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ABSTRACT: Hemoglobin, particularly glycated hemoglobin, serves as
the gold standard for diagnosing diabetes in clinical settings. In this
study, a triazolinone derivative, 3-chloromethyl-1,2,4-triazol-5-one
(CMTO), was conjugated to polyethylenimide-modified magnetic
nanoparticles via an amination reaction, resulting in the formation of a
novel composite material, CMTO@Fe3O4−NH2. Molecular simulations
revealed that the carbonyl group of CMTO underwent tautomerization
to an enol form under neutral pH conditions. The enol form established
hydrogen bonds with phenylalanine residues in hemoglobin, while the
triazole ring interacted with the hemoglobin β-subunit through π−π
interactions. These interactions significantly enhanced the performance
of CMTO@Fe3O4−NH2 in the effective separation and purification of
hemoglobin. Specifically, 1.0 mg of CMTO@ Fe3O4−NH2 successfully
adsorbed hemoglobin from 0.5 mL of a 100 μg mL−1 hemoglobin solution, with an excellent adsorption efficiency of 93.8% in just 45
min. The adsorption process was found to follow the Langmuir model with a theoretical adsorption capacity of 344.83 mg g−1.
Furthermore, with a 91.2% elution efficiency, the adsorbed hemoglobin could be efficiently eluted using a 100 mmol L−1 imidazole
solution. After five cycles, the material retained 88.1% of its initial adsorption efficiency. Encouraged by its hemoglobin adsorption
efficiency, the composite material was applied to selectively separate hemoglobin from human whole blood. Protein sequencing
identified 1114 proteins in this process, with 252 differential proteins found between diabetic and healthy individuals. Pathway
analysis and protein−protein interaction (PPI) networks identified 12 potential diabetic biomarkers.

■ INTRODUCTION
Magnetic nanoparticle-based capture materials have emerged
as a research focus in materials science, driven by their
distinctive physicochemical characteristics and promising
application potential in recent years. These nanoparticles
possess a large specific surface area1 and high adsorption
capacity,2 which facilitate the rapid adsorption of target
molecules and fast separation using an external magnetic
field. Moreover, the surface of the magnetic nanoparticles can
be easily modified to introduce various functional groups,3

enabling the selective capture of specific proteins or
biomarkers.4−6 Additionally, functionalized nanoparticle for-
mulations have been reported to achieve higher therapeutic
efficacy compared to traditional drugs.7,8 This enhanced
efficacy can be attributed to the functionalization of the
nanoparticle surface, which can be coupled with organic
molecules,3 antibodies,9 nucleic acids,10 ligands,11 and drugs,12

thereby improving solubility, biocompatibility, and specific
targeting ability.13,14 Raquel Petrioli9 demonstrated that
conjugating monoclonal antibodies to nanoparticles enabled
targeted therapy for various types of tumors.

Recent advancements in genomics, proteomics, and
metabolomics15,16 have elevated analytical techniques for
biomarker discovery to new heights. Among these, liquid
chromatography−mass spectrometry (LC-MS) stands out for
its superior sensitivity, selectivity, and identification capability
for proteomics.17−19 LC-MS can also analyze the majority of
protein components in blood. However, plasma proteomics
analysis faces significant technical challenges due to the high
dynamic range of plasma protein concentrations (more than
1010) and the complexity of the proteome.20 These challenges
make appropriate sample preprocessing a critical and necessary
step. Effective sample preparation can remove interfering
substances21 and enrich biomarkers,22 thereby improving the
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accuracy and precision of the detection. For instance,
Monopoli et al. utilized Nanoparticle Biomolecular Corona
to enrich glycoproteins for N-glycan profiling, which was
applied in biomarker discovery. This approach successfully
identified several glycoproteins and N-glycan peaks that
exhibited significant differences between lung cancer patients
and healthy controls.23

By conjugating the triazole-phosphine analog 3-chlorometh-
yl-1,2,4-triazol-5-one (CMTO) to PEI-modified magnetic
nanoparticles via an amination reaction, a novel composite
material, CMTO@Fe3O4−NH2, was prepared in this study.
The prepared composite demonstrated excellent adsorption
selectivity for hemoglobin owing to the strong interaction
between the triazole ring and the hemoglobin β-subunit.
Encouraged by the above results, a novel method was
established for isolating and purifying hemoglobin from
human whole blood. The results revealed that CMTO@
Fe3O4−NH2 significantly enhanced hemoglobin separation,
providing a reliable and efficient approach for processing blood
samples. Additionally, protein sequencing of whole blood
samples from both diabetic and healthy individuals was done
to identify potential biomarkers for diabetes. Enrichment
analysis, in conjunction with differential protein network
interaction analysis, identified 12 potential diabetic bio-
markers: SAA1, SAA2, CRP, SERPINA3, ITIH3, PRDX4,
EIF2S1, THBS1, APOL1, APOE, APOB, and CFP. These
biomarkers provide critical insights into the pathology of
diabetes and represent promising targets for therapeutic
intervention.

■ EXPERIMENTAL SECTION
Preparation of CMTO@Fe3O4−NH2. Here, the solvent-

thermal method was used to synthesize the amino-coated
magnetic nanoparticles (Fe3O4−NH2), using polyethylenimine
(PEI) acting as a protective agent.24 First, 3-chloromethyl-
1,2,4-triazoline-5-one (0.24 g) was dissolved in DMF (50 mL),
followed by the addition of Fe3O4−NH2 (10 mg) and
potassium carbonate (0.345 g). The mixture was refluxed
with condensation at 150 °C for 10 h and then cooled
naturally to room temperature. The obtained product was
washed thrice each with DMF and with water until a neutral
pH was achieved. Finally, the product was dried at 60 °C for
12 h to obtain CMTO@Fe3O4−NH2.
Isolation and Identification of Hemoglobin from

Actual Samples by CMTO@Fe3O4−NH2. Whole blood
samples from 5 healthy individuals and 5 patients with diabetes
were collected from a local hospital. The whole blood sample
was frozen at −20 °C for 6 h, thawed at room temperature,
shaken and mixed, repeated freeze−thaw 3 times, fully lysed
red blood cells to release hemoglobin.25 Then the samples
from the healthy group and the diabetes group were mixed to
obtain two combined whole blood samples. A Britton−
Robinson (BR) solution (pH 7) was used to prepare a 1000-
fold dilution of the whole blood samples. CMTO@Fe3O4−
NH2 (1.0 mg) was added to 500 μL of the diluted whole blood
sample and then shaken for 45 min. After removing the
supernatant, 500 μL of deionized water (ddH2O) was added to
the mixture and shaken for 15 min, followed by magnetic
separation to remove the supernatant. Finally, 100 mmol L−1

Scheme 1. Schematic Representation of the Synthesis of CMTO@Fe3O4−NH2 via Nucleophilic Substitution

Figure 1. FT-IR spectra of Fe3O4−NH2, CMTO and CMTO@Fe3O4−NH2 (A); Raman spectra of Fe3O4−NH2 and CMTO@Fe3O4−NH2 (B);
EDS analysis of CMTO@Fe3O4−NH2 (C); VSM curves of Fe3O4−NH2 and CMTO@Fe3O4−NH2 (D); SEM images of Fe3O4−NH2 and
CMTO@Fe3O4−NH2 (E, F) and TEM images of Fe3O4−NH2 and CMTO@Fe3O4−NH2 (G, H).
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imidazole solution (500 μL) was added, and the mixture was
eluted for 30 min, obtaining purified hemoglobin.

■ RESULTS AND DISCUSSION
Characterization of the CMTO@Fe3O4−NH2. This study

synthesized the composite material, Fe3O4−NH2 nanopar-
ticles, via the solvothermal method. Polyethylenimine (PEI)
was employed as a stabilizing agent to prevent particle
aggregation and introduce a high density of amino (−NH2)
functional groups on the surface of the magnetic nano-
particles.26 Through the selection and optimization of the
reaction solvent with experiments, dimethylformamide (DMF)
was selected as the reaction solvent because of its good
solvation properties and ability to promote reaction conditions.
The abundant amino groups on the surface of Fe3O4−NH2
participated in a bimolecular nucleophilic substitution reaction
with 3-chloromethyl-1,2,4-triazoline-5-one (CMTO), leading
to the successful functionalization of the magnetic nano-
particles with a CMTO coating.27−29 The role of K2CO3 is to
provide an alkaline environment to promote nucleophilic
substitution, and the specific mechanism is to enhance the
reactivity of CMTO through deprotonation. This functional-
ization improves the chemical reactivity and expands the
application potential of Fe3O4−NH2 nanoparticles by
introducing additional reactive sited via the CMTO moieties
(Scheme 1).

Figure 1A shows the Fourier-transform infrared (FT-IR)
spectra of Fe3O4−NH2 and CMTO@Fe3O4−NH2. The FT-IR
spectrum of Fe3O4−NH2 exhibited a distinct absorption peak
at 586 cm−1, corresponding to the Fe−O bond vibrational
mode, which is a characteristic feature of the magnetite lattice
structure. Meanwhile, the absorption bands at 1631 cm−1 and
3423 cm−1 could be attributed to the N−H stretching
vibrations in the −NH2 functional groups (R-NH2). The
presence of these peaks in the FT-IR spectrum of Fe3O4−NH2
serves as strong evidence of a substantial concentration of
amino groups on the surface of the magnetic nanoparticles.
Following CMTO modification, the FT-IR spectrum of
CMTO@Fe3O4−NH2 revealed the presence of a strong
absorption peak at 1703 cm−1, corresponding to a carbonyl
(C�O) stretching vibration. This peak, which was absent in
the spectrum of unmodified Fe3O4−NH2, confirmed the
successful interaction of CMTO onto the nanoparticle surface,
providing clear evidence of successful functionalization.

Figure 1B illustrates the Raman spectra of Fe3O4−NH2 and
CMTO@ Fe3O4−NH2. The spectrum of Fe3O4−NH2 revealed
an absorption peak at 1380 cm−1 attributed to the N−H
bending vibration of the amino groups. Additionally, the peak
at 689 cm−1 corresponded to the Raman lattice stretching
vibration of Fe3O4. Upon coating Fe3O4−NH2 with CMTO,
the intensity of the 1380 cm−1 peak in the Raman spectrum of
the resulting CMTO@Fe3O4−NH2 was significantly increased

Figure 2. Effect of pH on adsorption efficiency of Hb, Cyt-C, HSA, and Trf onto CMTO@Fe3O4−NH2 (A) and Fe3O4−NH2 (B); Effect of ionic
strength on the adsorption behaviors of Hb and HSA with CMTO@Fe3O4−NH2 as adsorbent (C); Adsorption isotherm of Hb by the CMTO@
Fe3O4−NH2 composite (D).
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compared to Fe3O4−NH2. This enhancement could be
attributed to the overlap of the carbonyl absorption band of
the 3-chloromethyl-1,2,4-triazoline-5-one (at approximately
1675 cm−1) with the amino N−H bending vibration, indicating
the successful functionalization of Fe3O4−NH2 with CMTO.
The functionalization likely altered the electronic structure and
vibrational properties of the surface-bound amino groups.30

As shown in Figure 1C, the energy-dispersive X-ray
spectroscopy (EDS) spectrum of CMTO@Fe3O4−NH2
confirmed the presence of Fe, C, O, and N elements. This
elemental composition confirms the successful attachment of
CMTO on the surface of the Fe3O4−NH2 magnetic nano-
particles. Figure 1D shows that the saturation magnetization of
Fe3O4−NH2 was approximately 225.33 emu g−1, which
decreased to 80.61 emu g−1 after CMTO modification. This
reduction was attributed to the nonmagnetic CMTO coating
on the Fe3O4−NH2 surface. However, despite the decline,
CMTO@Fe3O4−NH2 maintained strong superparamagnetic
properties, making it suitable for magnetic separation
applications.

The SEM images of Fe3O4−NH2 and CMTO@Fe3O4−NH2
are shown in Figure 1E,F, respectively, while their correspond-
ing TEM images are shown in Figure 1G,H, respectively. As
shown in Figure 1E,1G, the synthesized Fe3O4−NH2
comprised numerous small particles that coalesce into larger
spherical aggregates, approximately 150 nm in diameter. This
aggregation could be attributed to the presence of high
molecular-weight polymers, such as PEI, which facilitate the
connection of multiple particles to form larger structures. In
contrast, Figure 1F,1H illustrate that CMTO-modified
magnetic nanoparticles exhibited smoother surfaces and an
increased size, approximately 250 nm. The CMTO coating
encapsulated the Fe3O4−NH2 particles, masking their original

dimensions, resulting in larger and more uniform spherical
particles.
Protein Adsorption Behaviors of CMTO@Fe3O4−NH2.

The protein adsorption behavior of CMTO@Fe3O4−NH2 was
studied to evaluate its affinity for different proteins. Four
model proteins were selected for this study: human serum
albumin (HSA, pI 4.9), transferrin (Trf, pI 5.4), cytochrome C
(Cyt-C, pI 9.8−10.1), and human hemoglobin (Hb, pI 6.8−
7.0). Figure 2A presents the adsorption efficiency of CMTO@
Fe3O4−NH2 for the selected proteins over a pH range of 4.0 to
10.0. With increasing pH, Hb exhibited an initial rise in
adsorption efficiency, followed by a gradual decline. In
contrast, the adsorption efficiency for HSA and Trf steadily
decreased with an increase in pH. For Cyt-C, the adsorption
efficiency of the composite steadily increased with an increase
in pH. Notably, the adsorption efficiency of CMTO@Fe3O4−
NH2 for Hb reached 93.8% at pH 7.0, whereas the adsorption
efficiencies for HSA, Trf, and Cyt-C remained below 20.0%.
These findings highlight that CMTO@Fe3O4−NH2 exhibited
strong selectivity for Hb adsorption. Figure 2B presents the
adsorption efficiency of Fe3O4−NH2, the adsorption efficiency
of Fe3O4−NH2 for Hb is limited to 66.2%.

Ionic strength plays a crucial role in modulating the
interaction between protein molecules and solid-phase
materials. As shown in Figure 2C, this study investigated the
impact of NaCl concentrations on the adsorption efficiencies
of Hb and HSA at pH 7.0 With an increase in NaCl
concentration, the adsorption efficiency of CMTO@Fe3O4−
NH2 remained stable above 90.0% for Hb. Moreover, salt
compresses the protein’s electrical double layer, reducing
electrostatic repulsion between adsorbed proteins, thereby
enhancing adsorption efficiency. As a result, Hb adsorption
remains largely unaffected by high salt concentrations,
demonstrating stable adsorption across varying ionic strengths.

Scheme 2. Molecular Docking Analysis of Hb with CMTO (A); Lowest Energy Conformation of the Docking of Hb and
CMTO (B); Detailed 3D Image of the Binding Mode of the Hb and CMTO (C); Hydrophilic and Hydrophobic Interactions
(D); Electrostatic Potential Energy Distribution of the Protein Surface (E)
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Based on these results and considering the influence of salt
concentration typically found in real samples, the BR solution
at pH 7.0 was selected as the protein solvent for further
experiments.

The adsorption of Hb at different concentrations (100−900
μg mL−1) was examined to explore the adsorption capacity of
CMTO@Fe3O4−NH2 for Hb. As shown in Figure 2D, the
adsorption amount of Hb per unit of CMTO@Fe3O4−NH2
increased with rising Hb concentration, indicating that the
adsorption capacity of the material was directly proportional to
the Hb concentration. However, the amount of Hb adsorbed
per unit of CMTO@Fe3O4−NH2 stabilized when the Hb
concentration exceeded 800 μg mL−1, indicating that the
adsorption capacity had approached saturation. This trend
suggested that the adsorption of Hb onto CMTO@Fe3O4−
NH2 followed a monolayer adsorption mechanism. Addition-
ally, the experimental data was consistent with the Langmuir
adsorption model. As shown in Figure S1, a linear relationship
was observed between 1/qeq and 1/Ce. with the corresponding
linear relationship 1/qeq = 0.5809Ce + 0.0029, and a high
correlation coefficient (R2) of 0.9931. The theoretical
maximum adsorption capacity (Qm) was calculated to be
344.8 mg g−1 based on this relationship.
Adsorption Mechanism of Hb on CMTO@Fe3O4−NH2.

The adsorption of Hb onto CMTO@Fe3O4−NH2 was mainly
driven by the interaction between the enol structure31 and
triazole ring of CMTO and the β-subunits of Hb at pH 7.0 Hb

has no net charge at its isoelectric point (pI), which favors
aggregation and reduces solubility. This aggregation exposed
more hydrophobic amino acid residues on the Hb surface,
thereby enhancing its interaction with the CMTO@Fe3O4−
NH2 composite and increasing adsorption efficiency.

As shown in Scheme 2, the molecular docking studies
identified six key amino acid residues of Hb that interacted
with CMTO. Specifically, Val-β137, Leu-β141, and Leu-β106
interact with the center of the triazole ring. Additionally, Val-
β98 and Leu-β31 interact with the polyethyleneimine (PEI)
component, while Phe-β103 interacts through the enol form of
the triazole carbonyl group. The triazolinone ring exhibits
conjugacy and hydrophobicity, which facilitates the interaction
with the hydrophobic regions of Hb. Composed of nonpolar
amino acid residues, these hydrophobic residues are localized
through van der Waals interactions, promoting the binding of
Hb to CMTO@Fe3O4−NH2. The nitrogen atoms in the
triazolinone ring are electronegative, while the carbon atoms in
the ring carry a positive charge. Meanwhile, Hb’s amino acid
side chains contain various charged groups, including the
positively charged amino group of lysine, and the negatively
charged carboxylic acid groups of aspartic acid and glutamic
acid. The positive and negative charge regions of the CMTO@
Fe3O4−NH2 composite are attracted to the opposite charge
groups of hemoglobin via electrostatic attraction, strongly
stabilizing the binding of the two components. Various factors
combine to determine the final binding situation.

Figure 3. Evaluating Hb recovery and purification using the CMTO@Fe3O4−NH2 composite: Recoveries of adsorbed Hb using various buffer
solutions as elution reagents (A); the recyclability of Hb adsorption and elution (B); Soret region CD spectra of the structural integrity of Hb
under varying conditions (C); SDS-PAGE results (D).
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These specific interactions are crucial for the selective
recognition and binding of Hb to CMTO@Fe3O4−NH2.
Moreover, the binding energy between Hb and the ligand is
low, suggesting a strong and stable binding affinity between
CMTO and Hb. This robust interaction leads to the effective
and reliable adsorption of Hb, making CMTO@Fe3O4−NH2
an excellent adsorbent for hemoglobin recovery, particularly in
biological applications.
Elution and Reuse of Hb on CMTO@Fe3O4−NH2.

Various eluents were used in this study to effectively recover
Hb adsorbed on CMTO@Fe3O4−NH2 for further biological
applications. The tested eluents included double-distilled water
(ddH2O), 0.3 mol L−1 NaCl, 0.05 mol L−1 PBS, pH 6.8 Tris−
HCl, pH 4.0 BR buffer, pH 10.0 BR buffer, 0.5% SDS, and 100
mmol L−1 imidazole solution. As shown in Figure 3A, 100
mmol L−1 imidazole solution exhibited the highest elution
efficiency, achieving 91.2% Hb recovery. The adsorption and
elution processes were repeated 5 times (Figure 3B), and the
adsorption efficiency decreased slightly, which may be due to
the slight shedding of CMTO functional groups or the
aggregation of nanoparticles. In addition, multiple elution may
cause surface structural wear and affect the adsorption
performance.32 However, the adsorption efficiency of the
material in the whole process remains above 80.0%. This result
demonstrates the excellent reusability of CMTO@Fe3O4−
NH2 in hemoglobin purification, highlighting its potential in
applications that require multiple reuse cycles. Additionally, in
order to investigate whether the hemoglobin recovered from
the surface of CMTO@Fe3O4−NH2 with 100 mmol L−1

imidazole solution as eluent was denatured, the conformational
changes of hemoglobin were evaluated by circular dichroism
spectroscopy (Figure 3C). In pH 7.0 BR buffer and 100 mmol
L−1 imidazole solution, the CD spectrum of Hb showed double
negative peaks at 210 and 222 nm. After elution with 100
mmol L−1 imidazole, the two peaks of Hb were 210 and 218
nm, respectively. Deviation to the right from the typical 206
and 220 nm double negative peak−peak values of hemoglobin
α-helix. In order to determine the cause of peak displacement,
CD spectra of Hb solution after ultrafiltration after CMTO@
Fe3O4−NH2 adsorption and elution with 100 mmol L−1

imidazole solution were recorded. The peaks obtained by
this spectrum are 206 and 220 nm, which are highly coincident
with the typical hemoglobin α-helical conformation, indicating
that the shift of the peaks to the right is reversible. This change
may be due to excessive protein concentration and enhanced
intermolecular interaction, resulting in protein aggregation,33

thus affecting the characteristic peak position of CD spectrum.
Furthermore, the increase of scattered light in a high
concentration solution may also cause interference with the
CD signal.34 The results showed that CMTO@Fe3O4−NH2
showed excellent biocompatibility, and the secondary structure
of Hb was not irreversibly damaged during the adsorption and
elution process. Therefore, the results show that CMTO@
Fe3O4−NH2 is a reliable adsorbent to ensure that the captured
hemoglobin is suitable for subsequent applications and studies.
Isolation and Purification of Hemoglobin from

Human Whole Blood Samples. Figure 3D shows the
SDS-PAGE gel electrophoresis results of purified hemoglobin

Figure 4. Experimental design diagram illustrating sample grouping (A); detection results of identified proteins and peptides (B); differentially
expressed proteins (DEPs) (C); Venn Diagram of DEPs (D); GO functional enrichment analysis (Group 3 vs Group 1) (E); GO functional
enrichment analysis (Group 4 vs Group 2) (F).
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(Hb) from human blood. In lane 1, containing protein extract
from whole human blood, multiple protein bands were
observed within the molecular weight range of 10−200 kDa,
with a prominent band corresponding to Hb at approximately
10.0 kDa.35 Meanwhile, the proteins adsorbed by CMTO@
Fe3O4−NH2 are shown in Lane 2. The intensity of the 10.0
kDa hemoglobin band was significantly reduced in this lane,
indicating effective adsorption. Lane 3 shows the protein
sample after a secondary water washing step, which helps
remove some nonspecifically adsorbed proteins. Lane 4
displays the supernatant obtained after elution with a 100
mmol L−1 imidazole solution, where the Hb band at 10.0 kDa
is observed, consistent with the band detected prior to
adsorption. In addition to this Hb band, minor extraneous
bands were present in lane 4, likely resulting from the
nonspecific adsorption of other proteins on the material or the
enrichment of proteins that interact with hemoglobin.
Furthermore, isolating Hb using CMTO@Fe3O4−NH2,
enables the enrichment and characterization of Hb-binding
proteins, offering valuable insights into the protein−protein
interactions and the biological pathways associated with
hemoglobin.
Biomarker Discovery in Diabetic Blood Proteomics.

As illustrated in Figure 4A, a comparison between Group 1 and
Group 3 exhibited differences in the supernatants of diabetic
patients and healthy individuals after CMTO@Fe3O4−NH2
adsorption. This comparison helped analyze the differences in
many low-abundance proteins in the supernatant after
removing high-abundance Hb. The comparison between
Group 2 (eluent from normal samples) and Group 4 (eluent
from normal samples) identified the high-abundance proteins

captured and subsequently eluted by CMTO@Fe3O4−NH2,
providing insights into variations between healthy individuals
and those with diabetes. This comparison can reveal variations
in abundant proteins typically found in blood, such as Hb and
other major plasma proteins, that may be linked with the
pathological state of diabetes. Identifying these differences can
provide valuable insights into the underlying molecular
mechanisms of diabetes and potentially uncover high-
abundance protein biomarkers associated with the disease.

After adsorption and elution with CMTO@Fe3O4−NH2,
whole blood samples from diabetic patients and normal
subjects were analyzed using a proteomic technique called
Data Independent Acquisition (DIA). As shown in Figure 4B,
the results of protein sequencing revealed 1114 proteins and
6471 peptides. As shown in Figure 4C, 70 proteins were
significantly upregulated while 90 proteins were significantly
downregulated in Group 1 compared to Group 3 (determined
by p < 0.05 and FC ≥ 1.2 or FC ≤ 1/1.2; See Supporting
Table S1). Similarly, compared to Group 4, 78 proteins were
upregulated while 47 proteins were significantly downregulated
in Group 2 (determined by p < 0.05 and FC ≥ 1.2 or FC ≤ 1/
1.2; see Supporting Table S2). As shown in Figure 4D, a total
of 252 differential proteins (ratio ≤ ± 1.3, p < 0.05) were
identified. Furthermore, Gene Ontology (GO) analysis
revealed significant enrichment in molecular function, cellular
component, and biological process categories. Notably, the top
three enriched biological processes were associated with
immune response and acute-phase response. In terms of
cellular components, differential proteins were predominantly
localized to the extracellular environment, especially within
exosomes and immune complexes. Meanwhile, the molecular

Figure 5. Proteomics profiling of group 3 vs group 1 and group 4 vs group 2: Volcano plot of differentially expressed proteins (A, E); protein−
protein interaction (PPI) network analysis (B, F); WikiPathways enrichment analysis (Chord Diagram) (C, G); Heatmap of differentially expressed
proteins (D, H).

Analytical Chemistry pubs.acs.org/ac Article

https://doi.org/10.1021/acs.analchem.5c00759
Anal. Chem. 2025, 97, 10396−10404

10402

https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.5c00759/suppl_file/ac5c00759_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.5c00759/suppl_file/ac5c00759_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.5c00759/suppl_file/ac5c00759_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.5c00759?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.5c00759?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.5c00759?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.5c00759?fig=fig5&ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.5c00759?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


function analysis revealed that most proteins, including binding
of IgA and immunoglobulins, were enriched in immune-related
functions, (Figure 4E,4F).

In Figure 5, the volcano plot illustrates the distribution of all
differentially expressed proteins between Group 1 and Group 3
(Figure 5A). As shown in Figure 5B, the differential protein
interaction network analysis revealed that upregulated proteins,
such as CRP, SAA1, and SAA2, are primarily involved in acute-
phase response and inflammatory response. Thus, these
proteins may serve as potential markers of inflammation in
diabetic patients. Conversely, downregulated proteins, such as
PRDX4, and EIF2S1 may be associated with antioxidant stress
and protein synthesis regulation, reflecting metabolic imbal-
ance in patients with diabetes. Additionally, after statistical
analysis and screening, highly connected proteins like THBS1
likely act as key regulatory nodes in these pathways. A
comparison between the healthy and control groups revealed
that the supernatant from the composite material-treated
surfaces showed significantly upregulated proteins such as
SAA1, SAA2, and C-reactive protein (CRP). Meanwhile, the
most significantly downregulated proteins included thiol-
specific peroxidase (PRDX4) and eukaryotic translation
initiation factor 2 subunit α (EIF2S1). Thrombospondin1-
(THBS1), Apolipoprotein C-1(APOL1). WikiPathways enrich-
ment analysis (Figure 5C) revealed that these proteins were
primarily enriched in immune-related, metabolism-related, and
inflammatory response pathways. Notably, genes such as
APOL1, THBS1, C4A, and C4BPA are involved in multiple
pathways and may play crucial roles in immune metabolism
processes. As shown in Figure 5D, the top 50 differential
proteins were selected for clustering analysis.

In Figure 5 the volcano plot illustrates the distribution of
differential proteins between Group 2 and Group 4 (Figure
5E). As shown in Figure 5F, the differential protein interaction
network analysis revealed the significant upregulation of SAA1
and SAA2, underscoring the importance of inflammatory
activation in diabetic patients. Conversely, the downregulation
of PRDX4 and CFP suggests a potential reduction in oxidative
stress during diabetes progression. Metabolism-related pro-
teins, such as SERPINA3, APOE, and APOB are potential key
regulatory targets. After statistical analysis and screening,
significantly upregulated proteins in diabetic patients com-
pared with the healthy control group included SAA1, SAA2,
plasma protein SERPINA3, and α-1 interalpha-trypsin inhibitor
heavy chain 1 (IT1H3). Conversely, the most significantly
downregulated proteins included apolipoproteins, such as
APOE, APOB, and CFP. As shown in Figure 5G, the
WikiPathways enrichment analysis indicated that differential
proteins were predominantly associated with the complement
system, inflammation, metabolism, and degradation, as well as
the immune and virus response pathways. Genes such as SAA1,
SAA2, and APOE are involved in multiple pathways,
emphasizing their crucial roles in complement system and
metabolic regulation. The top 50 differential proteins were
selected for clustering analysis (Figure 5H). Therefore,
CMTO@Fe3O4−NH2 was used to extract Hb, establishing a
novel method for whole blood processing. The findings of this
study identified the following 12 potential disease biomarkers
in the diabetic group: SAA1, SAA2, CRP, SERPINA3, ITIH3,
PRDX4, EIF2S1, THBS1, APOL1, APOE, APOB, and CFP.

■ CONCLUSIONS
This study reports the successful synthesis of magnetic
nanoparticles modified with 3-chloromethyl-1,2,4-triazolin-5-
one (CMTO@Fe3O4−NH2) and characterized them using
FT-IR, Raman spectroscopy, SEM, TEM, EDS, and magnetic
performance testing curves. At pH 7.0, the unique enolic form
of CMTO along with the specific interaction of the triazole
ring with the β-subunit of hemoglobin, endowed the CMTO@
Fe3O4−NH2 composite with excellent biocompatibility and
remarkable hemoglobin-binding efficiency. As a result, the
prepared composite material was employed for the solid-phase
extraction of Hb from human whole blood, offering a reliable
and efficient method for separating and purifying Hb. Notably,
the development of this approach provides a strong foundation
for advancing proteomics research. Through the application of
this technique 12 potential diabetes-related biomarkers were
identified, providing fresh insights into the underlying
mechanisms of the disease. These findings not only deepen
our understanding of Hb-related disorders but also underscore
the potential of drug-modified magnetic nanoparticles for
selective binding, separating, and purifying target proteins.
This approach holds significant promise for advancing both
diagnostic and therapeutic strategies in the fight against
diabetes and other related diseases.
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