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A B S T R A C T

A new solid-phase extraction agent, IgG@ Fe3O4-PEI, was successfully developed by conjugating immunoglob
ulin G (IgG) with amino-functionalized magnetic nanoparticles (Fe3O4-PEI). The IgG@Fe3O4-PEI composite was 
characterized using various techniques including infrared spectroscopy, Raman spectroscopy, magnetic property 
testing, Zeta potential measurements, energy spectrum analysis, scanning electron microscopy (SEM), and 
transmission electron microscopy (TEM). Because of the presence of a specific binding domain in the Fc fragment 
of IgG, the IgG@Fe3O4-PEI composite demonstrated highly selective adsorption of recombinant streptococcal G 
protein (rSPG) under optimal experimental conditions. At pH 6.0, the IgG@Fe3O4-PEI composite (0.5 mg) 
achieved a maximum adsorption efficiency of 93.96 % for rSPG at a concentration of 100 μg mL-1. Adsorption 
model simulations indicated that the adsorption behavior followed the Langmuir adsorption model, with a 
theoretical maximum adsorption capacity of 125.0 mg g-1. The enriched rSPG was eluted and recovered using 
Britton-Robinson (BR) buffer at pH 10.0, achieving a recovery efficiency of 95.8 %. In practical applications, the 
IgG@Fe3O4-PEI magnetic nanoparticles effectively enriched rSPG from an Escherichia coli expression system, and 
SDS-PAGE analysis confirmed the successful isolation of highly pure rSPG. Furthermore, the IgG@Fe3O4-PEI 
magnetic nanoparticles were used to capture proteins from human serum samples. After enrichment and pro
cessing, 430 proteins were identified, including 34 that were undetectable in untreated serum samples. This 
validated the high sensitivity and specificity of this method in serum proteomics, demonstrating its potential for 
isolating and identifying low-abundance proteins in complex biological samples. The developed system offers a 
valuable tool for advancing human serum proteomics research and targeted protein analysis.

1. Introduction

Recombinant proteins play a crucial role in treating a range of dis
eases, including infectious diseases and cancer, which remain major 
global causes of mortality [1]. Biotechnological advancements are 
continuously enhancing the diversity and efficacy of these therapeutic 
proteins, providing new treatment opportunities. Currently, a wide 
range of recombinant proteins, such as antibodies, vaccines, and en
zymes are used as drugs [2]. Streptococcal protein G (SPG) initially 
derived from streptococcal bacteria, is now widely produced through 

recombinant DNA technology in expression hosts like E. coli to fulfill the 
increasing demands of scientific research [3]. As a high-affinity protein, 
rSPG is widely used in experimental techniques such as immunopre
cipitation and Western blotting. For example, in immunoprecipitation, 
specific antibodies targeting the protein of interest can bind to protein 
A/G affinity beads, enabling the identification of interacting molecules 
[4]. rSPG is also employed as a diagnostic tool for antibody detection, 
contributing to disease identification and the assessment of therapeutic 
responses. For example, in slide agglutination assays employing purified 
protein derivative (PPD) antigens, rSPG enhances the sensitivity of 
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detecting bovine tuberculosis (BTB) antibodies in serum samples [5]. 
Furthermore, rSPG contains multiple domains that serve as versatile tags 
[6]. For instance, Z-domain peptides, derived from the double-limited 
domain of protein G, are employed to precisely position antibodies in 
sensitive immunoassays and biosensors [7].

Beyond its established laboratory applications, rSPG specifically 
binds to the Fc fragment of immunoglobulin G (IgG), a property that 
plays a crucial role in various biological processes [8]. The Fc region of 
IgG interacts with various Fc-binding proteins present in the blood
stream, contributing to immune response modulation, immune regula
tion, as well as pathogen defense [9,10]. These proteins include Fc 
receptors (e.g., FcγRI, FcγRII, FcγRIII) [11], complement components 
like C1q [12], and various Fc-binding proteins, including SPG and those 
secreted by pathogens [13]. These Fc-binding proteins contribute to 
immune clearance, immune modulation, and the defense against path
ogens, highlighting their significance in immune system function [14]. 
Therefore, understanding the interactions between rSPG and the Fc 
fragment provides valuable insights into immune-related diseases and 
potential therapeutic strategies [15].

Solid-phase capture is a widely used technique in biological and 
chemical research for isolating and purifying specific molecules, 
including proteins, nucleic acids, or other biologically functional units, 
from complex mixtures [16,17]. The method relies on the affinity of the 
target molecule for a solid-phase material, which may be coated with 
specific ligands such as immunosorbents, aptamer-modified surface 
[18], or a phage display peptide [19]. Yang et al. engineered filamentous 
phages through genetic and chemical modifications to develop an af
finity interface with enhanced specificity and resistance to non-specific 
binding. This approach enabled the selective capture and identification 
of circulating tumor cells based on the unique interactions of phage fi
bers [19]. Increasing research evidence highlights that molecular cap
ture technology significantly improves the specificity of solid-phase 
extraction, thus enabling the isolation of highly purified target com
pounds [20,21]. Currently, the most extensively studied solid-phase 
extraction materials include carbon-based materials such as graphene 
[22], molecularly imprinted polymers [23], magnetic nanoparticles 
[24], metal-organic frameworks [25], and covalent organic frameworks 
[26]. Various solid-phase materials are tailored to specific analytical 
targets and sample types, ensuring optimal selectivity and efficiency in 
extraction processes.

Therefore, in practical applications, appropriate solid-phase support 
materials are selected based on specific circumstances. This technology 
is widely used in protein isolation, purification, and large-scale pro
duction of recombinant proteins. For example, a novel composite ma
terial, TeW6@ZIF-8, can be synthesized by integrating polyoxometalate 
TeW6 with the metal-organic framework ZIF-8. This composite material 
demonstrated exceptional adsorption capacity for cytochrome C and has 
been effectively employed for its separation and purification from pig 
heart protein extracts [27]. Mengmeng Wang et al. developed a 
tetra-nickel-substituted polyoxotungstate for the separation of 
HIS6-labeled proteins from cell lysates, demonstrating higher efficiency 
compared to the commercial NTA-Ni²⁺ column [28].

Fe3O4 magnetic nanoparticles are nanoscale particles with remark
able magnetic properties, biocompatibility, and precisely controllable 
sizes [28]. These characteristics make them highly versatile for appli
cations in biomedicine and solid-phase extraction [29,30]. In biomedi
cine, Fe3O4 magnetic nanoparticles hold significant potential for tumor 
therapy and diagnostics, serving as drug delivery carriers and contrast 
agents for magnetic resonance imaging [31]. For example, Shen et al. 
designed and synthesized platinum-loaded Fe3O4 magnetic nano
particles functionalized with lactoferrin (LF) and RGD dimer (RGD₂) to 
enhance ferroptosis therapy (FT) for orthotopic brain tumors. These 
nanoparticles can cross the blood-brain barrier and are taken up by 
cancer cells, where they release iron ions and platinum. This process 
enhanced the Fenton reaction, generating reactive oxygen species that 
trigger cancer cell death. Magnetic nanoparticles also enable magnetic 

resonance imaging (MRI) for real-time monitoring of tumor responses to 
ferroptosis therapy [32]. In solid-phase extraction, Fe3O4 magnetic 
nanoparticles are widely employed for the enrichment and separation of 
target compounds, including organic pollutants and heavy metal ions in 
water samples [33,34]. Fe3O4 magnetic nanoparticles are also effective 
in protein separation and purification. For example, Fe3O4/Au nano
particles modified with 2-mercaptobenzimidazole sulfonic acid (MBISA) 
(Fe3O4/Au-MBISA) enable the rapid, efficient, and selective extraction 
of lysozyme from egg white. The maximum adsorption capacity of 
lysozyme onto Fe3O4/Au-MBISA was determined to be 346 μg mg-1. 
After seven cycles of adsorption and desorption, they retain about 91 % 
of their initial adsorption capacity, demonstrating their high reusability 
and stability [35]. In summary, Fe3O4 magnetic nanoparticles, with 
their strong magnetic responsiveness, high sensitivity, outstanding 
selectivity, and ease of application, represent an ideal material for 
solid-phase extraction, offering promising new possibilities for the effi
cient and rapid separation and purification of proteins.

In this study, IgG was immobilized on the surface of Fe3O4 magnetic 
nanoparticles modified with polyethyleneimine (PEI), resulting in the 
successful development of a novel bioconjugated magnetic nanoparticle 
(IgG@Fe3O4-PEI). The composite, demonstrating selective adsorption 
properties for rSPG due to the specific binding interaction between IgG 
and rSPG, effectively separated and purified rSPG from E. coli expression 
systems. This achievement not only broadens the application potential 
of Fe3O4 magnetic nanoparticles in protein separation and purification 
but also expands their scope in life sciences. Furthermore, the 
IgG@Fe3O4-PEI composite was applied in the pretreatment of serum 
samples, providing a valuable tool for proteomics research and offering 
key insights for protein analysis in complex biological samples.

2. Experimental section

2.1. Materials and reagents

rSPG was obtained from Beyotime Biotechnology (Shanghai, China). 
IgG, bovine serum albumin (BSA), and lysozyme (Lys) were purchased 
from Sigma Aldrich (St. Louis, USA). Hyperbranched polyethyleneimine 
(PEI, E107079, M.W. = 10,000 Da, branching degree = 0.3 ± 0.05, 
viscosity (25 ◦C, neat) = 40,000–150,000 cP, form = colorless viscous/ 
liquid) was procured from Shanghai Aladdin Biochemical Technology 
Co., LTD (Shanghai, China). FeCl3•6H2O was purchased from Ada
masbeta (Shanghai) Chemical Reagent Co., LTD (Shanghai, China). 
Other reagents, including ethylene glycol, ethylene glycol, anhydrous 
ethanol, N, imidazole, trimethylol aminomethane (Tris), sodium 
dodecyl sulfate (SDS), Coomassie bright blue (G250, R250), glycine, 
methylene bisacrylamide, ammonium persulfate were obtained from 
Sinopath Chemical Reagent Co., LTD (Shanghai, China). The water used 
in the experiments was secondary deionized water (ddH2O, 18 MΩ⋅cm).

2.2. Instrumentation

The FT-IR spectra were recorded using a Nicolet 6700 instrument 
(Thermo Fisher Nicolet, USA) with wavenumbers ranging from 400 to 
4000 cm-1. Raman spectra were acquired using a Renishaw inVia Raman 
spectrometer (Renishaw, UK). 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 instrument (HORIBA Scientific, Ltd., France). TEM images were 
recorded using HITACHI H7650 transmission electron microscope 
(Hitachi, Japan). Magnetic properties were determined using a 
Vibrating Sample Magnetometer Model 8604 (Lake Shore, USA). Cir
cular dichroism spectra and absorbance measurements were recorded 
using a MOS-450 automatic transcription spectropolarimeter (Bio-Logic, 
France) at 293 K and a U-3900 UV–VIS spectrophotometer (Hitachi, 
Japan), respectively. An STA 449 F3/F5 (NETZSCH, Germany) was used 
for thermal analysis. A Bruker timsTOF HT mass spectrometer (Bruker 
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Corporation, USA) was used for mass spectrometry. Liquid chromatog
raphy was performed using an EASY-nLC 1200 system (Thermo Fisher, 
USA).

2.3. Synthesis of the IgG@Fe3O4-PEI composite

Fe3O4-PEI magnetic nanoparticles were synthesized using PEI as a 
stabilizer through a solvothermal method. A mixture of 0.135 g 
FeCl3•6H2O (yellow color) and 1.8 g sodium acetate was dissolved in 20 
mL glycol. Add 0.5 g colorless hyperbranched polyethylenimide viscous 
by drip and stir continuously at room temperature for 45 min to form a 
yellow colloidal mixture. Transfer the mixture to a teflon sealed stainless 
steel autoclave with a capacity of 50 mL. Set the oven temperature to 
200 ◦C and place the autoclave in the oven for 12 h. Then it was cooled 
to room temperature, the resulting products were separated by magnetic 
separation and washed twice with anhydrous ethanol and twice with 
distilled water. The black Fe3O4-PEI powder was obtained by drying at 
60 ◦C for 12 h [36].

A total of 5.0 mg of IgG was precisely measured and placed in a 
centrifuge tube followed by the addition of 5.0 mL of ddH2O, resulting in 
a 1.0 mg/mL IgG solution, which was then stored in a refrigerator for 
future use. Meanwhile, 4.0 mg of Fe3O4-PEI magnetic nanoparticles 
were mixed with 1.0 mL of IgG (1.0 mg/ml) protein solution and 
allowed to shake for 45 min. The IgG@Fe3O4-PEI product was collected 
using a magnetic field, washed three times with water, and then freeze- 
dried.

2.4. Adsorption/desorption of proteins by the IgG@Fe3O4-PEI composite

The adsorption behavior of IgG@Fe3O4-PEI on rSPG, BSA, and Lys at 
different pH conditions was studied using BR buffers with varying pH of 
4.0–10.0. In this process, 0.5 mg of IgG@Fe3O4-PEI composite was 
added to a centrifuge tube, followed by 100 μL of a 100 μg/mL protein 
solution and shaken for 60 min to promote adsorption. Afterward, the 
composite was separated from the solution using a magnetic field. The 
supernatant (60 μL) was then mixed with 300 μL of Coomassie Brilliant 
Blue G250 solution, and the absorbance was measured at 595 nm using a 
UV spectrophotometer to calculate the residual protein concentration in 
the solution. A standard working curve was used to calculate the protein 
concentration before and after adsorption.

After the adsorption process, the IgG@Fe3O4-PEI composite was 
collected, and to improve protein recovery, 200 μL of BR buffer (pH 
10.0) was added. The mixture was then shaken for 30 min, followed by 
separation under a magnetic field. The supernatant was then collected 
for desorption efficiency evaluation or stored for further research.

2.5. Separation of rSPG from protein mixture samples

The IgG@Fe3O4-PEI composite (0.5 mg) was mixed with 100 μL of a 
protein solution containing 100 μg⋅mL-1 rSPG and Lys at pH 6.0). The 
mixture was thoroughly shaken for 60 min, followed by magnetic sep
aration to collect the supernatant. To recover the adsorbed proteins, BR 
buffer (pH 10.0) was added as the elution buffer, and the proteins in 
both the supernatant and elution buffer were then analyzed using so
dium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 
[37].

2.6. Separation of rSPG from complex biological samples

E. coli BL21 (DE3) was transformed with the positive recombinant 
plasmid pET-21a(+)-rSPG and a single colony was selected for inocu
lation into LB medium containing 100 mg/mL ampicillin sodium. The 
culture was shaken overnight, and then 300 μL was transferred into 10 
mL of fresh LB medium with ampicillin sodium, followed by incubation 
at 37 ◦C and 160 rpm for 120–150 min until the OD600 value reached 
0.6–0.8. Then, 150 μL of IPTG (final concentration 1 mmol L-1) was 

added to induce protein expression, and the culture was incubated at 37 
◦C for approximately 5 h. After incubation, the culture was centrifuged 
at 10,000 rpm for 3 min to collect the bacterial pellet. The pellet was 
washed multiple times with PBS buffer, subjected to freeze-thaw cycles 
to disrupt the cells, resuspended in BR buffer (pH 6.0), and sonicated for 
further cell disruption. The mixture was then centrifuged at 7,000 rpm 
and 4 ◦C for 15 min to remove the precipitate, resulting in a clear bac
terial lysate, which was stored at − 20 ◦C for future use.

IgG@Fe3O4-PEI composite (0.5 mg) was added to a 0.5-mL centri
fuge tube, followed by the addition of 100 μL of bacterial lysate. The 
mixture was shaken vigorously for 60 min, and the supernatant after 
adsorption was collected using magnetic separation. The protein-bound 
composite was washed with ddH2O to remove any non-target proteins 
that remained on the material surface. BR buffer (pH 10.0) was then 
used as the elution solution to recover the target protein adsorbed onto 
the material. Finally, the supernatant and elution solution were 
analyzed using SDS-PAGE.

2.7. Extraction of low-abundance proteins from serum samples

Human blood serum samples were diluted 500-fold with BR buffer 
(pH 6.0) to reduce viscosity and enhance interaction with the composite. 
Following this, 0.5 mg of the IgG@Fe3O4-PEI composite was added to 
500 μL of the diluted serum solution, and the mixture was vigorously 
agitated for 60 min to ensure efficient binding of serum proteins to the 
composite. After the binding step, magnetic separation was performed to 
isolate the composite-bound proteins, and the supernatant was subse
quently collected for further analysis. High-resolution mass spectrom
etry was used to detect low-abundance proteins in the eluate. The 
acquired mass spectra were then analyzed using protein databases such 
as UniProt or Swiss-Prot, enabling the identification and detailed char
acterization of proteins in the serum sample.

3. Results and discussion

3.1. Characterization of the IgG@Fe3O4-PEI composite

Fe3O4-PEI was synthesized using the solvothermal approach, with 
polyethyleneimine (PEI) acting as a stabilizer to prevent particle ag
gregation while introducing a high density of surface amino (-NH2) 
groups on the magnetic nanoparticles. In the solvothermal synthesis 
system, polyethyleneimine (PEI) provides colloidal stability to Fe3O4 
nanoparticles via two complementary mechanisms: (i) steric stabiliza
tion through polymeric chain wrapping that creates physical separation 
between particles, and (ii) electrostatic stabilization mediated by 
surface-bound protonated amine groups (-NH2+) that establish inter
particle repulsive forces [38]. IgG binds to Fe3O4 -PEI via electrostatic 
interactions, enabling effective functionalization. The Zeta potential 
data (Fig. 1D) indicated that Fe3O4-PEI had a negative surface charge at 
pH 6.0, while IgG (pI 8.0) was positively charged under the same con
ditions. Therefore, under specific conditions, IgG can be immobilized on 
the Fe3O4-PEI surface via electrostatic interactions, particularly in lab
oratory ddH2O at pH ≈ 6.0) (Scheme 1).

Fig. 1A shows the FT-IR spectra of the Fe3O4-PEI and IgG@Fe3O4-PEI 
composites. In the FT-IR spectrum of Fe3O4-PEI, the absorption peak at 
585 cm-1 corresponded to Fe-O vibrations [39], whereas the absorption 
peaks at 1640 cm-1 and 3440 cm-1 were attributed to the primary amine 
groups ((R-NH2), confirming the successful PEI coating on Fe3O4 mag
netic nanoparticles [40]. In the infrared spectrum of the IgG@Fe3O4-PEI 
composite, alongside the characteristic peaks of Fe3O4-PEI, new ab
sorption bands appeared at 1230 and 1510 cm⁻¹, corresponding to the 
C–O and C = O bonds of the amide group, respectively [41]. The 
infrared spectroscopy further confirmed the successful synthesis of the 
IgG@Fe3O4-PEI composite.

Fig. 1B shows the Raman spectra of the Fe3O4-PEI and IgG@Fe3O4- 
PEI composites. In the Raman spectrum of Fe3O4-PEI, the characteristic 
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peaks of Fe-O appeared at 217 and 279 cm-1 [42] whereas the peak 
observed at 589 cm-1 corresponded to the lattice vibration mode of 
Fe3O4-PEI. The peak at 1274 cm-1 attributed to the C–N stretching vi
bration of PEI [43] confirmed the successful coating of PEI on the Fe₃O₄ 
surface. In the Raman spectrum of the IgG@Fe3O4-PEI composite, the 
lattice vibration mode disappeared due to structural changes induced by 
IgG modification. The observed alteration disrupted the original lattice 
vibration, leading to its disappearance. Furthermore, the C–N stretch
ing vibration at 1275 cm⁻¹ weakened, likely because IgG modification 
masked the PEI-associated C–N signal, affecting the elastic scattering of 
light on the sample surface. These findings confirmed the successful 
modification of Fe3O4-PEI by IgG.

Fig. 1C presents the hysteresis loops of Fe3O4-PEI and IgG@ Fe3O4- 
PEI composites at room temperature, showing saturation magnetization 
values of 70.85 and 59.41 emu g⁻¹, respectively. The slight decrease in 
magnetization confirmed the successful attachment of IgG to Fe3O4-PEI 
while preserving the composite’s superparamagnetic properties.

Fig. 1D illustrates the Zeta potential variations of Fe3O4-PEI and 
IgG@ Fe3O4-PEI composites across different pH levels. Fe3O4-PEI 
demonstrated a negative Zeta potential above pH 4.5 and a positive 
potential below this threshold. Therefore, the isoelectric point of Fe3O4- 
PEI was determined to be approximately 4.5. Following IgG modifica
tion through electrostatic interactions, the Zeta potential of IgG@ Fe3O4- 
PEI remained negative across all pH values, confirming that the com
posite surface acquired a net negative charge after IgG attachment. 
Meanwhile, EDS was used to determine the elemental composition of the 
composite. The atomic percentages of C, N, O, and Fe in the composite 
were determined to be 47.05, 11.52, 23.28, and 18.15 %, respectively.

Fig. 2A shows that the synthesized Fe3O4-PEI is composed of many 
small particles aggregated into larger clusters, with a size of approxi
mately 100 nm. This aggregation can be attributed to the presence of 
PEI, a high-molecular-weight polymer, which promotes the linking of 
individual particles to form larger structures. Fig. 2B shows that IgG 
modification increases the size of the nanoparticles to around 200 nm, 

Fig. 1. FT-IR spectra of the Fe3O4-PEI and IgG@Fe3O4-PEI composites (A). Raman spectra of the Fe3O4-PEI and IgG@Fe3O4-PEI composites (B). VSM curves of Fe3O4- 
PEI and IgG@Fe3O4-PEI (C). Zeta potential of Fe3O4-PEI and IgG@Fe3O4-PEI (D).

Scheme 1. Preparation of IgG@Fe3O4-PEI.
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resulting in uniform and smooth aggregation. Fig. 2C and 2D are TEM 
images of Fe3O4-PEI and IgG@Fe3O4-PEI, respectively. In Fig. 2C, Fe3O4- 
PEI mainly presents as magnetic spheres adhering to each other, forming 
larger particles. In Fig. 2D, due to the modification of IgG, the edges of 
the magnetic nanoparticles become smooth and uniform, and the ag
gregation becomes tighter.

3.2. Adsorption of proteins by the IgG@Fe3O4-PEI composite

In this experiment, the adsorption capacity of the IgG@Fe3O4-PEI 
composite on three model proteins (rSPG, BSA, and Lys) was studied. 
The adsorption of the three proteins on IgG@Fe3O4-PEI was examined 
across pH 4.0–10.0. As shown in Fig. 3A, three proteins with different 
isoelectric points including rSPG, BSA, and Lys were adsorbed onto the 
composite material under varying pH conditions. The results demon
strated that the magnetic sphere material selectively adsorbed rSPG, 
while the adsorption efficiency for BSA and Lys was minimal. Moreover, 
optimization studies revealed that the material exhibited the highest 
adsorption efficiency for rSPG at pH 6.0, providing a basis for further 

condition refinement. The adsorption efficiency of rSPG increased pro
gressively, reaching a maximum of 93.96 % at pH 6.0 before sharply 
decreasing. rSPG has three IgG binding domains that can bind to Fc 
fragments of IgG. The IgG binding domain of rSPG consists of four beta 
chains surrounded by a central α-helix segment. Among them, amino 
acid residues on the α-helix can maintain a stable binding state with IgG 
Fc fragments, participating in the formation of most stable hydrogen 
bonds. At the same time, rSPG also has two hydrophobic amino acid 
residues (ALA23 and ALA24), which can interact with hydrophobic 
amino acid residues of IgG Fc fragments (MET-252, ILE-253, etc.) to 
form hydrophobic bonds.The selective adsorption of rSPG by 
IgG@Fe3O4-PEI was primarily attributed to hydrogen bonding between 
the Fc fragment of IgG and the immunoglobulin-binding region of rSPG 
[44,45]. At pH 6.0 near the pI of rSPG (4.79), its hydrophobicity 
increased, allowing interaction with the IgG@Fe3O4-PEI composite 
through hydrogen bonding. The negative charges of amino acid residues 
(e.g., glutamic acid, aspartate) and sugar groups on IgG molecules are 
the most stable in electrolyte solutions and are not excessively depro
tonated. As a result, IgG maintains its negatively charged state at pH 6, 

Fig. 2. SEM (A, B) and TEM images of Fe3O4-PEI and IgG@Fe3O4-PEI composite (C, D).

Fig. 3. pH-dependent adsorption behaviors of rSPG, BSA, and Lys onto IgG@Fe3O4-PEI composite surface (A) and Fe3O4-PEI surface (B). Effect of ionic strength on 
the adsorption efficiency of rSPG, BSA, and Lys (C). Protein solution: 100 μg mL-1, 100 μL; IgG@Fe3O4-PEI: 0.5 mg.
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resulting in strong electrostatic adsorption with positively charged sur
faces, such as the positively charged amino region of rSPG.Under acidic 
conditions, the proton (H+) content in the solution leads to the pro
tonation of hydrogen bond donors or acceptors, weakening the stability 
and strength of hydrogen bonds [46]. Therefore, at pH < 6.0, the 
adsorption efficiency of the IgG@Fe3O4-PEI composite for rSPG 
decreased. Fig. 1D shows that the composite carried a negative charge. 
As pH increases, the charge distribution of IgG changes. At pH values 
greater than 6, some amino acids (e.g., lysine, arginine, etc.) on IgG may 
be deprotonated, resulting in an increase in certain positively charged 
areas on the IgG surface. This causes IgG to have a neutral or positively 
charged overall charge at pH > 6, whereas rSPG usually has a negative 
charge in neutral or slightly acidic environments. As a result, the elec
trostatic attraction between IgG and rSPG is weakened, resulting in a 
lower adsorption efficiency. However, at pH 6.0, the IgG@Fe3O4-PEI 
composite showed minimal adsorption of BSA and Lys, making pH 6.0 
the optimal condition for the selective separation and purification of 
rSPG.

The study also evaluated the influence of unmodified Fe3O4-PEI on 
protein adsorption efficiency across varying pH levels. As shown in 
Fig. 3B, the adsorption efficiency of Fe3O4-PEI on rSPG was approxi
mately 40–50 %, much lower than the adsorption of rSPG by the 
IgG@Fe3O4-PEI composite. However, for BSA, IgG modification had 
minimal impact on adsorption efficiency, indicating that its adsorption 
primarily resulted from the non-specific interaction with Fe3O4-PEI. For 
Lys, IgG modification effectively minimized non-specific adsorption, 
thus confirming the exceptional selectivity of the IgG@Fe3O4-PEI com
posite for rSPG.

The effect of the ionic strength on the protein adsorption efficiency 
was studied at pH 6.0. As shown in Fig. 3C the adsorption efficiency of 
the IgG@Fe3O4-PEI composite for rSPG and BSA decreased as the 
neutral salt concentration increased from 0 to 500 mmol L⁻¹. The 
observed reduction occurred due to ion competition, which decreased 
the protein-composite interactions and subsequently lowered adsorption 
efficiency. Since high ionic strength hinders protein adsorption, the pH 
6.0 BR buffer was selected as the optimal experimental condition.

Fig. 4A shows the influence of the adsorption time on the adsorption 
efficiency of rSPG by IgG@Fe3O4-PEI composite. In the adsorption time 
range of 0–75 min, the adsorption efficiency of rSPG on the IgG@Fe3O4- 
PEI composite gradually increased, reaching its maximum at 60 min 
before stabilizing at equilibrium. The adsorption time data were fitted to 

pseudo-first-order, pseudo-second-order, intraparticle diffusion, and 
Elovich kinetic models, with the relevant parameters presented in 
Figs. S1-S2. The adherence of the adsorption process to each model was 
determined based on data fitting results and correlation coefficients. The 
non-linear pseudo-second-order kinetic model (R2 = 0.9678) provided 
the best fit, indicating that chemical adsorption is the dominant 
mechanism.

Fig. 4B shows the effect of adsorption temperature on rSPG. As 
shown in Fig. 4B, the adsorption efficiency of the IgG@Fe3O4-PEI 
composite for rSPG increased with temperature but decreased beyond a 
certain point within the 5–60 ◦C range. The observed behavior was 
attributed to the reduced chemical reaction rate at lower temperatures, 
decreasing the protein-adsorbent interactions. Thus, at low tempera
tures, the decreased reaction rate limits protein-adsorbent interactions, 
therefore decreasing adsorption efficiency. At high temperatures, 
conformational changes in the protein may alter its binding sites, hin
dering its interaction with the adsorbent surface [47]. The described 
structural alteration can decrease the protein-adsorbent interactions, 
reducing adsorption efficiency. Therefore, the optimal adsorption con
ditions were identified as 1 h and 25 ◦C.

To evaluate the adsorption capacity of the IgG@Fe3O4-PEI composite 
for rSPG, its adsorption ability was examined at pH 6.0 across varying 
rSPG concentrations (100–1,200 μg⋅mL− 1) and the observed results are 
shown in Fig. S3. With an increase in the concentration, the unit 
adsorption capacity of the IgG@Fe3O4-PEI composite progressively 
increased. However, once the concentration exceeded 1000 μg⋅mL⁻¹, the 
adsorption capacity remained constant, suggesting that the adsorption 
sites were approaching saturation condition. The adsorption capacity 
was measured under various conditions and analyzed using Langmuir, 
Freundlich, and Dubinin-Radushkevich adsorption isotherm models, as 
shown in Fig. S3. The experimental data aligned well with the Langmuir 
model (R2 = 0.993). The theoretical maximum adsorption capacity was 
calculated to be 125.0 mg⋅g− 1 using the intercept of the linear equation.

The desorption efficiency of various eluents was examined to opti
mize rSPG elution from the IgG@Fe3O4-PEI composite. The investigated 
eluents included BR buffers at pH 10.0 and pH 4.0, deionized water, and 
PBS (0.01 mol L-1, pH 7.2). As presented in Fig. 5A, BR (pH 10.0) ach
ieved a recovery rate of 95.81 % for rSPG, whereas the other three el
uents demonstrated low recovery efficiency. At pH 10.0, enhanced 
electrostatic repulsion decreased the interaction between rSPG and the 
material surface, thus facilitating its desorption and recovery. The 

Fig. 4. Effect of the adsorption time (A) and adsorption temperature (B) on adsorption efficiency of rSPG. Protein solution: 100 μg mL-1, 100 μL; IgG@Fe3O4-PEI: 
0.5 mg.
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durability of the IgG@ Fe3O4-PEI composite was investigated by eval
uating its ability to retain high adsorption efficiency for rSPG over 
multiple adsorption-desorption cycles. The result presented in Fig. 5B 
indicated that the adsorption efficiency of rSPG by IgG@Fe3O4-PEI 
composite remained stable at approximately 80 % after 3 cycles. After 
three cycles, the adsorption efficiency gradually declined, indicating a 
limitation in long-term reuse. However, the IgG@ Fe3O4-PEI composite 
demonstrated a promising potential for repeated applications in rSPG 
purification.

The adsorption and elution processes can affect the secondary 
structure of the protein, hence potentially influencing its stability and 
functionality in further research. Circular dichroism (CD) analysis was 
performed to assess whether the rSPG recovered from the IgG@ Fe3O4- 
PEI composite experienced denaturation. This method was used to 
evaluate conformational changes in rSPG, with BR (pH 10.0) buffer 
serving as the elution agent (Fig. 6). Fig. 6a presents the CD spectrum of 

the rSPG standard solution in water, where a negative peak at 214 nm 
indicates the presence of α-helix structures in the protein [48]. Similarly, 
Fig. 6b displays the CD spectrum of rSPG eluted using BR (pH 10.0) 
buffer, demonstrating a peak consistent with the water-soluble rSPG 
standard, suggesting that the protein’s secondary structure remained 
intact. These findings suggested that the adsorption and elution process 
of rSPG on the surface of the IgG@Fe3O4-PEI composite did not affect its 
structure.

3.3. Separation of rSPG from protein mixture samples

rSPG is typically produced on a large scale by introducing the target 
gene into an E. coli expression system [49]. Since Lys is commonly 
present in E. coli, mixed samples of rSPG and Lys were used in this 
experiment to further assess the enrichment capability of the composite 
material for rSPG. In Fig. 7, lane 2 shows the mixed protein solution 

Fig. 5. Recovery of adsorbed rSPG from the IgG@Fe3O4-PEI composite using various elution. Reproducibility of the rSPG adsorption performance of the IgG@Fe3O4- 
PEI composite (B). Protein solution: 100 μg mL-1100 μg mL-1; IgG@Fe3O4-PEI: 0.5 mg; Elution agent: 100 μL.

Fig. 6. CD spectra of rSPG: 100 μg mL⁻¹ rSPG in deionized water and (a); rSPG eluted into the BR (pH 10.0) buffer (b).
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containing rSPG (28 kDa) and Lys (14.4 kDa), while lane 3 displays the 
supernatant after adsorption by the IgG@ Fe3O4-PEI composite. The 
band corresponding to rSPG became lighter compared to that before the 
adsorption, whereas the band corresponding to Lys remained un
changed. Lane 4 shows the supernatant of the IgG@Fe3O4-PEI composite 
after elution with BR (pH 10.0) buffer, showing a distinct band at 28 
kDa, which aligned with the standard rSPG band in lane 5. This finding 
confirmed that the composite was capable of effectively separating and 
enriching rSPG from mixed protein samples.

3.4. Separation of rSPG from complex biological samples

E. coli can be used as a complex biological sample to evaluate the 
anti-interference ability of materials. To evaluate the practicality of the 
IgG@ Fe3O4-PEI composite, an E. coli lysate was mixed with rSPG as a 
complex matrix. In Fig. 8A, lane 2 represents the E. coli lysate without 
added protein, lane 3 represents the E. coli lysate with added rSPG, and 
lane 4 represents the supernatant of the E. coli lysate after the adsorption 
by IgG@Fe3O4-PEI composite. The protein band corresponding to rSPG 
became lighter, hence indicating adsorption, while the band observed 

after elution with BR (pH 10.0) buffer (lane 5) aligned with the standard 
rSPG position (lane 6), thus confirming successful separation and re
covery. The described electrophoresis result demonstrated that the 
IgG@Fe3O4-PEI composite can separate and enrich rSPG from complex 
matrices.

Moreover, the IgG@Fe3O4-PEI composite was applied for the sepa
ration and purification of rSPG in the E. coli expression system. Fig. 8B 
shows the SDS-PAGE analysis results, where lane 2 and lane 3 corre
sponded to the E. coli lysate without and with the inducer, respectively. 
A dense protein band was observed at the 31 kDa in lane 3, indicating 
the successful recombinant expression of rSPG. The E. coli lysate con
taining successfully expressed rSPG was adsorbed by the IgG@Fe3O4-PEI 
composite, resulting in a lighter protein band at the rSPG position in lane 
4. After elution and recovery, lane 5 displayed a distinct band aligning 
with the rSPG position, confirming that the IgG@Fe3O4-PEI composite 
effectively enriched rSPG from the expression system of E. coli.

3.5. Extraction of low-abundance proteins from serum samples

The protein was extracted from the serum samples using the 
IgG@Fe3O4-PEI complex. The extracted protein was subsequently 
analyzed using mass spectrometry and data-independent acquisition 
(DIA) techniques. A total of 430 proteins were identified, 34 of which 
were undetectable in untreated serum samples, highlighting the effec
tiveness of the method in trapping low-abundance proteins Fig. 9D The 
first 17 proteins of each sample were analyzed. The results showed that 
treatment with IgG@Fe3O4-PEI enriched low-abundance proteins, such 
as plasma protease C1 inhibitor, immunoglobulin J chain, alpha-1- 
antichymotrypsin and ceruloplasmin, CD5 antigen-like, kininogen-1, 
alpha-2-glycoprotein, vitamin D-binding protein, transthyretin, and 
others (Fig. 9A-C). These proteins have potential interactions with IgG, 
however, the interaction between alpha-1-antichymotrypsin and IgG is 
not well studied. Therefore, Alphafold3 was used to predict the molec
ular interactions of IgG heavy chain and alpha-1-antichymotrypsin, 
showing the results of ipTM=0.63 and pTM=0.53, with high confi
dence. The protein docking structure demonstrates the potential binding 
force of its presence (Scheme 2). The IgG molecule is composed of four 
polypeptide chains, two heavy chains (H chains) and two light chains (L 
chains), which are connected by disulfide bonds to form a Y-shaped 
structure. Each heavy chain contains a constant region (Fc region) and a 
variable region (Fab region). The Fc region is located in the "tail" of the 
antibody and consists of constant regions of two heavy chains. The Fc 
region plays a key role in the biological effects of IgG, such as binding to 

Fig. 7. SDS-PAGE analysis of protein adsorption and recovery. Lane 1: mo
lecular weight standards; Lane 2: A mixture of rSPG and Lys protein solution; 
Lane 3: Supernatant of the rSPG and Lys mixed protein solution after adsorption 
with IgG@Fe3O4-PEI composite; Lane 4: rSPG recovered after elution with BR 
(pH 10.0) buffer; Lane 5: rSPG standard solution; Lane 6: Lys standard solution.

Fig. 8. SDS-PAGE analysis of rSPG adsorption from E. coli lysate (A). Lane 1: molecular weight standards; Lane 2: unlabeled lysate of E. coli. Lane 3: lysate of E. coli 
with added rSPG; Lane 4: supernatant of labeled lysate of E. coli after the adsorption of rSPG with IgG@Fe3O4-PEI composite. Lane 5: rSPG recovered after elution 
with the BR (pH 10.0) buffer; Lane 6: rSPG standard solution. Adsorption of rSPG from the E. coli expression system (B). Lane 1: molecular weight standards; Lane 2: 
uninduced lysate of E. coli without the IPTG inducer. Lane 3: induced lysate of E. coli with the IPTG inducer. Lane 4: lysate of E. coli after adsorption with the 
IgG@Fe3O4-PEI composite. Lane 5: rSPG recovered after elution with the BR (pH 10.0) buffer.
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immune cell receptors. The Fc region of IgG binds to a variety of Fc 
receptors on the surface of immune cells, such as FcγR. Through this 
binding, IgG can activate immune effects such as phagocytosis and 
antibody-dependent cell-mediated cytotoxicity (ADCC) [50]. 
Alpha-1-antichymotrypsin plays an important role in inflammation, 
infection, and tissue repair, such as rheumatoid arthritis [51], inflam
matory bowel disease [52], etc. Therefore, studying the interaction be
tween alpha-1-antichymotrypsin and IgG in immune regulation and 

inflammatory response will give new insights into disease prevention. 
The specific adsorption strategy of IgG@Fe3O4-PEI was thus applied to 
rSPG for identifying low-abundance proteins in human serum samples, 
leading to the discovery of protein-protein interactions, and providing 
research ideas for the diagnosis, treatment, and prevention of diseases.

Fig. 9. Distribution of the top eleven proteins in serum (A). Protein distribution of the top eleven remaining contents in the supernatant after adsorption (B) Elution 
from the material under the content of the top eleven protein distributions (C) Venn diagram of the distribution of protein species in human serum, supernatant after 
adsorption, and elution from the material (D).

Scheme 2. Protein molecular docking analysis of immunoglobulin with alpha-1-antichymotrypsin.
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4. Conclusions

In this study, magnetic nanoparticles were successfully modified 
with IgG to fabricate the IgG@Fe3O4-PEI composite. The characteriza
tion results demonstrated that the IgG@Fe3O4-PEI composite effectively 
separated and purified rSPG under optimal conditions. Furthermore, 
mass spectrometry and molecular docking analyses revealed a novel 
interaction between IgG and a previously unidentified protein. This 
finding, along with molecular docking results, suggested that the Fc 
fragment of IgG played a key role in the interaction, providing new in
sights into the Fc-mediated binding mechanisms. These findings pave 
the way for targeted protein analysis in complex biological systems. 
Overall, the IgG@Fe3O4-PEI composite provides significant potential for 
proteomics research and clinical applications, particularly in isolating 
and identifying low-abundance proteins.
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