorption capacity, and more. For 
example, zhang successfully synthesized a polyoxometalates compsite, 
Fe3O4@PEI@POM1, with high adsorption selectivity and adsorption 
capacity, which effectively separated and purified IgG heavy chain and 
light chain from human serum (Zhang et al., 2018). Chen developed a 
hybrid TPPA-PMo12 using polyoxometalates for the selective separation 
of β-lactoglobulin from complex samples, demonstrating efficient reus
ability (Chen, Zhang, Wang, Chen, & Wang, 2015).

Polyoxometalates Na9[SbW9O33]⋅19.5H2O (SbW9) belongs to the 
Keggin structure, but it differs from the classic Keggin structure. Due to 
the presence of a lone pair of electrons in the central atom Sb, it cannot 
form a central tetrahedral configuration with four coordination like P or 
Si to achieve a 1:12 saturated configuration, instead, it forms a tri
coordinated configuration, resulting in a 1:9 configuration (Bösing, 
Loose, Pohlmann, & Krebs, 2006; Han et al., 2016; Zhang et al., 2009). 
For the above reason, the number of structural variations in anti
monytungstates is relatively limited. Currently reported anti
monytungstates typically consist of two configurations: α-type and 
β-type. Cai reported the first rare-earth cluster compound in POMs de
rivatives containing both Sb3+ and Sb5+. Additionally, an effective and 
satisfactory ion strength control strategy was employed to modulate the 
structure and magnetic properties of the POMs material (Cai, Ye, Liu, 

Guo, & Qiao, 2020). Sun synthesized a hexameric β-[SbW9O33]9− type 
antimonytungstate through a hydrothermal synthesis method and 
demonstrated its excellent proton conductivity (Sun et al., 2023). Gong 
(Gong, Wang, Zhao, & Yang, 2024) published a study on a novel anti
monytungstate (AT)-based heterometallic framework biosensors. The 
article showed that the synthesized material can sensitively detect the 
KRAS gene (a key genetic marker for identifying the occurrence of 
malignant tumors), establishing a new platform for KRAS gene bio
sensing. It is precisely because of the rich structure of anti
monytungstates and their high catalytic properties that they have many 
potential applications in various fields.

Consequently, the application of POMs in separating and purifying 
Ova and Lys has a good foundation. By designing simple and easy-to- 
operate synthesis methods to prepare POMs composite with pH- 
responsive selectivity and good adsorption performance, it is expected 
to use for the efficient and controllable separation of Ova and Lys from 
egg whites. This advancement will hold significant importance for the 
fields of functional food development, and food safety, et al. In this 
study, a new type of polyoxometalates composite, SbW9@PEI, was 
prepared by grafting hyperbranched polyethyleneimine (PEI) onto pol
yoxometalates (SbW9) through electrostatic interaction. Comprehensive 
characterization confirmed the successful synthesis of the composite, 
elucidating the composite’s chemical composition and morphology, 
et al. Utilizing the composite as a solid-phase adsorbent, we investigated 
the effects of pH, salt concentration, and time on the selective separation 
of the target proteins, explored the interaction mechanism between the 
composite and the proteins, and studied adsorption kinetics and 
adsorption isotherm models. Finally, the prepared SbW9@PEI composite 
was applied to the controlled separation of Ova and Lys from complex 
egg white samples. The sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) and liquid chromatography-tandem mass 
spectrometry (LC-MS/MS) were employed to assess the practical appli
cability performance of the composite.

2. Materials and methods

2.1. Chemicals and reagents

Ova, Lys and PEI were obtained from Sigma-Aldrich (St. Louis, USA). 
Coomassie Brilliant Blue G-250, sodium tungstate dihydrate 
(Na2WO4⋅2H2O) and hexadecyltrimethylammonium bromide (CTAB) 
were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, 
China). Antimony (III) oxide was bought from Macklin Co., Ltd. 
(Shanghai, China). The protein molecular weight marker, sodium 
dodecyl sulfate (SDS), Glycine (Gly), and Tris (hydroxymethyl) amino
methane (Tris) were bought from Labgic Technology Co., Ltd. (Beijing, 
China). All the mentioned reagents were of analytical grade and used as 
received. Deionized water with a resistivity of 18 MΩ cm was used for all 
experiments.

2.2. Instrumentations

Fourier transform infrared (FT-IR) spectra were acquired using a 
Nicolet 6700 with wavenumbers ranging from 400 to 4000 cm− 1 

(Thermo Fisher Nicolet, USA). Thermogravimetric analysis (TGA) was 
performed on a TGA/DSC 3+ analyzer (Mettler Toledo Company, 
Switzerland) at a heating rate of 10 ◦C min− 1 under nitrogen atmo
sphere. X-ray Diffraction (XRD) patterns were measured on a D8 
advance 2500 (Bruker, Germany) diffractometer, with XRD intensity 
data collected in the range of 2θ from 5◦ to 80◦at room temperature. 
Scanning electron microscopy (SEM) images were captured using a 
Hitachi SU8020 scanning electron microscope (Hitachi, Japan), and 
energy X-ray dispersive (EDS) analysis was performed using a HORIBA 
EX350 (HORIBA Scientific, Ltd., France). N2 adsorption-desorption 
isotherm was measured by ASAP 2020HD88 BET analyzer (Micro
meritics, USA). Transmission electron microscopy (TEM) images were 
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taken on HITACHI H7650 transmission electron microscope (Hitachi, 
Japan). X-ray photoelectron spectroscopy (XPS) was conducted using 
the ESCALAB 250Xi Surface analysis system (Thermo Electron, En
gland). Zeta potential measurement for surface charge analysis was 
performed by Zetasizer Nano ZS90 (Malvern, UK). The LC-MS/MS 
analysis was performed using an Easy nano-LC 1000 system (Thermo 
Fisher Scietific, Germany) interfaced with a Q Exactive Orbitrap mass 
spectrometer (Thermo Fisher Scientific, Germany).

2.3. Preparation of the SbW9@PEI composite

SbW9 was prepared following the procedure outlined in the literature 
(Bösing et al., 2006). The specific steps were as follows. First, the 
Na2WO4⋅2H2O (40 g, 121 mmol) was dissolved in 80 mL of water. After 
the Na2WO4⋅2H2O solution reached boiling, the Sb2O3(1.96 g, 6.72 
mmol) dissolved concentrated HCI (10 mL, 37 %) was added dropwise. 
The mixture underwent reflux for 1 h before being left to cool slowly. 
The colorless crystals of SbW9 appeared upon evaporation of one-third 
of the solution volume.

The SbW9@PEI composite was prepared as follows: SbW9 (2.0 g) was 
dispersed in ultrapure water (30 mL) with vigorous stirring until a ho
mogeneous transparent solution was obtained. Aqueous PEI solution (5 
mL, 100 mg mL− 1) was then introduced dropwise into the mixture under 
continuous magnetic stirring. Following a 7-h reaction at room tem
perature, the white precipitate that formed was recovered through 
centrifugation (8000 rpm, 10 min). The precipitate was then washed 
extensively with deionized water to eliminate any remaining unreacted 
materials, and finally dried in a vacuum oven at 60 ◦C for 36 h to obtain 
the SbW9@PEI composite.

2.4. Adsorption/desorption of proteins by SbW9@PEI composite

In this experiment, the performance of SbW9@PEI for protein 
adsorption was evaluated using Ova and Lys as protein models. The 
medium’s pH was adjusted through hydrochloric acid and sodium hy
droxide solutions. 2.0 mg of SbW9@PEI was added to 1 mL of standard 
protein solutions with a concentration of 100 μg mL− 1. The mixture was 
agitated for 10 min at room temperature to aid in the adsorption process, 
and then centrifuged at 8000 rpm for 5 min. The supernatant was 
collected to measure residual proteins by monitoring the absorbance at 
595 nm using a UV–visible spectrophotometer after binding with Coo
massie Brilliant Blue (Bradford method). The experiment’s protein 
adsorption efficiency (E) was calculated using Eq. (1), where C0 repre
sented the original protein concentration and C1 represented the resid
ual protein concentration after adsorption. 

E =
C0 − C1

C0
×100% (1) 

Kinetic adsorption experiments were performed by incubating 2 mg 
of SbW9@PEI composite with 1 mL of protein solution (100 μg mL− 1) 

under controlled conditions. The adsorption process was monitored at 
room temperature with shaking time intervals of 5, 10, 15, 20, 25, 30, 
35, 40, and 45 min. Following each incubation period, the mixture was 
centrifuged (8000 rpm, 5 min) to achieve phase separation, and the 
supernatant was carefully collected for subsequent analysis. The equi
librium concentration (Ce) and adsorption capacity (qt) of protein were 
determined spectrophotometrically. The kinetic data were analyzed 
using three distinct models: the pseudo-first-order (PFO), pseudo- 
second-order (PSO), and Elovich equations, to elucidate the underly
ing adsorption mechanisms.

Adsorption isotherm experiments were conducted by adding 2 mg of 
SbW9@PEI into separate centrifuge tubes containing 1 mL of protein 
solutions with varying concentrations (100–1500 μg mL− 1). After 10 
min of shaking at room temperature, the mixtures were centrifuged at 
8000 rpm for 5 min to achieve phase separation. The equilibrium con
centration (Ce) and adsorption capacity (qe) of protein were determined 
spectrophotometrically. The data were analyzed using six distinct 
models: Langmuir, Freundlich, Sips, Redlich, Temkin and Dubinin 
model.

The elution of Ova and Lys adsorbed on SbW9@PEI could be effec
tively achieved using Tris-HCl (2 mol L− 1, pH = 9) and CTAB (0.01 mol 
L− 1) solutions. The specific elution process involved mixing 1.0 mL of 
the elution agents with the composite after protein adsorption, shaking 
for 10 min, centrifuging at 8000 rpm for 5 min, measuring the absor
bance value of the supernatant, and calculating the elution efficiency 
using the formula (2). The elution efficiency (E’) of Ova and Lys was 
calculated based on the initial concentration (C0), the concentration 
after adsorption (C1), and the concentration after elution (C2). 

Eʹ =
C2

C0 − C1
×100% (2) 

2.5. Isolation of ovalbumin and lysozyme from egg white

Fresh eggs were purchased from the local market, after which the egg 
white and yolk were separated. Next, the egg white was diluted 300-fold 
and adjusted to pH 4 for Ova adsorption and pH 11 for Lys adsorption. 
To this diluted matrix, 0.3 mL of Lys standard solution (100 μg mL− 1) 
was spiked. The suspension was centrifuged (6000 rpm, 5 min) to 
remove insoluble particulates, retaining the supernatant for subsequent 
adsorption experiments. For protein adsorption, 2.0 mg of SbW9@PEI 
composite was oscillated for 10 min with 1 mL of the above supernatant. 
After protein adsorption, SbW9@PEI composite with adsorbed proteins 
was collected by centrifugation (8000 rpm, 5 min), washed twice with 
deionized water (2 × 500 μL), and then the adsorbed Ova and Lys were 
eluted by adding 300 μL of elution solution (pH 9.0, 2 mol L− 1 Tris-HCl, 
0.01 mol L− 1 CTAB) followed by vigorous shaking at 25 ◦C for 10 min. 
The eluate was collected after final centrifugation (8000 rpm, 5 min) 
and immediately analyzed by SDS-PAGE and LC-MS/MS.

Fig. 1. (A) FT-IR spectra, (B) XRD of SbW9 and SbW9@PEI, and (C) TGA curve of SbW9@PEI.
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3. Results and discussion

3.1. Characterizations of SbW9@PEI composite

The FT-IR spectra of SbW9 and SbW9@PEI were presented in Fig. 1A. 
For SbW9, the characteristic vibrational bands of the Keggin-type poly
oxometalates structure were observed at 926 cm− 1 (ν(W––Oₜ)), 889 

cm− 1 (ν(Sb–Oₐ)), 767 cm− 1 (ν(W–Ob–W)), and 704 cm− 1 

(ν(W–Oc–W)), consistent with previous reports (Sun et al., 2023). In 
contrast, the spectrum of SbW9@PEI not only retained these Keggin- 
related peaks but also exhibited new absorption bands at 3419 cm− 1 

and 1454 cm− 1, corresponding to the N–H stretching vibration and 
C–N stretching vibration of PEI, respectively. These findings confirmed 
the successful surface functionalization of SbW9 with PEI.

Fig. 2. (A) XPS spectra of SbW9 and SbW9@PEI, (B) High-resolution Sb 3d XPS spectra of SbW9 and SbW9@PEI, High-resolution (C) N 1s and (D) C 1s XPS spectra 
of SbW9@PEI.

Fig. 3. (A, B) SEM images and (C, D) TEM images of SbW9 and SbW9@PEI.
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The XRD patterns of SbW9 and SbW9@PEI were presented in Fig. 1B. 
The diffraction peaks of pristine SbW9 matched well with the standard 
reference (PDF#01-088-1369), confirming its crystalline structure. 
However, upon modification with PEI, the characteristic peaks of SbW9 
disappeared in the SbW9@PEI composite, suggesting the interaction 
between SbW9 and PEI leading to structural reorganization. The 
appearance of the wide and weak diffraction peak at ~28◦ (2θ) further 
indicated the formation of a non-crystalline composite.

The TGA curve of SbW9@PEI composite was shown in Fig. 1C. 
SbW9@PEI composite had three weight loss stages between 20 and 899 
◦C, with 1.97 % weight loss due to evaporation of crystalline water 
between 25 and 150 ◦C, 13.8 % from PEI decomposition between 150 
and 580 ◦C, and 17.13 % from SbW9 breakdown at >580 ◦C. The above 
results showed that the modification percentage of PEI was 13.8 %.

Table S1 presented the textural properties of SbW9 and SbW9@PEI, 
including specific surface area, pore volume, and average particle size. 
SbW9 had a specific surface area of 0.9490 m2 g− 1, pore volume of 
0.00516 cm3 g− 1, and average particle size of 6322.23 nm. In contrast, 
SbW9@PEI exhibited a specific surface area of 18.2919 m2 g− 1, pore 
volume of 0.11416 cm3 g− 1, and average particle size of 328.01 nm. The 
larger specific surface area of SbW9@PEI suggested an interaction be
tween SbW9 and PEI.

The constituent elements and chemical states of SbW9 and 
SbW9@PEI composite were analyzed using XPS (Fig. 2). The XPS survey 
spectrum of SbW9 exhibited characteristic peaks corresponding to W4f, 
Sb3d, and O1s. The appearance of N1s peak in the spectrum of 
SbW9@PEI confirmed the successful modification of SbW9 with PEI 
(Fig. 2A). In the Fig. 2B, the Sb 3d spectrum of SbW9 showed peaks for Sb 
3d3/2 and Sb 3d5/2 at 539.60 eV and 530.08 eV, indicating the +3 
oxidation state of Sb. While, in the Sb 3d spectrum of SbW9@PEI, the 
peaks for Sb 3d3/2 and Sb 3d5/2 were observed at 538.60 eV and 
529.40 eV, respectively, showing a slight energy decrease due to the 
interaction between SbW9 and PEI. In the high-resolution N1s XPS 
spectrum (Fig. 2C), the peaks at 398.28 eV and 400.62 eV were attrib
uted to C–N in the side chain and terminal amino group (C–NH3

+) of 

PEI, respectively. The terminal amino groups could interact with nega
tively charged SbW9 through electrostatic interactions. The high- 
resolution C1s XPS spectrum (Fig. 2D) of SbW9@PEI composite 
revealed C–C and C–N peaks at 284.8 eV and 286 eV, respectively.

The SEM and TEM images of SbW9 and the SbW9@PEI composite 
were shown in the Fig. 3A–D. The SEM results indicated that SbW9 
exhibited a smooth, block-like structure with a relatively even surface. 
After surface modification with PEI, the SbW9@PEI composite was 
formed by the accumulation of numerous irregular round particles, 
resulting in a significantly altered morphology. The TEM results were 
similar to that of SEM. After modifying PEI, the surface of the composite 
became rough. The EDS results showed that SbW9 was primarily made 
up of O, Na, W, and Sb, with percentages of 26.97 %, 14.74 %, 55 %, and 
3.3 %. However, after PEI modification, the SbW9@PEI composite 
consisted of O, C, W, Sb and N, with contents of 20.12 %, 25.84 %, 44.66 
%, 5.68 %, and 3.7 % (Table S2). The surface charge analysis indicated 
that the zeta potentials of SbW9@PEI were − 4.02, − 14.90 and − 23.80 
mV at pH 4, 7 and 11, respectively (Fig. S1). The above results 
demonstrated the successful modification of PEI onto the poly
oxometalates SbW9.

3.2. Adsorption/recovery of proteins

3.2.1. Protein adsorption behavior by SbW9@PEI
The adsorption behavior of SbW9@PEI composite was studied using 

two model proteins, Ova (pI 4.5) and Lys (pI 11.0). Firstly, the adsorp
tion efficiency of Ova and Lys on SbW9@PEI was investigated at pH 
4.0–11.0 (Fig. 4 A). The adsorption efficiency of Ova reached 96 % at pH 
4.0, gradually decreasing with increasing pH. This was because near the 
isoelectric point, the free –SH groups in Ova were well exposed (Xiong 
et al., 2024) and had an affinity with Sb in the composite, enhancing its 
adsorption. While, with increasing pH, Ova acquired a negative charge, 
resulting in reduced adsorption efficiency due to electrostatic repulsion 
with the composite. In contrast, Lys, which did not have the free –SH 
groups, exhibited low adsorption efficiency at pH 4.0. Therefore, at pH 

Fig. 4. (A) pH-dependent adsorption behaviors of proteins onto SbW9@PEI. Effect of (B) adsorption time, (C) the ionic strength at pH 4.0, (D) the ionic strength at 
pH 11.0 on the adsorption efficiency of Ova and Lys.
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4.0, the composite could selectively adsorb Ova. The adsorption effi
ciency of Lys gradually increased with the increase of pH in the range of 
4.0–11.0, reaching 100 % at pH 11.0. At pH < 11, Lys become positively 
charged, leading to an increase in adsorption efficiency due to electro
static interactions between the composite and Lys. At pH = 11, near the 
isoelectric point of Lys, the main driving force for adsorbing Lys onto the 
surface of the composite was the affinity force between exposed amino 
acid residues (such as Histidine molecules) on Lys molecules and Sb in 
the composite. The lysozyme surface had one His15 residue and two 
additional tryptophan residues at positions 62 and 123 (Li, Di, & Chen, 
2002), which could coordinate with Sb due to their imidazole or indole 
groups. As the pH of the solution increased, the deprotonation of amino 
groups enhanced the affinity force. Furthermore, the affinity between Sb 
and aspartate residues at position 52 also contributed to the adsorption 
of Lys onto the composite surface (Li, 2005). On the other hand, Ova was 
negatively charged at pH 11, causing electrostatic repulsion with the 
negatively charged composite, resulting in low adsorption efficiency of 
Ova. Therefore, at pH 11, the composite could selectively adsorb Lys.

To further verify the adsorption selectivity of the composite towards 
Ova and Lys, the adsorption behavior of the composite towards three 
other proteins, namely ovomucoid (pI 4.1) and avidin (pI 10.0) which 
are both found in egg white, and bovine serum albumin (BSA, pI 4.9), 
like Ova, which belongs to the albumin family, was investigated. As 
shown in the results of Fig. 4A, at pH 4, the composite showed much 
lower adsorption efficiencies towards ovomucoid, avidin and BSA 
compared to Ova, due to the lack of free –SH groups in these proteins 
(Jain & Cheng, 2017; Qi et al., 2021; Rostamabadi et al., 2023). This 
indicated that the affinity between the free –SH groups in Ova and the 
composite was the main driving force for the selective adsorption of 
Ova. At pH 11, the adsorption efficiencies of ovomucoid, avidin and BSA 
were much lower than that of Lys, due to their negative charge causing 
electrostatic repulsion with composite. The results further demonstrated 
that the composite could effectively and controllably separate Ova and 
Lys.

The effect of adsorption time for the adsorption efficiency of Ova and 
Lys on composite were also studied. Fig. 4B showed that the adsorption 
efficiency of Ova and Lys increased gradually as the adsorption time 
increased. At 10 min, the adsorption efficiencies of both Ova and Lys 
reached their maximum values and subsequently entered a stable 
plateau phase. Further increasing the adsorption time had little impact 
on adsorption efficiency. Therefore, 10 min was chosen as the protein 
adsorption time for this experiment.

The impact of ionic strength on adsorption properties was investi
gated by adding varying amounts of NaCl to Ova and Lys solutions. 
Results were presented in Fig. 4C and D. For Ova adsorption at pH 4, the 
adsorption efficiency of SbW9@PEI composite for Ova and Lys remained 
constant as NaCl concentration increase (Fig. 4C). Under the condition 
of no salt addition, the adsorption efficiency of Ova on the surface of the 
composite was close to 100 %, and Ova exhibited significantly higher 
adsorption efficiency compared to Lys. The adsorption efficiency of Ova 
was shown to have little variation when the ionic strength was adjusted 
within a certain range. As a result, there was no need to alter the ionic 
strength when treating real biological samples in the following in
vestigations. The adsorption efficiency of SbW9@PEI composite for Lys 
decreased with increasing NaCl concentration at pH 11, while the 
adsorption efficiency for Ova increased. The electrostatic attraction 
between Na+ and the composite competed with lysozyme for adsorp
tion, leading to a decrease in Lys adsorption efficiency with higher salt 
concentrations (Liu, Zhang, Chen, & Wang, 2011). The optimal 
adsorption condition for Lys was at 0 mol L− 1 NaCl concentration 
(Fig. 4D).

3.2.2. Adsorption kinetics and isotherms
Different adsorption kinetic models were adjusted to the experi

mental data of Ova and Lys. Estimated parameters, standard errors, and 
the correlation were presented in Table S3a and Table S4a. The curves of 
the fitted models were shown in Fig. 5A and D. The results showed that 
the adsorption kinetics of SbW9@PEI for Ova and Lys was well described 

Fig. 5. (A) PFO, PSO and Elovich kinetics models for the Ova adsorption. (B) Sips, Langmuir and Freundlich isotherm models for the Ova adsorption. (C) Tempkin, 
Redlich, and Dubinin isotherm models for the Ova adsorption. (D) PFO, PSO and Elovich kinetics models for the Lys adsorption. (E) Sips, Langmuir and Freundlich 
isotherm models for the Lys adsorption. (F) Tempkin, Redlich and Dubinin isotherm models for the Lys adsorption.
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by the PSO model (R2
Ova = 0.97 and R2

Lys = 0.99), indicating a chemi
sorption process.

To further investigate the adsorption performance of SbW9@PEI 
towards the target protein, the obtained adsorption data were fitted 
using the Sips, Langmuir, Freundlich, Tempkin, Redlich and Dubinin 
isotherm models. Table S3b and Table S4b presented the adjusted 
adsorption isotherm models along with estimated parameters, standard 
errors, and the correlation. The curves of the fitted models could be seen 
in Fig. 5B, C, E and F. The results revealed that when the Ova concen
tration exceeded 1000 μg mL− 1, the adsorption capacity of Ova on the 
SbW9@PEI composite remained stable, indicating that adsorption 
saturation had been achieved. The adsorption of Ova on the SbW9@PEI 
surface followed a monolayer adsorption mechanism, which was well- 
described by the Langmuir model. A linear relationship was observed 
between Cₑ and Cₑ qₑ− 1, with the equation y = 1.41468 ± 0.00239x (R2 

= 0.991), demonstrating a superior correlation compared to the other 
models (Fig. S2). Under optimal conditions, the theoretical maximum 
adsorption capacity of SbW9@PEI for Ova was determined to be 266.5 
mg g− 1.

When the concentration of Lys exceeded 1500 μg mL− 1, the 

adsorption capacity of the SbW9@PEI composite for Lys remained sta
ble, indicating saturation of adsorption (Fig. 5E and F) (Table S4b). The 
adsorption of Lys on the surface of the SbW9@PEI was single-layer 
adsorption, fitting the Langmuir model. A linear relationship between 
Ce and Ce qe

− 1 was observed, with the equation y = 0.63271 ± 0.00223x 
and R2 = 0.9917, showing better correlation than the other models (Fig. 
S3). The theoretical maximum adsorption capacity of Lys on the 
SbW9@PEI composite under optimal conditions was 366.3 mg g− 1.

3.2.3. The recovery of the target proteins from the SbW9@PEI composite
To further investigate the structural properties of Ova and Lys 

adsorbed on SbW9@PEI, the various stripping reagents were used for the 
elution of Ova and Lys, including CTAB (0.01 mol L− 1), BR buffer (pH 
4.0 and 11.0), Tris-HCl (2 mol L− 1, pH 9.0), NaCl (0.1 mol L− 1), 
Na₂HPO₄ (0.01 mol L− 1), and SDS (0.1 mol L− 1). As illustrated in Fig. S4, 
Tris-HCl (2 mol L− 1, pH 9.0) and CTAB (0.01 mol L− 1) exhibited the 
most effective elution for Ova and Lys, respectively, achieving elution 
efficiencies of 93.9 % and 93.2 %. The superior elution performance of 
Tris-HCl could be attributed to the abundance of hydroxyl groups in its 
structure, which facilitated hydrogen bonding with the oxygen atoms on 

Fig. 6. SDS-PAGE assay results. (1 A) Protein Marker (kDa); (2 A) 300-fold diluted egg white without pretreatment; (3 A) 300-fold diluted egg white after adsorption 
by SbW9@PEI composite; (4 A) Ova recovered from SbW9@PEI; (5 A) Ova standard solution of 150 μg mL− 1; (1B) Protein Marker (kDa); (2B) 300-fold diluted egg 
white without pretreatment; (3B) 300-fold diluted egg white after adsorption by SbW9@PEI composite; (4B) Lys recovered from SbW9@PEI; (5B) Lys standard 
solution of 150 μg mL− 1.

Fig. 7. LC-MS/MS analysis results. (A) 300-fold diluted egg white without pretreatment; (B) Ova recovered from SbW9@PEI; (C) Venn diagram of the distribution of 
protein species in 300-fold diluted egg white without pretreatment, the supernatant after Ova adsorption by SbW9@PEI composite and eluent for Ova recovered from 
SbW9@PEI; (D) 300-fold diluted egg white without pretreatment; (E) Lys recovered from SbW9@PEI; (F) Venn diagram of the distribution of protein species in 300- 
fold diluted egg white without pretreatment, the supernatant after Lys adsorption by SbW9@PEI composite and eluent for Lys recovered from SbW9@PEI.
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the polyoxometalates composite, thereby enabling the efficient release 
of Ova from the SbW9@PEI surface (Chen et al., 2015; Xu, Cao, Lin, Shu, 
& Wang, 2021). On the other hand, CTAB, a surfactant containing hy
drophobic groups, possessed a (CH₃)₃-N+-(CH₂)CH₃ cation that could 
form electrostatic interactions with the composite and the interaction 
was likely responsible for CTAB’s optimal elution effect on Lys (Khan 
et al., 2019; Zhang, Guo, Hu, Chen, & Wang, 2017).

3.2.4. The reusability of the SbW9@PEI composite
The reusability of the SbW9@PEI composite is crucial in practical 

applications. The results in Fig. S5 showed that after six adsorption and 
desorption cycles, the adsorption efficiency of the composite for Ova and 
Lys remained above 80 %. The findings demonstrated the good reus
ability of the composite for separating and purifying Ova and Lys.

3.3. Isolation of Ova and Lys from egg white by the SbW9@PEI

The practicality of the SbW9@PEI composite was confirmed by 
successfully separating and purifying Lys and Ova from egg white. The 
egg white was processed according to the method described in Section 
2.5 and the obtained Lys and Ova elution was immediately analyzed by 
SDS-PAGE and LC-MS/MS. The results of SDS-PAGE analysis were pre
sented in Fig. 6A and B. In Fig. 6A, Lane 1 showed protein molecular 
weight markers ranging from 10 to 180 kDa. Lane 2 displayed a 300-fold 
diluted egg white sample, with protein bands corresponding to Ovt 
(77.7 kDa), Ova (44.3 kDa), and Lys (14.3 kDa). Lane 3 represented the 
supernatant after adsorption by SbW9@PEI, where the band of Ova at 
44.3 kDa decreased significantly. Lane 4 showed the supernatant after 
elution with a Tris-HCl (2 mol L− 1, pH 9.0) solution, displaying a distinct 
Ova band at 44.3 kDa. In Fig. 6B, Lane 1 and Lane 2 was similar to that of 
Fig. 6A. Lane 4 illustrated the supernatant after elution with 0.01 mol 
L− 1 CTAB, showing a single band at 14.3 kDa, consistent with the 
standard Lys band in Lane 5. These results indicated that the SbW9@PEI 
composite was capable of effectively separating and purifying Ova and 
Lys with high-purity from complex biological samples-egg white under 
controlled pH conditions.

LC-MS/MS analysis (Fig. 7) was conducted on the original egg white 
sample, the supernatant after adsorption, and the protein eluent to 
validate the performance of the SbW9@PEI composite in purifying Ova 
and Lys for potential proteomics applications. The results showed that 
original egg white sample showed multiple interfering proteins (Fig. 7A 
and D). However, after solid-phase extraction with SbW9@PEI, the 
interfering proteins’ signal peaks were significantly reduced or even 
disappeared, indicating the high selectivity of SbW9@PEI for Ova and 
Lys (Fig. 7B and E). In addition, for Ova adsorption, a total of 96 and 113 
proteins were identified in the supernatant after adsorption and the 
eluent, respectively including 2 and 8 proteins not found in the original 
sample, which leaded to the identification of 10 low-abundance proteins 
(Fig. 7C). Similarly, 106 and 119 proteins were identified in the super
natant after adsorption and the Lys eluent, respectively including 6 and 
34 additional proteins (Table 1) not present in the original sample, 
which contributed to the detection of 40 low-abundance proteins 
(Fig. 7F). The results showed the changes in protein composition during 
the separation and purification process, highlighting the excellent per
formance of SbW9@PEI in separating Ova and Lys.

4. Conclusions

A new polyoxometalates composite (SbW9@PEI) was successfully 
created using a simple liquid-phase method at room temperature. This 
composite had pH-responsive selectivity, allowing for effective and 
controlled separation of Ova and Lys directly from complex egg white 
sample. At pH 4.0, the composite (2 mg) achieved the 96 % adsorption 
efficiency for Ova (100 μg mL− 1, 1 mL), with the adsorption capacity of 
266.5 mg g− 1. At pH 11.0, it exhibited 100 % adsorption efficiency for 
Lys (100 μg mL− 1, 1 mL), with the adsorption capacity of 366.3 mg g− 1. 
SDS-PAGE and LC-MS/MS analyses confirmed the high purity of the 
separated proteins. Notably, compared with untreated egg white, 10 and 
40 low-abundance proteins were respectively identified through the 
separation of Ova and Lys, showcasing the composite’s ability to enrich 
and detect trace proteins. However, the performance of the composite in 
other more complex biological samples may be challenged by interfering 
species such as many coexisting proteins, polysaccharides, or salt ions 
that induce competitive binding at adsorption sites, thereby compro
mising separation efficiency and specificity and necessitates further in- 
depth research. Building on the findings of this study, rigorous scienti
fic experiments can be devised to progressively broaden the application 
range of the composite. In conclusion, the composite with pH-responsive 
selectivity holds great potential for diverse applications. This study ex
pands the use of polyoxometalates in life science separations, offering a 
promising platform for functional food development, food safety and 

Table 1 
Table 1 The 34 low-abundance proteins in the Lys elution from egg white using 
SbW9@PEI composite as an adsorbent.

Protein names Sequence

40S ribosomal protein S8 
(Fragment)

IIDVVYNASNNELVR

60 kDa heat shock protein KPLVIIAEDVDGEALSTLVLNR
Beta-enolase ISVVEQEK
Calmodulin VFDKDGNGYISAAELR

Carbamoyl-phosphate 
synthase 1

VLILGSGGLSIGQAGEFDYSGSQAVK

Catalase GPLLVQDVVFTDEMAHFDR
Endoplasmin LISLTDENALAGNEELTVK

Enhancer of rudimentary 
homolog

SHTILLVQPTKRPEGR

Epiplakin 1 IITEETMEK
Fibronectin LGVRPSQGGEAPR

Glyceraldehyde-3- 
phosphate 

dehydrogenase

VPTPNVSVVDLTCR

Heteroous nuclear 
ribonucleoprotein H1

VTGEADVEFATHEDAVAAMSK

Heteroous nuclear 
ribonucleoprotein H3

ATGEADVEFVTHEDAVAAMSK

Heat shock protein 90 
(Fragment)

VILHLKEDQTEYLEER

Large ribosomal subunit 
protein uL2

TELFIAAEGIHTGQFVYCGKK

Large ribosomal subunit 
protein uL23

KIEDNNTLVFIVDVK

Mitochondrial-processing 
peptidase subunit alpha

MAAAVAWLR

Non-selective voltage- 
gated ion channel 

VDAC1

TDEFQLHTNVNDGTEFGGSIYQK

NudC domain containing 3 MGAAGGLSQSWLR
Outer dense fiber protein 2 LEITPPESEKMMSVLR

Phosphopyruvate 
hydratase

SKFGANAILGVSLAVCK

Programmed cell death 6 
interacting protein

LQHAADLVK

Prohibitin-2 AKDFSLILDDVAITELSFSR
Proliferation-associated 

2G4
AEFEVHEVYAVDVLVSSGEGK

Proton-translocating NAD 
(P)(+) 

transhydrogenase

VLIIGGGVAGLASAGAAK

Pyruvate kinase PKM LDIDSEPTIAR
Ribosomal protein L11 KNNFSDTGNFGFGIQEHIDLGIK

RNA helicase (Fragment) TATFAISLLQQLEIDLK
Small ribosomal subunit 

protein uS12
KITAFVPNDGCLNFIEENDEVLVAGFGR

Splicing factor 3a subunit 
1

TQQAAQANITLQEQIEAIHK

Stress-70 protein GVPQIEVTFDIDANGIVHVSAK
Triosephosphate 

isomerase
VVFEQTK

Tubulin alpha chain AYHEQLSVAEITNACFEPANQMVK
Tubulin beta chain VSDTVVEPYNATLSVHQLVENTDETYCIDNEALYDICFR
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more through precise protein purification. In the future, integrating 
technologies such as biomimetic recognition, multi-dimensional 
screening, and artificial intelligence optimization will enhance the 
separation and purification performance of polyoxometalates compos
ite, enabling the precise capture of specific proteins in complex biolog
ical samples.
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