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ABSTRACT: In this work, we reported a sensitive, label-free electrochemical biosensor based
on the intrinsic topological insulator (TI) BiSbTeSe2 for potential application in the
determination of the HIV gene. With strong spin−obit coupling, TIs could have robust surface
states with low electronic noise, which might be beneficial for the stable and sensitive electron
transport between the electrode and electrolyte interface. Under optimized conditions of the
biosensors using BiSbTeSe2, the differential pulse voltammetry (DPV) peak currents showed a
linear relationship with the logarithm of target DNA concentrations ranging from 1.0 × 10−13 to
1.0 × 10−7 M, with a detection limit of 1.07 × 10−15 M. The sensing assay also displayed good
selectivity and stability after storage at 4 °C for 7 days. This work provides an effective way to
develop biosensors with topological materials, which have a potential application in the clinical
determination and monitoring field.
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1. INTRODUCTION

Various viruses with high infectivity have threatened human
health in history; e.g., the human immunodeficiency virus-1
(HIV-1) is the most common reason of AIDS infection.1−3

Direct detection of HIV-1 DNA is quite significant for the
early diagnosis of AIDS infection, which can efficiently identify
the infected individuals, expand treatment service, and protect
the healthy population. Therefore, it is necessary to develop a
sensitive, selective, and accurately quantitative method to
determine the DNA series for infection diagnosis. Various
DNA diagnosis methods have been developed, including
polymerase chain reaction (PCR),4−7 optics,8−10 electro-
chemistry,11−14 electrogenerated chemiluminescence
(ECL),15−17 and electrochemical biosensors.18−22 Among
various methods for biomolecule detection, electrochemical
biosensors have many advantages, such as easy and fast
operation, high sensitivity, and simple data analysis.23−27 To
develop high-performance electrochemical biosensors, it is
essential to use electrodes with high electron conductivity to
promote interfacial charge transfer and strong stability to
provide reliable results. Recently, topological insulators (TIs)
have been used as electrochemical electrode materials to make
a sensitive DNA detector.28 TI is a kind of new phase of
quantum matter with an insulator bulk and conductive surface/
edge states. As they are protected by time-reversal symmetry,
the TIs can have robust surface/edge states that are immune to
small time-reversal perturbations such as backscattering, crystal
disorders, and nonmagnetic impurities,29−32 leading to low
electronic noise,33−35 which may be beneficial for the stable
and sensitive electron transport between the electrode and

electrolyte interface.36,37 Such surface properties can be
employed to develop a high signal-to-noise ratio electro-
chemical biosensor with low detection limits.
The M2X3 (M = Bi, Sb; X = Te, Se) family serves as a kind

of typical topological insulators with a large bulk band gap and
gapless surface states, which can theoretically form a
dissipationless electron conduction channel at room temper-
ature.38,39 Because of its biocompatibility, Bi2Se3 has been
employed for clinical practices like biomarker detection and
diagnosis.40,41 Thus, the topological material Bi2Se3 has good
environmental friendliness, stability, and biocompatibility,
which make it a potential candidate immobilized substrate
for biomolecules. However, most of the papers reported TIs as
nanosheets or nanoparticles,42,43 whose repeatability and
stability can be difficult to control due to large amounts of
defects and grain boundaries. On the other hand, due to the
high doping of Bi2Se3 or Bi2Te3, it is difficult to obtain an
intrinsic M2X3 topological insulator with the Fermi level
located in the band gap for biosensor applications and related
physical mechanisms.44,45 Therefore, it will attract great
interest to develop a biosensor based on an intrinsic
topological insulator crystal and study its working mechanism.
The Sb-doped Bi2Se3 or Bi2Te3 single crystals were reported to
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be a kind of intrinsic topological insulators with Fermi levels
located at the band gap. Such materials can be suitable for
investigating the quantum transport properties and carrier
dynamics.46−49

In this study, a high-quality intrinsic topological insulator,
the BiSbTeSe2 single crystal, was grown by the melting
method. The high quality could avoid the harmful effects of
defects and grain boundaries, while the intrinsic property could
be beneficial for exhibiting the contribution of surface states in
the device. Using the above crystal as the work electrode, a
DNA biosensor was designed and fabricated with high
sensitivity and selectivity for the determination of the HIV
gene. Differential pulse voltammetry (DPV) was carried out to
investigate the sensitivity, selectivity, and stability of the
biosensors. The results indicate that BiSbTeSe2 based
biosensors can achieve a detection limit of 1.07 × 10−15 M.
It also has a wide linear response range, high selectivity, and
excellent stability, which make the topological insulator a good
candidate for a biosensor electrode material.
The work principle of the DNA biosensor preparation is

described in Scheme 1. Initially, a mm-scale thin layer of
BiSbTeSe2 single crystal was exfoliated by a stick and insulator
tape. The schematic diagram of the surface states of BiSbTeSe2
is shown in Figure S1. Then the gold particles (AuNPs) were
sputtered on the surface of the BiSbTeSe2 to improve the
connection between BiSbTeSe2 and DNA. Subsequently, the
thiol-modified single-stranded DNA capture probe was
immobilized on the AuNPs/BiSbTeSe2 with a Au−S bond.
Thus, a DNA biosensor based on the topological insulator was
constructed to determine the target DNA. By using the
electrochemical impedance spectroscopy (EIS) or differential
pulse voltammetry (DPV) method, it is possible to identify
whether the probe DNA could capture the right target DNA
selectively or not. Thus, a sensitive biosensor was considered
to be successfully constructed for detecting target DNA like
the HIV gene, which had a potential application for disease
determination and clinical analysis.

2. EXPERIMENTAL SECTION
2.1. Oligonucleotides and Reagents. The phosphate buffer

saline (PBS, pH 7.4) was purchased from Biomed (Beijing, China).
The Tris-EDTA (TE) buffer solution (10 mM Tris−HCl, 1.0 mM
EDTA, pH = 8.0) was purchased from Solarbio Bioscience &
Technology Co., Ltd. (Beijing, China). Potassium hexacyanoferrate-
(III) (K3[Fe(CN)6], ≥99.5%) and potassium hexacyanoferrate(II)
(K4[Fe(CN)6], ≥99%) were purchased from Macklin. All oligonu-

cleotides used in the experiment were synthesized by Sangon Biotech
Inc. (Shanghai, China). Ultrapure water (resistivity of 18.2 MΩ·cm)
was used in all of the experiments. Bi (99.997%, Alfa Aesar), Sb, Se,
and Te chunks (99.999%, Alfa Aesar) were used to grow the
BiSbTeSe2 single crystal. All chemicals used in this work were of
analytical reagent grade. The stock solution of DNA was prepared in a
TE buffer solution (10 mM Tris−HCl, 1.0 mM EDTA, pH = 8.0). All
solutions and oligonucleotide were kept at 4 °C in a refrigerator.

The DNA oligonucleotides of the HIV gene were synthesized by
Shanghai Sangon Bioengineering Limited Company (China), and the
base sequences are shown below:

Single-stranded DNA (ssDNA): 5′-SH-(CH2)6-AGT CAG
TGT GGA AAA TCT CTA GC-3′
Target complementary DNA (tDNA): 5′-GCT AGA GAT
TTT CCA CAC TGA CT-3′
One-base mismatched DNA (Mis1): 5′-GCT AGA GAT TTT
CAA CAC TGA CT-3′
Two-base mismatched DNA (Mis2): 5′-GCT CGA GAT TTT
CAA CAC TGA CT-3′
Three-base mismatched DNA (Mis3): 5′-GCT CGA GAT
TTT CAA CAC GGA CT-3′
Noncomplementary DNA (Nc): 5′-TAG CCG AGC GGC
TTC AGT GAC AG-3′

2.2. Instruments. The BiSbTeSe2 single crystal was grown by
using a muffle furnace (KSL-1200X). The surface morphologies were
characterized by a scanning electron microscope (SEM, ZEISS
Gemini SEM 360). The high-resolution high-angle annular dark field
scanning transmission electron microscope (HAADF-STEM) image
was obtained under a Cs-corrected STEM (ThermoFisher, Themis Z)
operated at 200 kV with a convergence semi-angle of 25 mrad. The
crystalline phase of BiSbSeTe2 was featured by X-ray diffraction
(XRD, Bruker D8 Advance). The surface chemical composition was
analyzed by an X-ray photoelectron spectroscope (XPS, PHI
Quantera II) with an Al Kα monochrome X-ray (hν=1486.6 eV)
source. All the binding energies of the XPS spectra were calibrated by
using the C 1s peak (284.8 eV). The surface roughness was measured
by using an atomic force microscope (AFM, Bruker Multimode 8)
with tapping mode under ambient conditions. The electrical
properties were measured by using a physical property measurement
system (PPMS, Quantum Design Dynacool-14). An integrated ion
sputtering/thermal evaporation coating system (Quorum, Q150R ES)
was used to provide gold particles.

2.3. Preparation of BiSbTeSe2. High-quality single crystals of
BiSbTeSe2 were grown using pretreated Bi, Sb, Se, and Te chunks
(99.999%, Alfa Aesar) as starting materials. To obtain these crystals,
stoichiometric mixtures of elements were melted at 850 °C for 48 h in
an evacuated sealed quartz tube accompanied with shaking of the tube
followed by slow cooling at a rate of 5 °C/h to 550 °C. Shiny plates
could be cut out from the obtained crystals.

Scheme 1. Schematic Diagram of the Preparation Process of the Electrochemical DNA Biosensor Based on BiSbTeSe2
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2.4. Preparation of the AuNPs/BiSbTeSe2 Electrode. A mm-
scale thin layer of the BiSbTeSe2 single crystal was exfoliated by a
stick and insulator tape. Then the sputtering current of the integrated
ion sputtering/thermal evaporation coating system was set as 23 mA
and sputtering time was set as 10 s. Finally, the obtained thin layer of
BiSbTeSe2 single crystal was placed on the integrated ion sputtering/
thermal evaporation coating system to prepare the AuNPs/BiSbTeSe2
electrode.
2.5. Immobilization and Hybridization of DNA. The TE (10

μL, pH = 8.0) buffer solution containing ssDNA probes (1.0 × 10−7

M) was pipetted onto the AuNPs/BiSbTeSe2 electrode, incubated
overnight at 4 °C, and rinsed with the TE (pH = 8.0) buffer solution
to remove the unimmobilized ssDNA. Thus, the probe-captured
electrode was denoted as the ssDNA/AuNPs/BiSbTeSe2 electrode.
Subsequently, 10 μL of the TE (pH = 8.0) buffer solution containing
tDNA was pipetted onto the probe-modified electrode. After
incubation at 37 °C for 2 h, the TE (pH = 8.0) buffer solution was
used to rinse the electrode to remove the unhybridized tDNA. The
hybridization process of the probe modified electrode with Mis1,
Mis2, Mis3, and Nc was the same as the above steps.
2.6. Electrochemical Measurements. All electrochemical

experiments were carried out using a CHI 650E electrochemical
workstation (Chenhua Instruments Co., Shanghai, China) at room
temperature by using a conventional three-electrode system
comprising a platinum wire auxiliary electrode, KCl-saturated Ag/
AgCl reference electrode, and BiSbTeSe2 working electrode. The
involved electrochemical analysis methods included differential pulse
voltammetry (DPV), cyclic voltammetry (CV), and electrochemical
impedance spectroscopy (EIS). The supporting electrolyte solution
was 0.1 M PBS (pH = 7.4) containing 0.1 M KCl and 10 mM
[Fe(CN)6]

3−/4−. Differential pulse voltammetry (DPV) signals were
measured by using parameters as follows: pulse step, 4 mV; pulse
amplitude, 50 mV; pulse width, 0.05 s; and pulse period, 0.5 s. A
cyclic voltammetry (CV) scan from −0.2 to 0.6 V was performed at a
scan rate of 50 mV/s, and electrochemical impedance spectroscopy
(EIS) was recorded with the frequency ranging from 0.1 Hz to 100
kHz at an amplitude of 5 mV.

3. RESULTS AND DISCUSSION

3.1. Characterization of the BiSbTeSe2 and AuNPs/
BiSbTeSe2. Figure 1A shows a SEM image of the BiSbTeSe2.

Elemental mapping of the BiSbTeSe2 (Figure 1B) exhibits that
Bi, Sb, Te, and Se were all uniformly distributed throughout
the BiSbTeSe2 crystal. Several distinguished diffraction peaks,
which correspond to (003), (006), (009), (0012), (0015),
(0018), and (0021), confirm the pure phase of BiSbTeSe2
(Figure S2). The small sheets were exfoliated from the
BiSbTeSe2 single crystal for the observation of the scanning
transmission electron microscope (STEM). The high-reso-
lution STEM image (Figure 1C) and the FFT inset (top right)
reveal that the prepared BiSbTeSe2 crystal has a quite high
quality without any defect. The crystal structure of BiSbTeSe2
is shown in Figure S3. Electrical measurements were
performed on BiSbTeSe2 single crystals to identify their
semiconductor properties. Figure 1D shows the temperature-
dependent longitudinal resistivity ρxx. With decreasing temper-
ature, the samples roughly undergo an increase in ρxx at the
temperature range of 2−300 K. The curve of ρ(T) can be
explained by the thermal activation model, which indicates an
active energy of 10 meV. Such temperature-dependent
behavior demonstrates the intrinsic electric properties of
BiSbTeSe2 crystals.
The surface chemical compositions of the AuNPs/

BiSbTeSe2 were evaluated by X-ray photoelectron spectrosco-
py (XPS) measurement. Figure 2A shows the XPS survey scan

including the elements Au, Bi, Sb, Te, and Se, and the inset is
the core level of C 1s with peak correction to 284.8 eV. In
Figure 2B, Au 4f7/2 and Au 4f5/2 were observed at 84.2 and
87.9 eV, respectively, suggesting a Au0 state existing on the
obtained AuNPs/BiSbTeSe2.

50,51 In Figure 2C, Bi 4f7/2 and Bi
4f5/2 are split into two components and located at 158.2 and
159.5 eV and 163.5 and 164.8 eV, respectively. The Bi
component with higher binding energy might be related to
some possible oxides. Anyway, such oxides can only exist on
the surface of the sample. By slightly sputtering with Ar ion,
those oxides completely disappeared as shown in Figure S4. In
Figure 2D, the peaks located at 530.8 and 540.2 eV are
attributed to Sb 3d5/2 and Sb 3d3/2, respectively. The peak
intensity of Sb 3d5/2 is obviously larger than that of Sb 3d3/2,

Figure 1. (A) SEM image of the BiSbTeSe2. (B) Elemental mapping
of the BiSbTeSe2, including Bi, Sb, Te, and Se. (C) STEM image of
the BiSbTeSe2. Inset is the FFT image of panel C. (D) Temperature-
dependent ρxx of the BiSbTeSe2.

Figure 2. XPS spectra of the AuNPs/BiSbTeSe2 surface: (A) survey
scan spectrum (inset: spectra of C 1s); core levels of (B) Au 4f, (C)
Bi 4f, (D) Sb 3d, (E) Te 3d, and (F) Se 3d.
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which is due to the overlap with the O 1s peak (532.3 eV). The
peaks of Te 3d5/2 and Te 3d3/2 are located at 572.8 and 576.4
eV and 583.2 and 586.8 eV (Figure 2E), respectively. The Te
components with higher binding energy may also correspond
to oxides. Figure 2F illustrates the core levels of Se with a
broad peak at 54.4 eV that belongs to the Se 3d level and can
be further deconvoluted into two peaks: 54.0 eV for 3d5/2 and
54.8 eV for 3d3/2, respectively. All these results demonstrate
the successful preparation of AuNPs/BiSbTeSe2.
3.2. Electrochemical Biosensing Platform. The surface

modification process of the working electrode was charac-
terized by an atomic force microscope (AFM). As shown in
Figure 3A, we could find that the surface of the BiSbTeSe2

electrode is smooth with a surface mean roughness (Ra) of
0.075 nm and a surface root mean square roughness (Rq) of
0.094 nm. After gold nanoparticles are sputtered on the surface
of the BiSbTeSe2 electrode (Figure 3B), the electrode surface
becomes rough with Ra of 0.32 nm and Rq of 0.41 nm. The
actual size of the gold particles is obtained by the SEM image
(Figure S5). In the presence of ssDNA (Figure 3C), single-
stranded DNA is self-assembled to the electrode surface via the
formation of the Au−S bond. Figure S6 shows the three-
dimensional height maps of the modified electrodes. As a
result, a dense and towering morphology of the electrode
surface is observed with Ra of 0.75 nm and Rq of 0.92 nm.
To investigate the surface properties of modified electrode,

cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) were used to probe the features of
surface-modified electrodes. Figure 3D shows the CV curves
of various modified electrodes in PBS (pH = 7.4) containing
10 mM [Fe(CN)6]

3−/4− and 0.1 M KCl. The CV curve of the
BiSbTeSe2 electrode (curve a) shows small redox peak current.
However, the CV curve of the AuNPs/BiSbTeSe2 electrode
(curve b) displays a pair of distinct redox peaks, illustrating the
fast electron transfer of [Fe(CN)6]

3−/4− on the modified
electrode surface. After the single-stranded DNA is immobi-

lized, the peak current of [Fe(CN)6]
3−/4− at the ssDNA/

AuNPs/BiSbTeSe2 electrode (curve c) becomes lower than
that of the AuNPs/BiSbTeSe2 electrode (curve b). The
distance between the oxidation and reduction peaks increases.
As the negative charges of phosphoric acid groups on the
single-stranded DNA restrict the diffusion of electronegative
[Fe(CN)6]

3−/4− from the electrolyte toward the modified
electrode surface, the decreased peak current reveals that the
single-stranded DNA is successfully immobilized on the surface
of AuNPs/BiSbTeSe2 by Au−S bonds. Then, with the
modification of MCH, the peak current decreases slightly by
about 2.8% in the DPV curve (Figure S7). When the single-
stranded DNA is hybridized with the target complementary
DNA, the increased negative charges on the surface of the
working electrode further attenuate the redox current (curve
d).
EIS is a powerful and helpful method for evaluating the

electrode interface feature modification. The corresponding
Nyquist plots are illustrated in Figure 3E. All EIS tests were
carried out under an open-circuit potential. A classic Randles
equivalent circuit was used to fit the semicircle features of
Nyquist plots. The charge-transfer resistance (Rct) was
extracted from the fitting results, which reveal the surface
characteristics of the modified electrode. The BiSbTeSe2
electrode (curve a) displays an electron transfer resistance
(Rct) of about 940 kΩ. The AuNPs/BiSbTeSe2 electrode
(curve b) shows an electron transfer resistance (Rct) of about
6.64 kΩ, which confirms the good electron transfer perform-
ance with gold nanoparticles. However, the ssDNA/AuNPs/
BiSbTeSe2 electrode (curve c) has a quite high Rct value of
12.2 kΩ compared to the AuNPs/BiSbTeSe2 electrode,
manifesting that ssDNA successfully self-assembled onto the
surface of the AuNPs/BiSbTeSe2 electrode via Au−S binding.
The significant increase of Rct is due to the phosphate
backbone of the self-assembled ssDNA with negative charges,
which produces an electrostatic repulsion force to anionic
[Fe(CN)6]

3−/4− and prevents the diffusion of [Fe(CN)6]
3−/4−

toward the surface of the electrode. Subsequently, in the
presence of the target complementary DNA, the Rct of the
tDNA/ssDNA/AuNPs/BiSbTeSe2 electrode is further in-
creased to 55.2 kΩ (curve d). The increased Rct is caused by
the higher accumulation of negative charges on the electrode
surface with the formation of the double-stranded DNA, which
further restricts the diffusion of [Fe(CN)6]

3−/4− onto the
electrode surface. CV and EIS data are consistent with each
other. All these results demonstrate that the DNA biosensor
has been successfully constructed according to Scheme 1.

3.3. Analytical Performance of the Electrochemical
DNA Biosensor. Under the optimal experimental conditions
(Figure S8), the relationship between the DPV and the
concentration of target complementary DNA is shown in
Figure 4. The DPV peak currents decrease with the increasing
concentration of target DNA (Figure 4A). The plot of the
DPV peak current vs the logarithm of target DNA
concentration shows a linear relationship in the detected
range from 1.0 × 10−13 to 1.0 × 10−7 M, and the
corresponding linear calibration equation is ip = −3.80 −
3.03 × lg C (ip is the peak current (μA) and C is the
concentration of the target complementary DNA (mol/L))
and the linear correlation coefficient R2 = 0.984 (Figure 4B).
The low detection limit of this method is calculated to be 1.07
× 10−15 M according to the 3σ rule. Compared with other
reported electrochemical DNA biosensors (Table 1), the

Figure 3. AFM images and electrochemical performance for the
changes of interfacial properties of each immobilization step: (A) pure
BiSbTeSe2, (B) depositing gold on the surface of the BiSbTeSe2 sheet,
and (C) ssDNA modified electrode. The CV (D) and EIS (E)
measurements of the modified electrodes in 0.1 M PBS (pH = 7.4)
contained 0.1 M KCl and 10 mM [Fe(CN)6]

3−/4−: (a) BiSbTeSe2,
(b) AuNPs/BiSbTeSe2, (c) ssDNA/AuNPs/BiSbTeSe2, and (d)
tDNA/ssDNA/AuNPs/BiSbTeSe2. The target complementary DNA
concentration was 1.0 × 10−8 M.
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proposed biosensor has a wide linear range and relatively low
detection limit. Moreover, this assay of preparing DNA
biosensors is label-free. Figure 4C displays the DPV peak
currents of the ssDNA/AuNPs/BiSbTeSe2 before (blank) and
after hybridization with the one-base mismatched DNA
(Mis1), two-base mismatched DNA (Mis2), three-base
mismatched DNA (Mis3), noncomplementary DNA (Nc),
and target complementary DNA (tDNA). Compared to that

from the original ssDNA, the currents measured on Nc and
Mis3 decrease slightly by about 5.6 and 9.7%, respectively. The
DPV currents decrease by about 13.2% on Mis2 and 17.8% on
Mis1, respectively. As a contrast, the DPV peak current of the
tDNA decreased by about 44.03%. These DPV signals indicate
that the method has excellent selectivity and can distinguish
between complementary sequences and different DNA
sequences. For stability testing, the electrochemical DNA
biosensors were stored at 4 °C for 7 days. Afterward, the
current response was very stable with only a slight signal
degradation (about 2.1%, shown in Figure 4D), indicating the
excellent stability of the TI based DNA biosensor in this work.
What’s more, the reproducibility was monitored by detecting a
tDNA of 1.0 × 10−8 M with six different ssDNA/AuNPs/
BiSbTeSe2 electrodes. The relative standard deviation (R.S.D.)
was estimated to be 1.6% (Figure S9). From Figure S10, it
could be seen that the DNA sensor had high selectivity in the
real sample.
In one word, the above results demonstrate that the

biosensors based on BiSbTeSe2 are suitable for the quantitative
determination of target complementary DNA concentration
with high sensitivity, selectivity and stability.

4. CONCLUSIONS
In conclusion, we developed a label-free electrochemical DNA
biosensor based on the intrinsic topological insulator
BiSbTeSe2 for HIV gene determination. The robust surface
states of BiSbTeSe2 may enhance the stable and sensitive
electron transport between the electrode and electrolyte
interface. As a result, the biosensors based on BiSbTeSe2
exhibited a detection limit of 1.07 × 10−15 M, with a wide
linear dynamic range from 1.0 × 10−13 to 1.0 × 10−7 M.
Additionally, the biosensors showed good selectivity by
distinguishing different mismatched DNA strands. Meanwhile,
they also demonstrated a good stability after 1 week storage.
This work offers a new path to develop sensitive biosensors
based on topological insulators for the rapid and effective
detection of target DNA sequence.
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× 10−7
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10−15
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aGS: graphite sheet; rGO: reduced graphene oxide; DPV: differential
pulse voltammetry; CNT: carbon nanotubes; PVA: polyvinyl alcohol;
EIS: electrochemical impedance spectroscopy; SWV: square wave
voltammetry; GE: gold electrode; ECL: electrochemiluminescence;
ITO: indium tin oxide; PEC: photoelectrochemical.
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