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A B S T R A C T   

Pharmacogenetic testing technology can effectively determine the individual differences among patients and 
scientifically assist doctors to select the most suitable drugs for each patient. In this study, an electrochemical 
biosensor based on magnetic α-Fe2O3/Fe3O4 heterogeneous nanosheets was constructed to detect Vitamin K 
epoxide reductase complex 1 type AA (VKORC1*2). Firstly, we fabricated magnetic α-Fe2O3/Fe3O4 heteroge
neous nanosheets as the substrate material for electrochemical biosensors. Subsequently, the material surface 
was modified with Au nanoparticles to facilitate the connection of sensing probes and enhance current signal 
amplification. The electrochemical biosensor showed a negative linear relationship with the concentrations of 
target DNA (tDNA, VKORC1*2 gene) within 1 pM − 1 μM, a limit of detection was (LOD) = 0.36 pM, and a limit 
of quantification was (LOQ) = 1.19 pM. The biosensor demonstrated exceptional specificity, reproducibility, and 
stability. In real sample analysis, it exhibited a recovery range of 96.63 % − 110.57 % (RSD ≤ 3.07 %) for various 
tDNA concentrations, thereby indicating its promising potential in clinical diagnostics.   

1. Introduction 

Pharmacogenetic testing utilizes molecular biology technology to 
detect patients’ drug-related genes, clarify the genetic differences of 
different populations, predict patients’ responses to various drugs and 
the extents of adverse reactions, and scientifically assist doctors to select 
the most suitable medications for patients. As an oral anticoagulant (Liu 
et al., 2022b), warfarin is widely used in thromboembolic diseases such 
as phlebitis (Chang et al., 2023), pulmonary embolism (Zheng et al., 
2024), atrial fibrillation (Erhard et al., 2024), recurrent stroke (Benz 
et al., 2023), etc. It is chosen as the preferred drug for oral anti
coagulation therapy due to its long duration of action, ease of admin
istration, relatively few side effects, and low price. 

However, warfarin is characterized by a narrow therapeutic window 
and significant individual disparities, overdoses can lead to bleeding 
problems of varying degrees (Kang et al., 2023). Approximately 15.2 % 
of patients take the drug experience blood side effects each year, 
including fatal hemorrhages in 3.5 % of cases. There are a number of the 

known factors to affect warfarin dosage, including age, race, food, co- 
medication, co-morbidities, etc., with genetic factors being particu
larly prominent (Deng et al., 2023; Jahmunah et al., 2023; Kim et al., 
2023). 

There are a number of genes associated with the dosage of warfarin 
administration, therein the determining factor is a genetic poly
morphism in the VKORC1 gene (Biswas et al., 2022; Sun et al., 2023). 
The VKORC1 gene serves as the rate-limiting enzyme in the production 
of vitamin K-dependent coagulation factor, and warfarin exerts its drug 
action by inhibiting this enzyme, thereby affecting the catalytic process 
of vitamin K (Wallin et al., 2008). In addition, it has been found that the 
effect of SNP − 1639 G > A, a significant predictor for warfarin dosage, is 
manifested in the VKORC1*2 haplotype (Oldenburg et al., 2007). 
Therefore, a simple, low cost, sensitive and effective method to detect 
VKORC1*2 is of great importance to guide the precision medicine of 
warfarin. 

At present, polymerase chain reaction (PCR) is the mainly means 
used to detect VKORC1 gene, which detects the mutations at sequence 
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sites by amplifying DNA fragments (Altawil and Youssef, 2023; Zhou 
et al., 2023). Since its discovery, PCR technology has been widely 
developed in the fields of biological sciences, medicine and genetics by 
virtue of its high sensitivity and strong specificity (Fang et al., 2024; Han 
et al., 2024; Liang et al., 2024). However, because PCR reactions are 
extremely sensitive to temperature changes, this brings the risk of errors 
accompanying each cycle of the amplification process. In addition, the 
high cost of equipment and reagents required for PCR technology, as 
well as the strict specification for the experimental environment are 
significant factors that limit its applications (Lim et al., 2024; Ma et al., 
2024). Additionally, in situ hybridization (ISH) is also a commonly used 
method for detecting target genes. It can directly detect gene abnor
malities within the cell nucleus, but it still has the disadvantages of being 
expensive and having low throughput. Interestingly, Sang et al. pro
posed a method for detecting VKORC1 using a magnetoelastic biosensor 
(Sang et al., 2020). Biosensors are capable of converting signals 
expressed by biologically active substances into electrical signals, thus 
realizing qualitative or quantitative detection of the target analyte (Reja 
et al., 2024). Biosensors consist of sensing element and transducer. 
Sensing element includes biologically active substances such as en
zymes, antibodies, nucleic acids and cells, among which ssDNA probes 
are the most classical type of recognition probes, which are widely 
applied in the preparations of gene sensors (Shoute et al., 2023; Stan
gherlin and Liu, 2023). Biosensors can be categorized into optical, 
acoustic wave channel, thermal, electrochemical types based on the 
different detection principles of sensors (Herrera-Domínguez et al., 
2023; Huang et al., 2024; Tang et al., 2023; Wang and Lou, 2023; Zhang 
et al., 2024b). Among them, electrochemical biosensors have been 
widely developed in the fields of materials science, chemistry, and 
biomedicine due to their simplicity, low cost, and sensitivity (Goel et al., 
2024; Su et al., 2024; Zhang et al., 2024a). 

In recent years, many new nanomaterials have been invented and 
widely applied to promote the early diagnosis, medical treatment, and 
prognosis of major diseases (Geng et al., 2018; Guo et al., 2023; Lai et al., 
2017; Tan et al., 2019; Wang et al., 2021; Yu et al., 2023). Among them, 
magnetic nanomaterials are widely employed in biomedical applica
tions because of their excellent biosafety and unique magnetic proper
ties. Specifically, iron oxide nanomaterials can induce multiple 
biological effects, such as localized magnetic fields, thermal effects, and 
enhancing enzyme-like activities under the influence of a magnetic field, 
which facilitates the realization of real-time, non-invasive, and precise 
modulation of molecular interactions at the nanoscale while also pro
vides a new pathway to achieve efficient treatment of major diseases 
(Liu et al., 2022a; Yan et al., 2023). Especially, magnetic α-Fe2O3 and 
Fe3O4 nanomaterials are the most widely used nanomaterials in 
biomedical research. However, single iron oxide nanomaterials exhibit 
either excessively strong or insufficient magnetic properties, rendering 
them inadequate for meeting the diverse requirements of magnetic 
strength in numerous applications (Ni et al., 2023). Therefore, magnetic 
α-Fe2O3/Fe3O4 heterogeneous nanomaterials emerge suitable magnetic 
properties by partially reducing Fe3+ to Fe2+ through high temperature 
calcination using a reducing agent, controlling the magnitude of the 
nanomaterials’ magnetic force (Wang et al., 2023), because the suitable 
magnetic properties enable nanomaterials to complete the process of 
binding, delivery, or separation under the influence of an external 
magnetic field, which is more conducive to subsequent applications. 

Subsequently, the surface modification of inorganic nanomaterials 
with precious metals has been widely used to further expand the 
application field of inorganic nanomaterials, and Au nanoparticles are 
favored for this purpose due to their ability to form Au-S bond with 
compounds modified with sulfhydryl groups. In addition, the 
morphology of magnetic nanomaterials has a significant impact on their 
properties. Two-dimensional nanomaterials mainly include nanorods, 
nanoflakes, nanotubes, and so on. Among them, the nanosheets can 
better reduce the resistance of spatial sites during electron transfer, and 
they can facilitate the contact between the active substance and 

electrolyte to amplify the current signal. Therefore, magnetic α-Fe2O3/ 
Fe3O4 heterogeneous nanosheets are considered as excellent immobili
zation materials for electrochemical biosensors (Ahmadi-Sangachin 
et al., 2023; Majee and Bhattacharyya, 2024). 

To sum up, a label-free electrochemical biosensor based on the 
magnetic α-Fe2O3/Fe3O4 heterogeneous nanosheets for the detection of 
VKORC1*2 was presented, which could be used to regulate the dosage of 
warfarin medication in time and ensure the safety of medication. The 
biosensor utilized the magnetic properties of the matrix material for self- 
assembling the sensor probes onto the magnetic glassy carbon electrode 
(MGCE), the process cannot damage the electrode and can make it 
recyclable. And then the sensitivity, linearity, detection limit, specificity 
and stability of electrochemical biosensor were subsequently 
investigated. 

2. Materials and methods 

2.1. Chemicals and reagents 

KCl (≥99.5 %), K3Fe(CN)6 (≥99.5 %), K4Fe(CN)6⋅3H2O (≥99.5 %), 
TCEP (≥98.0 %), KH2PO4 (≥99.5 %), Na2HPO4 (≥99.0 %), FeCl3⋅6H2O 
(≥99.0 %), C6H12O6⋅H2O (≥99.6 %), poly ethyleneimine (PEI, ≥99.0 
%), NaBH4 (≥98.0 %), HAuCl4⋅4H2O (≥47.8 %), C6H5Na3O7 (≥99.0 %) 
were purchased from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, 
China); NaCl (≥99.0 %) was purchased from Chengdu Kelong chemical 
reagent factory (Sichuan, China); CH3CH2OH (≥99.7 %) was from 
Chengdu cologne chemical co., Ltd. (Sichuan, China); Bovine serum 
albumin (BSA, 96.0 %) was from Shanghai Huzheng Biotech Co. Ltd.; TE 
buffer (pH = 8) and PBS buffer (20 nM, pH = 7.4) were configured with 
reference to publicly available methods; The DNA oligonucleotides were 
obtained from Sangon Biotech (Shanghai, China); and all experiments in 
this project used ultrapure water (18.2 MΩ); 

2.2. Preparation of magnetic α-Fe2O3/Fe3O4 heterogeneous nanosheets 

Magnetic α-Fe2O3/Fe3O4 heterogeneous nanosheets were fabricated 
by hydrothermal and calcination reduction method. Typically, FeCl3 
and NaH2PO4 were added in 80 mL deionized water, obtaining a uni
form solution with the initial concentrations of 25 mM FeCl3 and 7.5 mM 
NaH2PO4 after magnetic stirring at room temperature. The solution was 
transferred to a hydrothermal kettle, and hydrothermally reacted at 
220 ◦C for 24 h in a programmed temperature-controlled furnace. And 
then the dark-red solution was obtained, and it was washed several 
times by centrifugation using deionized water and anhydrous ethanol 
alternately until the supernatant was clear. Subsequently, the resulting 
product was dried in an oven, and ground to obtain the solid powder of 
precursor α-Fe2O3 nanosheets. 

In the second step, glucose was used as a reducing agent to partially 
reduce precursor α-Fe2O3 into Fe3O4. Precursor α-Fe2O3 was mixed with 
glucose in a crucible at a mass ratio of 1:12, and then the crucible was 
transferred to a programmed temperature-controlled furnace for calci
nation at 600 ◦C for 4 h, a deep-red product of magnetic α-Fe2O3/Fe3O4 
heterogeneous nanosheets with a saturation magnetization intensity of 
25.1 emu/g, average particle size of 230 nm, and average thickness of 
120 nm was obtained. 

2.3. Surface modification of substrate materials 

An improved method of HAuCl4 reduction by NaBH4 was used to 
modified the surface of magnetic α-Fe2O3/Fe3O4 heterogeneous nano
sheets. First, a cross-linking agent PEI needed to be coated on the surface 
of the magnetic nanosheets before coating the modified material. PEI 
solution was made by mixing 1.5 g PEI and 150 mL ultrapure water, then 
50 mg α-Fe2O3/Fe3O4 heterogeneous nanosheets were added and mixed 
by ultrasonication for 30 min. The suspension was transferred to a 
round-bottomed flask and stirred at 90 ◦C in a constant temperature 
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water bath for 2 h. After the solution was naturally cooled to room 
temperature, which was centrifugally washed with ultrapure water and 
dried under vacuum at 60 ◦C to obtain α-Fe2O3/Fe3O4-PEI. 

Subsequently, 15 mg of solid α-Fe2O3/Fe3O4-PEI was ground and 
then mixed with 150 mL ultrapure water, sonicated for 10 min and 
transferred to an ice bath sonication environment. The suspension was 
sonicated for 30 min in an ice bath after adding 1 mL HAuCl4 solution 
(20 mg/mL) to the suspension, and then the ready-made C6H5Na3O7 and 
NaBH4 solutions were dropped in sequence, keeping mechanical stirring 
for 1 min and 15 min, respectively. Finally, it could be observed that the 
solution turned to atropurpureus, and the resulting product was 
magnetically separated and dried under vacuum at 60 ◦C, solid α-Fe2O3/ 
Fe3O4@Au nanocomposites were obtained after grind. 

2.4. Construction of electrochemical biorecognition probes and binding of 
VKORC1*2 

This electrochemical biosensor was constructed using the traditional 
drop-casting method, and the construction mechanism was shown in 
Scheme 1A. Special attention should be paid to the fact that the next 
constructing and binding processes were realized in EP tubes. Magnetic 
α-Fe2O3/Fe3O4@Au nanocomposites were dispersed in ultrapure water 
to obtain a suspension with the concentration of 10 mg/mL, which was 
used for the construction. Moreover, the disulfide bonds of sulfhydryl- 
modified single-stranded DNA (5′-SH-AACAGAGGATAGCCCAGGT-3′) 
needed to be eliminated before binding to the matrix material, which 
was mixed with TCEP at a molar ratio of 1:100 and reacted at 37 ◦C for 1 
h. The ssDNA probe solution (1 μM, 30 μL) was mixed with 0.3 mg 
magnetic α-Fe2O3/Fe3O4@Au nanocomposites to form a suspension, 
which was incubated at 4 ◦C for 12 h. With the aid of magnetic sepa
ration, the unbound ssDNA probes were washed away using PBS buffer, 
α-Fe2O3/Fe3O4@Au/ssDNA was obtained. To block the non-specific site, 
the bull serum albumin (BSA) solution (30 μL) was added, and then the 
incubation was carried out at 37 ◦C for 30 min, and the superfluous BSA 
was washed off with PBS buffer, α-Fe2O3/Fe3O4@Au/ssDNA/BSA was 
obtained. Finally, after removing the disulfide bonds using the above 
same method as before, 1 μM of target DNA (tDNA, i.e. VKORC1*2, 5′- 

ACCTGGGCTATCCTCTGTT-3′) (30 μL) was added. Suspension was 
transferred to a water-bath shaker with repeated oscillations at 37 ◦C for 
20 min, the α-Fe2O3/Fe3O4@Au/ssDNA/BSA/tDNA was obtained after 
the unbound tDNA was washed away using PBS buffer. 

2.5. Construction of the electrochemical biosensor for VKORC1*2 

Firstly, the modified glassy carbon electrodes (MGCE) were polished 
using 1 μm, 0.3 μm, and 0.05 μm alumina slurry, cleaned and dried for 
use. The obtained solids after all modifications were washed with PBS 
buffer, and then re-eddied using ultrapure water to obtain a suspension 
with a concentration of 10 mg/mL. 9 μL suspension was dropped onto 
the treated MGCE surface, then moved into an oven for drying at 30 ◦C to 
complete the drop construction process. Cyclic voltammetry (CV) and 
electrochemical impedance spectroscopy (EIS) were used to validate the 
step-by-step construction of electrochemical biosensors. The con
structed biosensors were subjected to optimize conditions and analyze 
performances by differential pulse voltammetry (DPV). The biosensor 
was validated by current signal or impedance strength both in the 
construction as well as in the detection of the VKORC1*2 gene. There
fore, this biosensor was recognized as a label-free electrochemical 
biosensor. 

2.6. Detection of spiked human serum 

The collected blood samples were placed in test tubes those did not 
contain anticoagulant. Natural agglutination was carried out at room 
temperature for 0.5 h – 1.0 h, and bringing the blood to coagulate. 
Coagulated blood was centrifuged at 2000 – 3000 rpm for 5 min – 10 
min to obtain the supernatant as serum. The serum was taken out 
separately and stored at -20 ◦C in equal volumes (10 μL). 

10 μL of serum was diluted 20-fold by PBS (20 mM, pH = 7.4) buffer, 
and the target DNA samples were diluted to different concentrations 
(0.1 nM, 1 nM, and 10 nM) by diluted serum of human serum assay for 
the constructed electrochemical biosensor. Particularly, serum sample 
assay values were subtracted as blanks throughout the analysis and 
calculation processes due to the uncertainty of the initial VKORC1*2 

Scheme 1. Schematic diagram of the electrochemical biosensor based on magnetic α-Fe2O3/Fe3O4 nanosheets for detecting VKORC1*2 gene (A), and testing in real 
sample analysis (B). 
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gene concentrations in human serum samples. 

3. Results and discussion 

3.1. Characterizations of α-Fe2O3/Fe3O4 heterogeneous nanosheets and 
α-Fe2O3/Fe3O4@Au nanocomposites 

The TEM image of magnetic α-Fe2O3/Fe3O4 heterogeneous nano
sheets was displayed in Fig. 1A, where a round sheet-like morphology 
could be seen, and their average diameter and thickness were approxi
mately 230 nm and 130 nm, respectively. The smaller the size of the 
nanosheets was, the larger their specific surface area was, thereby which 
could render them more conducive to enhancing the detection perfor
mance of electrochemical biosensors. (Eissa et al., 2020; Perevezentseva 
et al., 2023). In addition, Fig. 1B showed the TEM image of α-Fe2O3/ 

Fe3O4@Au nanocomposites, there were black dots on the surface of the 
nanosheets, which might be Au nanoparticles. The hysteresis loops of 
α-Fe2O3/Fe3O4 and α-Fe2O3/Fe3O4@Au were shown in Fig. 1C, discov
ering that the magnetic properties of the Au-modified nanosheets were 
reduced but still exhibit superparamagnetism, which did not affect 
subsequent applications. To study the phase composition of α-Fe2O3/ 
Fe3O4 and α-Fe2O3/Fe3O4@Au, which were characterized using XRD 
(Fig. 1D). The pattern (green) corresponded to the standard cards of 
α-Fe2O3 (JCPDS NO.33–0664) and Fe3O4 (JCPDS NO.19–0629), and it 
was found that the diffraction peaks at 24.1◦, 33.2◦, 35.5◦ and 30.1◦, 
35.4◦ had corresponding crystal faces. In addition, the curve (purple) 
not only corresponded to the standard cards of α-Fe2O3 and Fe3O4, but 
also had distinct Au (JCPDS NO.04–0784) characteristic peak. These 
analytical results demonstrated the successful preparation of α-Fe2O3/ 
Fe3O4 and α-Fe2O3/Fe3O4@Au, and supported the conclusions from the 

Fig. 1. TEM images of magnetic α-Fe2O3/Fe3O4 heterogeneous nanosheets (A) and magnetic α-Fe2O3/Fe3O4@Au nanocomposites (B); the hysteresis loops (C), XRD 
patterns (D) of magnetic α-Fe2O3/Fe3O4 heterogeneous nanosheets and magnetic α-Fe2O3/Fe3O4@Au nanocomposites; EDS pattern (E) of Fe3O4/α-Fe2O3@Au. 

Fig. 2. The HRTEM image (A) and the UV–vis DRS spectrum (B) of magnetic α-Fe2O3/Fe3O4 heterogeneous nanosheets.  
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TEM images (Zhang et al., 2024b). In addition, a diffraction peak existed 
at about 2θ angles for 26◦, which might be residual carbon from the 
reduction process (Li et al., 2024). Furthermore, the EDS pattern 
(Fig. 1E) of α-Fe2O3/Fe3O4@Au showed that the Au content in the 
nanocomposites was 32.87 %, which once again proved the success of 
the noble metal Au-modified nanomaterials surface. 

To further investigate the compose of magnetic α-Fe2O3/Fe3O4 het
erogeneous nanosheets, the High Resolution Transmission Electron 
Microscope (HRTEM) image, the UV–vis Diffuse Reflectance Spectros
copy (UV–vis DRS) spectrum, and the X-ray Photoelectron Spectroscopy 
(XPS) survey were analyzed. The HRTEM image of the magnetic 
α-Fe2O3/Fe3O4 heterostructure nanosheets was demonstrated in Fig. 2A, 
where the distinct and well-organized lattice fringes indicated that the 
nanosheets were well crystallized. The lattice fringes of the 

heterogeneous nanosheets were measured with widths of 0.272 nm and 
0.297 nm, corresponding to the crystallographic planes of α-Fe2O3 at 
33.15◦ (104) and Fe3O4 at 30.10◦ (220), respectively, which corrobo
rated the previous XRD analysis. Fig. 2B showed the absorbance prop
erty of the prepared magnetic α-Fe2O3/Fe3O4 heterogeneous nanosheets 
was measured using UV–vis DRS. It could be observed that the sample 
exhibited a broad band in the visible region from 250 to 600 nm with a 
pronounced absorbance at 500 nm, which could be attributed to the d- 
d jump of Fe. The inset showed the forbidden bandwidth (i.e., bandgap) 
of the measured sample calculated using the “Tauc plot” method, where 
the contraction of the bandgap facilitated the electron jumps, and thus 
enhanced the sensing performance (Galvão et al., 2023; Han et al., 
2023). 

Since the entire XPS analysis process was performed in an 

Fig. 3. The XPS survey (A) and Fe 2p (B), O 1s (C), and C 1s (D) core-level spectra of magnetic α-Fe2O3/Fe3O4 heterogeneous nanosheets.  

Fig. 4. CV (A) and EIS (B) of differently modified electrodes: bare MGCE (a), MGCE/α-Fe2O3/Fe3O4 (b), MGCE/α-Fe2O3/Fe3O4@Au (c), MGCE/α-Fe2O3/Fe3O4@Au/ 
ssDNA (d), MGCE/α-Fe2O3/Fe3O4@Au/ssDNA/BSA (e), MGCE/α-Fe2O3/Fe3O4@Au/ssDNA/BSA/tDNA (f). 
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ultravacuum environment (8.9 × 10-9 torr), all α-Fe2O3/Fe3O4 surfaces 
were irradiated with monochromatic Al Kα radiation (hν = 1486.6 eV) 
in the received state and with an electron emission angle of 90◦. The 
samples were sputtered and etched using an Ar + source with an energy 
level of 3.8 kV and an incidence angle of 45◦ before analysis. The size of 
the sample analysis area was 0.3 mm × 0.7 mm, and a charge neutral
ization gun was used during the XPS analysis in order to mitigate charge 
effects (Yue et al., 2024). Fig. 3A showed the full spectrum of the orig
inal derived XPS measurement, labeling all peaks associated with the 
chemical structure of the element. Three of the peaks in the spectrum 
represented the core elements (Fe 2p, O 1s, C 1s), so peaks of the three 
elements were fitted. The calibrated high-resolution XPS narrow spec
trum of the Fe 2p region showed two well-defined peaks at 711.38 eV 
and 724.98 eV corresponding to Fe 2p3/2 and Fe 2p1/2 in Fig. 3B. In 
addition, the satellites’ presence of Fe 2p3/2 and Fe 2p1/2 at 718.68 eV 
and 732.98 eV was also found in Fig. 3B (Sat.). After Gaussian- 
Lorentzian fitting of the elemental peaks of Fe 2p, the B.E. at 713.28 
eV and 737.08 eV corresponded to Fe(III), while the subpeaks located 
between at 711.08 eV and 724.68 eV were determined to belong to Fe 
(II), which suggested the formation of a composite nanomaterial 
composed of Fe(II) and Fe(III). The O 1s fitting spectra were shown in 
Fig. 3C with three peaks at 530.18 eV, 531.48 eV, and 532.98 eV, which 
were mainly associated with Fe-O, C-O/O-C, FexOy and H2O.The C 1s 
fitting spectra were displayed in Fig. 3D, with distinct peaks appeared at 
284.78 eV corresponding to the C-C/C-H group, and 258.88 eV corre
sponding to the C-O group. There was also a peak at 288.98 eV corre
sponding to the O-C=O functional group (El-Fattah et al., 2024; Kwon 
et al., 2022). 

3.2. Monitor of the construction process for the electrochemical biosensor 

CV and EIS were used to monitor the biosensor during its step-by- 
step constructions, and the electron transport rate and surface imped
ance characteristics of each step for the modified electrodes were 
analyzed. As shown in Fig. 4A, the current intensity of curve b was 
significantly lower than that of the bare electrode (curve a). The reason 
for that was the increase of steric resistance of the electrode led to a 
decrease in current when magnetic α-Fe2O3/Fe3O4 heterogeneous 
nanosheets were added. As the electrode was modified by magnetic 
α-Fe2O3/Fe3O4@Au nanocomposites (curve c), the current rapidly 
increased due to the high conductivity of Au nanoparticles, effectively 
improving the efficiency of electron transfer (Saber Mirzaei et al., 2024). 
The current in curve d showed a clear downward trend, the reason was 
that the addition of the ssDNA probes made [Fe(CN)6]3-/4- redox probes 
difficult to reach the electrode surface, meaning the increase of the 
spatial potential resistance (Ye et al., 2024). There was no significant 
change in the current after adding BSA blocker (curve e) compared with 
curve d. This phenomenon might be attributed to the insignificance of 
nonspecific sites, which made the blocking effect of BSA less apparent 
(Luo et al., 2024). Curve f represented the current after capturing the 
tDNA (VKORC1*2), which showed a minimum compared with the other 
modified electrodes. This reason was taht the addition of tDNA increased 
the steric hindrance, and electrostatic repulsion took place between the 
negatively charged phosphate skeleton of tDNA and [Fe(CN)6]3-/4-, 
which also indicated that the ssDNA probes successfully trapped the 
tDNA. 

In addition, to further verified the successful construction of the 
proposed electrochemical biosensor, EIS spectra and Randle’s equiva
lent circuit were investigated. In the EIS spectra, a larger semicircle of 
the Nyquist plot indicated a higher resistance, and the diffusion of [Fe 
(CN)6]3-/4- redox probe was limited. The EIS spectra of the electrodes at 
all modification steps were shown in Fig. 4B, and the change in semi
circle diameter was consistent with the trend of current change in the CV 
plot, which confirmed the successful construction of the biosensor. The 
circuit parameters were extracted after Randle’s equivalent circuit 
fitting of the experimental data. In the equivalent circuit, Rs, Rct, W1, and 

Cd stood for solution resistance, charge transfer resistance, Warburg 
element, and the constant phase element, respectively. The kinetic pa
rameters for all electrode modification steps were listed in Table 1, and 
the trend of Rct was consistent with CV and EIS. The time constant τ 
(calculated in the formula given in equation (1)) represented the diffu
sion rate of the [Fe(CN)6]3-/4- redox probe in the electrolyte, which lined 
with experimental expectations. In summary, it provided that the 
biosensor was successfully constructed and could effectively detect 
VKORC1*2 (Yadav et al., 2022; Yadav et al., 2021). 

Rct × Cd =
1
2

πfmax = τ (1) 

The successful construction of this biosensor provided a novel line of 
development for clinical detection. Compared with other published 
research works on detection, this biosensor realized a magnetic self- 
assembly process based on magnetic α-Fe2O3/Fe3O4 heterogenous 
nanosheets and label-free sensitive detection (Hashem et al., 2022; Lv 
et al., 2022; Park et al., 2022). Moreover, throughout the course of this 
research, the raw materials required for matrix nanomaterial prepara
tion were cost-effective and easily accessible. Additionally, gene was not 
needed to be amplified, and the damage inflicted upon the MGCE was 
minimal, so this biosensing strategy was low-cost. 

3.3. Optimization of the construction conditions for the biosensor 

There are four key parameters (the concentrations of α-Fe2O3/ 
Fe3O4@Au and ssDNA probe, the incubation time and incubation tem
perature of tNDA) for electrochemical biosensor to detecte VKORC1*2, 
which were related to the sensitivity of biosensor detection. 

Fig. 5A showed the line plot of the optimization process of α-Fe2O3/ 
Fe3O4@Au concentration. The concentrations of the nanocomposites 
explored ranged from 5 mg/mL to 30 mg/mL, and it could be seen that 
the DPV current value was the largest when its concentration was 15 
mg/mL. When the concentration of α-Fe2O3/Fe3O4@Au was too small, 
the current amplification effect of Au was not fully displayed. Addi
tionally, the DPV value did not increase but decreased when the con
centration exceeded 15 mg/mL, this increase in interface resistance 
might be attributed to the high-density of the nanocomposites (Zakariah 
et al., 2024). Therefore, 15 mg/mL was selected as the optimal con
centration of α-Fe2O3/Fe3O4@Au. 

The influence of ssDNA probe concentration on detection perfor
mance was particularly important. The optimized data of the ssDNA 
probe concentration were shown in Fig. 5B, where it could be seen that 
the DPV currents levelled off after its concentration reached 2 μM. The 
reason might be that the ssDNA probes loaded onto the surface of the 
nanocomposite have reached a saturation state (Garcia-Melo et al., 
2023). Therefore, 2 μM was selected as the optimal concentration of 
ssDNA probes for subsequent experiments. 

The binding of tDNA to the ssDNA probes was related to the final 
detection of this biosensor, so the incubation temperature and incuba
tion time were optimized (Alharthi et al., 2023). The variation of 

Table 1 
Electrochemical parameters of the EIS spectra obtained in different modification 
steps of the electrode.  

Electrode Rct 

(Ω) 
Rs (Ω) Cd 

(μF) 
W1 

(σ) 
τ (s) 

Bare MGCE  145.1  140.3  0.842  0.469  122.18 
MGCE/α-Fe2O3/Fe3O4  363.6  132.2  0.898  0.202  326.61 
MGCE/α-Fe2O3/Fe3O4@Au  123.8  66.55  1.043  0.463  129.12 
MGCE/α-Fe2O3/Fe3O4@Au- 

DNA  
407.8  84.39  0.800  0.443  326.35 

MGCE/α-Fe2O3/Fe3O4@Au- 
DNA/BSA  

303.6  157.7  0.830  0.221  252.22 

MGCE/α-Fe2O3/Fe3O4@Au- 
DNA/BSA/tDNA  

680.8  90.78  0.883  0.385  601.3  
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incubation temperature was shown in the Fig. 5C, and the overall trend 
of DPV values was downward when the temperature fell below 45 ◦C. 
However, the DPV value exhibited a rapid increase as the temperature 
exceeded 45 ◦C, potentially attributed the inactivation of tDNA at 
excessively high temperatures, thereby impeding its ability to bind with 

the probe. Similarly, the DPV values showed a downward trend when 
the incubation time was less than 25 min, but the DPV value increased 
significantly after 25 min (Fig. 5D). The reason for this phenomenon 
might be that too long incubation time would reduce the tDNA resis
tance activity. Thus, the optimal incubation temperature and incubation 

Fig. 5. Optimization of the concentrations of α-Fe2O3/Fe3O4@Au (A) and ssDNA (B), incubation temperature (C) and time (D) of tDNA.  

Fig. 6. The DPV plots of the biosensor detecting various concentrations of tDNA (A): 1 pM (a), 10 pM (b), 100 pM (c), 1 nM (d), 10 nM (e), 100 nM (f), 1 μM (g), and 
the linear relationship between the current responses and tDNA (B). 
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time were 45 ℃ and 25 min, respectively (Futra et al., 2023). 

3.4. Performance analysis of the biosensors 

To further validate the analytical performance of the proposed 
biosensor for the detection of VKORC1*2, different concentrations of 
tDNA were investigated under the other optimized conditions (Amou
zadeh Tabrizi, 2023; Cai et al., 2023). As shown in Fig. 6A, the con
centration of tDNA ranged from 1 pM − 1 μM, and the DPV value 
decreased with the increase of its concentration, which was consistent 
with the principle of the designed biosensor. In addition, DPV value was 
inversely proportional to the concentration of tDNA (Fig. 6B). The linear 
regression equation was I (μA) = 87.616 – 3.285 lgC (R2 = 0.996), a low 
limit of detection (LOD) reached 0.36 pM (LOD = 3σ/slope) and a limit 
of quantitation (LOQ) achieved 1.19 pM (LOQ = 10σ/slope). The DPV 
values for tDNA concentrations of 0.1 pM and 2 μM were also shown in 
Fig. 6B, it could be seen that the relationship was not linear, so it was 

determined that the linear range of the biosensor detection VKORC1*2 
was 1 pM − 1 μM. 

3.5. Researches of selectivity, reproducibility and stability 

To improve the accuracy of guiding the use for Warfarin, the selec
tivity of the proposed biosensor was determined, and the selectivity 
comparison experiments were performed using wild-type DNA and 
misaligned base DNA (SBM, DBM, TBM, and NC DNA) by DPV (the used 
DNA sequences were listed in Table 2). In Fig. 7A, ΔI = I-I1 was used to 
represent the current difference after tDNA binding, where I represented 
the measured value and I1 represented the α-Fe2O3/Fe3O4@Au/ssDNA/ 
BSA probes current value. Analytical measurements revealed that only 
the DPV current value of the wild-type DNA group showed a decrease 
phenomenon upon binding to the probe, which proved that the 
biosensor only recognized wild-type tDNA, even with a single mis
matched base. These results suggested that the proposed electro
chemical biosensor could well identified specific DNA, and the 
electrochemical biosensor could be applied for clinical detection of 
VKORC1*2 gene (Wu et al., 2023). 

To ensure the reproducibility of the biosensor, six different elec
trodes were used for comparative tests using the same manipulation 
(Fig. 7B). The RSD was only 1.04 % for six experiments, indicating 
excellent reproducibility of the biosensor. The stability of detection 
method was related to the accuracy of detection. Therefore, six sets of 
α-Fe2O3/Fe3O4@Au/ssDNA/BSA probes prepared under the same con
ditions were stored at 4 ◦C, and one set was removed every two days for 

Table 2 
The nucleic acid sequences used in this work.  

Name Sequence 

SH-DNA (ssDNA) 5′-SH-AACAGAGGATAGCCCAGGT-3′ 
VKORC1*2 DNA (tDNA) 5′-ACCTGGGCTATCCTCTGTT-3′ 
SBM 5′-TCCTGGGCTATCCTCTGTT-3′ 
DBM 5′-TCCTGGGCTTTCCTCTGTT-3′ 
TBM 5′-TCCTGGGCTTTCCTCTGGT-3′ 
NC 5′-CGGCTCGCTCTTTGCCTGA-3′  

Fig. 7. The selectivity (A), reproducibility (B), and stability (C) of the designed tDNA electrochemical biosensor.  
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electrochemical detection after incubation with tDNA. During ten days 
of storage, the DPV currents of the six measurements fluctuated slightly 
irregularly (Fig. 7C), but the relative change rate of the current value to 
the initial value on the tenth day was only 1.47 %, indicating that the 
biosensor had admirable stability (Mao et al., 2024). 

The biosensor had a wide linear range and low detection limit 
compared with other methods for detecting genes (Table 3). Although 
there were superior detection methods or strategies, the advantages of 
low cost and the ease of application were not be ignored at the same 
time. 

3.6. Analysis of the real samples 

There were many interfering factors in the real sample (serum) that 
would affect the authenticity of the detection and might be accompanied 
by false positives, so the real samples were analyzed using the standard 
spiking method (Scheme 1B). A fixed concentration of tDNA (50 μM) 
was diluted into spiked samples of different concentrations (0.1 nM, 1 
nM, and 10 nM) using human serum diluted 20-fold by PBS buffer, and 
then assayed using the DPV method. As listed in Table 4, the biosensor 
yielded recoveries ranging from 96.63 % − 110.57 % (RSD ≤ 3.07 %) 
using the standard addition method, and comparisons with a clinically 
standardized test (NGS) revealed similarities in recovery and RSD, 
demonstrating the reliability of the proposed biosensor. Therefore, it 
could be judged that this electrochemical biosensor had promising 
application for the detection of VKORC1*2 gene in real samples (Wu 
et al., 2023). 

4. Conclusions 

In summary, a label-free electrochemical biosensor capable of mag
netic self-assembly was developed for the detection of VKORC1*2 based 
on the suitable magnetic properties ofα-Fe2O3/Fe3O4 heterogeneous 
nanosheets, and to enhance the detection current signals and the 
detection performance, α-Fe2O3/Fe3O4@Au/ssDNA/BSA was con
structed by Au and ssDNA modifications; to improve the sensitivity and 
specificity of this biosensor, the construction conditions were optimized: 
the concentrations of α-Fe2O3/Fe3O4@Au nanocomposites and ssDNA 

probes, the incubation temperature, and incubation time were 15 mg/ 
mL, 2 μM, 45 ◦C, and 25 min, respectively. Under the optimal conditions, 
the electrochemical biosensor demonstrated linear range of 1 pM − 1 μM 
for the detection of VKORC1*2, with a limit of detection (LOD) of 0.36 
pM and a limit of quantification (LOQ) of 1.19 pM. In addition, real 
sample analysis showed that the biosensor had a recovery range of 
96.63 % − 110.57 % (RSD ≤ 3.07 %). Overall, this detection strategy 
provided a method reference for VKORC1*2 detection with a wide 
range, low detection limit, and good sensitivity. It not only helped to 
provide a promising support route for warfarin clinical dosing, but also 
opened up a new development pathway for the detection of other 
substances. 
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