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monitoring, food analysis, and diagnosis 
owing to their simplicity, fast response, 
low cost, and high sensitivity.[1] Hydrogen 
peroxide (H2O2), an important biomarker 
of the major reactive oxygen species, 
is related to various bodily disorders 
including asthma, Alzheimer’s disease, 
cancer, and inflammatory arthritis;[2,3] 
therefore, a rapid and selective detection 
of the H2O2 level at a very low concen-
tration is demanding. Various detection 
methods have been developed such as 
chromatography,[4] titrimetry,[5] chemilu-
minescence,[6] spectrophotometry,[7] fer-
rous oxidation-xylenol orange assay,[8] and 
electrochemistry.[9] Among them, enzyme-
based electrochemical H2O2 biosensors 
are demonstrated as the most suitable 
and effective tools owing to their low cost, 
simple design, high sensitivity, and selec-
tivity; however, they are still restricted to 
complicated immobilization process and 
relatively low stability.[10,11] It has been 
proved that the incorporation of biomole
cules such as metalloproteins with nano-
structured solid electrodes can amplify the 
electron-transfer rate between the nano

biofilm and the solution interface, giving rise to the develop-
ment of several sensitive electrochemical biosensors.[12–15] 
Although, despite the 3D structure of metalloprotein that 
results in its effective immobilization onto the solid electrodes, 
the number of metal ions (electroactive prosthetic groups) is 
limited to the number of proteins.

For the development of high-performance H2O2 biosensors, 
the employment of an electrode with a large effective area, a 
high electron conductivity to facilitate the interfacial charge 
transfer, and a robust stability for the provision of reliable 
results are crucial. Several types of nanomaterials including  
the transition metals,[16] carbon nanotube,[17] and graphene[18] 
have been used for the electrocatalytic detection of H2O2 due to 
their large surface-to-volume ratio and remarkable electrical and 
electrochemical properties. Recently, as newly emerged exotic 
materials, topological insulators (TIs) have attracted intensive 
interest from various interdisciplinary research fields.[19–21] Due 
to their strong spin-orbit coupling, TIs represent a new phase of  
quantum matters with semiconducting bulk and surface states 

A newly developed electrochemical biosensor composed of a topological 
insulator (TI) and metallic DNA (mDNA) is fabricated. The bismuth selenide 
nanoparticle (Bi2Se3 NP) is synthesized and sandwiched between the gold 
electrode and another Au-deposited thin layer (Bi2Se3@Au). Then, eight-
silver-ion mediated double-stranded DNA (mDNA) is immobilized onto 
the substrate (Bi2Se3@Au-mDNA) for the further detection of hydrogen 
peroxide. The Bi2Se3 NP acts as the electrochemical-signal booster, while 
unprecedentedly its encapsulation by the Au thin layer keeps the TI surface 
states protected, improves its electrochemical-signal stability and provides an 
excellent platform for the subsequent covalent immobilization of the mDNA 
through Au–thiol interaction. Electrochemical results show that the fabricated 
biosensor represents much higher Ag+ redox current (≈10 times) than those 
electrodes prepared without Bi2Se3@Au. The characterization of the Bi2Se3@
Au-mDNA film is confirmed by atomic force microscopy, scanning tunneling 
microscopy, and cyclic voltammetry. The proposed biosensor shows a 
dynamic range of 00.10 × 10−6 m to 27.30 × 10−6 m, very low detection limit 
(10 × 10−9 m), unique current response (1.6 s), sound H2O2 recovery in serum, 
and substantial capability to classify two breast cancer subtypes (MCF-7 and 
MDA-MB-231) based on their difference in the H2O2 generation, offering 
potential applications in the biomedicine and pharmacology fields.

1. Introduction

The electrochemical biosensors are the powerful analytical 
devices in the numerous fields of medicine, environmental 
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or conducting edges, and they are immune to small time-
reversal perturbations such as backscattering, crystal disorders, 
and nonmagnetic impurities.[22–24] The TI surface states provide 
a 2D Dirac system out of a bulk material that is observed in 
only the graphene atomic monolayer.[25] Also, the preservation 
of the electron-state coherence up to room temperature have 
made these materials serious rivals for graphene.[25]

Bismuth selenide (Bi2Se3), a so-called 3D TI, has exhibited 
very promising properties like Dirac plasmons,[25] thermo-
electric behavior,[26] photothermal-conversion ability,[27] and 
unique electrical conductivity because of the existence of a 
single-surface Dirac cone and a six-valley degeneracy.[28,29] Pos-
sessing a sound biocompatibility, Bi2Se3 has been employed 
for clinical applications such as cancer radiation therapy and 
imaging,[30,31] as well as biomarker detection and diagnosis in 
the forms of nanoparticles (NPs) and nanosheets.[32–34] Bi2Se3 
has also shown significant electrochemical catalytic proper-
ties that provides a highly effective platform for the develop-
ment of different types of electrochemical biosensors.[33] An 
electrochemical-signal enhancement with the aim of reducing 
the background signal and increasing the reproducibility is 
vital for biosensors for the precise detection of biomarkers. It 
is worth noting that, the TI capability for the suppression of the 
backscattering and the fluctuation of the spin-polarized charge 
that is carried on the surface states[35] could lower the electronic 
noise,[36] thereby resulting in a signal-to-noise ratio enhance-
ment for the development of credible TI-based biosensors with 
very low detection limits. Although, with major nanotechnology 
support, the TI properties have been boosted remarkably,[37–40] 
but the direct utilization of the TIs into biotechnological appli-
cations is still challenging because of the difficulties regarding 
the surface functionalization and the necessity to increase their 
sensitivity and fidelity. Consequently, the encapsulation of these 
materials with other types of inorganic or organic materials 
seems demanding.[41]

Up until the present study, only a few studies have been per-
formed for the H2O2 detection that is based on TI-biomolecule 
hybrids. Regarding H2O2 detection, the high-sensitivity values 
of 3D flower-like molybdenum disulfide (MoS2)/hemoglobin[42] 
and hemoglobin-mediated flower-like Bi2Se3

[43] have been 
reported; although, they are limited by a high detection limit, 
narrow dynamic range, high response time (>10 s), and low 
biomolecule-conjugation efficiency. Recently, MoS2-encap-
sulated graphene oxide was also reported by the authors 
regarding an amplification of the H2O2-detection process that 
is based on the redox behavior of the myoglobin.[41] A more 
detailed comparison that is besides a number of the notable 
reported studies is also provided in Table S1 (Supporting 
Information).

To address the previously mentioned issues, an ultra-fast, 
sensitive, simply designed, and reliable H2O2 biosensor com-
posed of a Bi2Se3-sandwiched Au thin film (Bi2Se3@Au) that 
has been immobilized by metallic DNA (mDNA) is presented 
here, which is subsequently called Bi2Se3@Au-mDNA in 
this article. The mDNA consisted of an optimized eight-Ag+-
inserted dsDNA (C-8Ag+-C) which compared to the metal-
loproteins, each mDNA harbored eight metal ions to offer 
higher sensitivity and stability. It should be noted that, Ag+ ion 
can be easily intercalated between the cytosine–cytosine (C-C)  

mismatches of the DNA duplex to stabilize the structure.[44] 
Also for the first time, synthesized Bi2Se3 NPs as the electro-
chemical-signal enhancers were sandwiched between the gold 
electrode surface and a thin layer of thermal-evaporated Au. 
This resulted in robustness enhancement of the electrode to 
avoid Bi2Se3 NPs dissolution into the electrolyte followed by an 
excellent reproducible electrochemical signal, also, provided a 
nanostructured surface with a high porosity, whereby its readi-
ness for the Au–thiol covalent bonding between the electrode 
and the biomolecules was established. In addition, with the help  
of scanning tunneling spectroscopy (STS) analysis, we observed 
that the thickness of Au deposited thin layer had a big impact 
on the retaining of Bi2Se3 surface states which enabled us to 
keep the peculiar electrochemical features of Bi2Se3 NPs. 
The mDNA was immobilized onto the substrate through the  
Au–thiol interaction, thereby offering a discrete electrochemical 
signal that is the result of the H2O2 reduction caused by the 
reversible conversion of Ag2+ to Ag+. An unprecedented ultra-
fast response time of 1.6 s, along with a very low detection limit 
of 10 × 10−9 m, was observed on the fabricated electrode. The 
fast current response, however, could be ascribed to the sharp 
redox signals of the Ag+ ion and the low ΔEp of 66 mV that 
resulted in a high electron-transfer rate across the structures; 
also, the Bi2Se3 NPs played a significant role in the repression 
of the backscattering effects of the charge carriage, as well as 
the increasing of the charge mobility between the interfaces. 
The developed biosensor also showed a sound H2O2 recovery 
(98.1% to 103.6%) in serum with a remarkable ability to distin-
guish between two breast cancer subtypes (MCF-7 and MDA-
MB-231) based on the amount of H2O2, generated by each cell 
lines upon the phorbol 12-myristate 13-acetate (PMA) induc-
tion. In this study, cyclic voltammetry (CV) and amperometric 
(i–t) techniques were used for the measurements of the electro-
catalytic reduction of H2O2. Figure 1 shows the synthesis and 
analysis methods of the Bi2Se3@Au electrode (upper panel) 
and the proposed Bi2Se3@Au-mDNA biosensor performance 
(bottom panel).

2. Results and Discussions

2.1. Conformation Analysis of the Synthesized Bi2Se3 
Nanoparticles

A morphological study of the as-prepared Bi2Se3 NPs was  
investigated using transmission electron microscopy (TEM) 
(Figure 2a,b). The size and shape of the NPs were deter-
mined from the TEM image of the as-synthesized Bi2Se3 
NPs. The high-resolution TEM image (Figure 2c) confirmed 
the presence of hexagonal lattice fringes of Bi2Se3 NPs with 
the lattice spacing of 0.208 nm corresponding to the [110] 
planes. Also energy dispersive X-ray spectroscopy (EDS) 
mapping in Figure 2c reveals a well distribution of Bi and 
Se inside the NP structure. The EDS analysis of the Bi2Se3 
NPs in Figure S1 (Supporting Information) also indicates 
that only Bi and Se can be detected besides the C, Cu, and 
Cr signals in the grid that is used for the TEM measurement. 
The atomic ratio of the Bi and Se was 0.4:0.6, which is very 
close to the Bi2Se3 phase.
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The measurement of the particle-size distribution of the  
sonicated Bi2Se3 nanocrystals was performed using dynamic 
light-scattering technique via a laser-input energy of 632 nm 
(Figure 2d). The as-prepared sample showed a wide size dis-
tribution, and its particle distribution that is between 16 and  
35 nm comprises an average distribution of 23.06 nm.

Figure 2e shows the X-ray powder diffraction (XRD) pat-
tern of the as-prepared Bi2Se3 NPs, where all of the diffrac-
tion peaks can be readily indexed to the hexagonal structure 
of the Bi2Se3, which is in a good agreement with the literature 
values (JCPDS 33-0214). The XRD pattern of the as-synthe-
sized Bi2Se3 NPs shows major peaks at the 2 values of 29.2, 
44.2, 53.8, 72.2, and 78.5 that correspond to the reflections of 
the (015), (110), (205), (125), and (2110) planes, respectively. 
For the other impurities, characteristic peaks are not evident, 
indicating a high product purity.

The optical-absorption spectra of the Bi2Se3 have been 
studied at room temperature in the wavelength region of  
300–850 nm. Figure 2f shows the optical-absorption spectrum 
of the Bi2Se3-NP suspensions in the water–dimethylformamide 
mixture. The absorption for the as-prepared Bi2Se3 NPs was 
found in the region of 450–470 nm, resulting in a band gap of 
>2.7 eV, which is similar to those that have been reported for 
the Bi2Se3 NPs.

2.2. Surface Characterization of the Layer-by-Layer Formation  
of the Bi2Se3@Au-mDNA Using Atomic Force Microscopy 
(AFM) and Electrochemical Impedance Spectroscopy (EIS)

Prior to the surface characterization, the successful formations 
of DNA duplexes were tested by performing polyacrylamide gel 
electrophoresis and melting temperature analysis; from which 
the duplexes with eight C– Ag+–C modification (mDNA) were 
observed to be more stable (details in Section S.1 and Figure S2,  
Supporting Information). The structure formation of the 
Bi2Se3@Au electrode and the further immobilization of the 
mDNA were confirmed using AFM and EIS methods (Figure 3).  
As shown in Figure 3, a clear discrimination is presented 
between the bare-Au electrode (Figure 3a) and the Au electrode 
after the Bi2Se3 NPs assembly (Figure 3b). The blurry mor-
phological image that is evident in Figure 3c is a result of the 
thermal evaporation of a few Au nanometers for 10 min onto 
the Bi2Se3 NPs following an increase of the lateral sizes of 
NPs. Figure 3d illustrates the topological image of the whole 
fabricated biosensor structure in which the mDNA is effec-
tively immobilized on the Bi2Se3@Au film due to the Au–thiol 
bonding.

The EIS measurement was also employed in order to further 
investigate the layer-by-layer formation of Bi2Se3@Au-mDNA 
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Figure 1.  Schematic diagram of the fabrication process of Bi2Se3@Au-mDNA electrode, and its electrical and electrochemical behavior and the  
constitution for the electrochemical detection of H2O2.
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Figure 2.  Conformation analysis of the Bi2Se3 NPs. a) TEM image, b) high-resolution TEM image, c) EDS mapping images of Bi2Se3 NP and high 
magnitude TEM image for the lattice structure analysis, d) particle size distribution, e) XRD pattern, and f) UV–vis spectra of the as-prepared 
Bi2Se3 NPs.

Figure 3.  Structure characterization of the nanobiofilm. AFM picture of a) bare gold electrode, b) Bi2Se3 centrifuge assembled on bare gold,  
c) Bi2Se3 centrifuge assembled on bare gold following by Au deposition (Bi2Se3@Au) using physical vapor deposition method for 10 min, d) 8 silver 
ions intercalated DNA (mDNA) which is self-assembled on Bi2Se3@Au to become Bi2Se3@Au-mDNA; black arrows show the location of DNAs; 
Scale bar: 200 nm; e) Nyquist plots (Z′ vs. −Z″) obtained for bare gold electrode, Bi2Se3@Au, Bi2Se3@Au-ssDNA, Bi2Se3@Au-mDNA, and Bi2Se3@
Au-dsDNA; the inset shows the Randles equivalent circuit model. All the experiments were performed in PBS buffer (pH 7.4) containing 5 × 10−3 m  
Fe (CN)6

4−/3−.
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electrode. EIS is an effective method for the characterization 
of self-assembly monolayer of biomolecules onto the electrodes 
and to better understand the electron transfer kinetics between 
the interfaces during the modification process. The semicircular 
diameter of the Nyquist plot at higher frequencies corresponds 
to the charge-transfer resistance (Rct) and the variation of Rct is 
attributed to the different modifications of electrodes (Figure 3e).  
For our experiments, all the measurements were done in 
a closed Faraday cage and a conventional three-electrode 
system at the potential and the AC amplitude of 5 mV in 
the frequency range of 100 kHz to 0.1 Hz in the phosphate 
buffered saline (PBS) buffer (pH 7.4) containing 5 × 10−3 m 
[Fe(CN)6]3-4− redox probe. The data was fitted with Randle’s 
model (Figure 3e, inset) where RS is the solution-phase resist-
ance, Cdl is the double-layer capacitance, and ZW is the War-
burg impedance. According to the obtained Nyquist plots, a 
semicircular diameter of Rct ≈ 1473.3 Ω was observed for the 
bare electrode and was increased to ≈1651.5 Ω after being 
modified by Bi2Se3 NPs which was deposited by Au for 10 min.  
This may have occurred due to the presence of Bi2Se3 NPs 
which slowed down the charge-transfer rate between the redox 
probe and Au electrode. After immobilization of the Bi2Se3@Au 
electrode with the thiolated-ssDNA (Bi2Se3@Au-ssDNA) the Rct 
further increased to ≈1846.1 Ω due to the imposition of extra 
resistance to the electrode which decreased the charge-transfer 
rate between the interfaces and the solution also the negative 
backbone of the ssDNA might electrostatically repel the nega-
tively charged redox probe (Fe(CN)6

3-4−). The Rct became greater 
to ≈2120.4 Ω upon the hybridization of the modified electrode 
with complementary DNA strand (Bi2Se3@Au-dsDNA). This 
may attributed to the poor conductivity of the nucleic acids as 
well as their intrinsic negative charge to hinder the electron 
transfer between the interfaces and the redox probe. Interest-
ingly, when the Bi2Se3@Au-ssDNA electrode was hybridized by 
the 8 C-C mismatched complementary DNA in the presence of 
Ag+ ion (Bi2Se3@Au-mDNA), the Rct value increased slightly 
(≈1953.9 Ω) higher than the Bi2Se3@Au-ssDNA and lower 
than the Bi2Se3@Au-dsDNA showing the role of Ag+ ion in the 
enhancement of charge-transfer rate between the redox probe 
and the modified electrode. Therefore, the obtained EIS results 
alternatively confirmed the structural formation of the Bi2Se3@
Au-mDNA modified electrode.

2.3. Electrical Analysis of Bi2Se3@Au-mDNA Using Scanning 
Tunneling Microscopy (STM) and STS

To further investigate the morphology of the fabricated film 
in molecular level and also to study whether the Au depo-
sition of Bi2Se3 NP affects the electrical properties of our  
TI NP, we conducted STM and STS at room temperature. The 
current–voltage (I–V) curves were measured while the tun-
neling current was being recorded by positioning the tung-
sten tip above the samples and swiping the tip-bias voltage 
from –3 to +3 V. A topographic image and the corresponding 
I–V curves of different production steps of our modified 
electrode are provided in Figure 4. Figure 4a–c shows the 
morphological images of Bi2Se3 NPs before and after being 
deposited by Au for 10 min, respectively. Considering their 

corresponding cross section curves, the vertical distance 
between the bare gold electrode surface and the Bi2Se3 NPs 
was 6.05 ± 1.1 and 6.35 ± 0.8 nm, respectively, illustrating 
that the Au was homogenously deposited onto the whole sub-
strate. However, after Au deposition, the lateral size of the 
NPs were clearly expanded together with an increase in the 
roughness of the surface, demonstrating the successful Au 
deposition onto the NPs and gold surface. Figure 4d indicates 
the morphology of the Bi2Se3@Au-mDNA electrode. As seen 
in the magnified image and its corresponding cross section 
curves in Figure 4e, the mDNA was thoroughly immobilized 
onto the Bi2Se3 NPs and its vertical distance from Bi2Se3 NP 
and the bare gold electrode surface were calculated 7.38 ± 1.1 
and 14.2 ± 0.9 nm, respectively.

A set of experiments was conducted to evaluate the I–V his-
tograms of Bi2Se3, Bi2Se3@Au, and Bi2Se3@Au-mDNA elec-
trodes. About 250 experimental curves were extracted from at 
least three similar I–V curves of different samples after the bare 
gold electrode signal subtraction. First, the Bi2Se3 NP absorbed 
onto the bare gold electrode was examined. As seen in Figure 4f  
(the black curve), a nonlinear I–V graph was observed which 
is due to the existence of the TI Bi2Se3 NPs. Interestingly, after 
Au deposition onto the Bi2Se3 NPs for 10 min (Bi2Se3@Au), 
the I–V curve almost remained unchanged but rotating a little 
counterclockwise, tending toward the linear state (the red curve). 
In order to make sure about the phenomena we increased the 
time of the Au deposition to 20 min and conducted STS meas-
urement. As shown in Figure 4f (the blue curve), the I–V his-
togram obtained from the new modified electrode (Bi2Se3@Au2) 
dramatically turned to the linear behavior and remained linear by 
increasing the Au deposition time (data are not shown). Also for 
the less than 10 min deposition time, no significant results were 
observed. The phenomena might be due to the intrinsic behavior 
of the TIs to have their surface states protected. Therefore, in case 
of the Bi2Se3@Au electrode, no band gap opening was observed 
thus the TI surface states might remain protected.[45] As sche-
matically depicted in figure 4g, when the thickness of the depos-
ited layer of Au exceeds from the certain amount, the electrons 
tend to travel through the lowest unoccupied energy states which 
is provided by the bare gold-Au clusters interface.[14] Figure 4h 
illustrates the I–V curve of Bi2Se3@Au-mDNA as a comparison 
with the Bi2Se3 NP. A wider I–V current was observed which can 
be resulted from the wider band gap of the nucleic acids (≈3 V) 
than the Bi2Se3 (≈2.3 V). As well, a slight shift toward the highest 
occupied molecule orbital of the mDNA can be attributed to the 
nonalignment and nonspecific binding sites of the two molecules 
of mDNA and Bi2Se3. For the comparison, the I–V behavior of 
mDNA (8 Ag+ ion mediated dsDNA) on bare gold electrode, 
Bi2Se3@Au, and Bi2Se3@Au2 was tested and the results are 
shown in Figure S3 (Supporting Information). The I–V curve of 
the Bi2Se3@Au- mDNA was negatively shifted in contrast with 
the mDNA on the bare gold electrode, whereas the Bi2Se3@Au2-
mDNA displayed a similar curve with the mDNA. This results 
further illustrated that the Bi2Se3 NPs did not have influence 
on the electrical properties of the electrode, when encapsulated 
with a thick layer of Au (Bi2Se3@Au2). Nevertheless, the neces-
sity for more accurate experiments to obtain the exact band gap 
and Dirac point variations in ultra-high vacuum state is highly 
acquired and would be an interesting research to be considered.

Small 2018, 1703970
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Figure 4.  STM for morphological analysis of a) ultra-flat bare gold electrode, b) Bi2Se3, c) Bi2Se3@Au, and their corresponding cross section profiles 
at the bottom. d) Bi2Se3@Au-mDNA. e) Cross section profiles correspondent with the magnified image of Bi2Se3@Au-mDNA; the STM images were 
recorded in air with tunneling current of 1 nA and bias of 100 mV; scale bar is 10 nm. f) Current–voltage curves obtained from STS analysis at room 
temperature on Bi2Se3, Bi2Se3@Au (10 min Au deposition), and Bi2Se3@Au2 (20 min Au deposition). g) Schematic diagram of electron migration 
from substrate to the STM tip. h) Current–voltage curves obtained from Bi2Se3@Au-mDNA electrode. The measurements are limited by a 1 GΩ series 
resistor. The measured DNA molecules were topographically scanned before and after I–V measurement, to confirm whether or not the structures 
remain intact and that the STM tip position was not changed.
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2.4. Role of the Thin-Layer Au Deposition in the  
Electrochemical-Signal Stability of the Bi2Se3

To investigate the role of the Bi2Se3 on the electrochemical 
signal of the modified electrode, three sample sets of the bare 
gold electrode and the Bi2Se3 NPs immobilized onto the elec-
trode before and after being sputtered by Au (called: Bi2Se3 
and Bi2Se3@Au, respectively) were prepared and directed to 
the electrochemical cell under the same experimental condi-
tions. Compared with the bare electrode, a dramatic increase 
of the electrochemical signal of the Bi2Se3-immobilized elec-
trodes was evident (Figure 5a,b). The electrochemical signal, 
however, dropped after 20 CV cycles, and this is owing to the 
unstable physical adsorption of the Bi2Se3 NPs on the substrate 
and the subsequent wash-out and dissolution into the elec-
trolyte solution. The third sample set, after the centrifuge NP 
self-assembly and the drying-out process, was placed into the 
thermal-evaporation system for 10 min in which the substrate 
was rotating at a constant angle of 30° to provide a homogenous 
thin layer of Au clusters onto the Bi2Se3-immobilized electrodes. 
Interestingly, these samples showed the very stable electro-
chemical signals, remaining approximately steady (relative 
standard deviation (RSD) ≈ 3.2%) after 20 CV cycles (Figure 5c). 
For the comparative analysis, the 20th cycle of each modified 
substrate was chosen and plotted in Figure 5d. Both, the role of 
the Bi2Se3 NPs on the electrochemical-signal enhancement of 
the bare electrode and the role of Au deposition process on the 

electrochemical-signal stability are quite evident. The achieved 
results further confirmed the remarkable feature of the TIs 
regarding the electrochemical-signal amplification.

2.5. CV Behavior of the Layer-by-Layer Self-Assembled  
Bi2Se3@Au-mDNA Film

The layer-by-layer self-assembly of the mDNA, having redox 
behavior, were investigated using CV technique in an N2-sat-
urated 10 × 10−3 m PBS buffer at a pH of 7.4 and the scan rate 
of 0.050 V s−1. To compare the signals that were obtained from 
the different structures, a very small concentration of mDNA  
(1 × 10−12 m) with an optimized eight C-Ag+-C modification 
(details in Section S.1 and Figure S4, Supporting Information) 
was assembled onto the surface. As shown in Figure S5 (Sup-
porting Information) in the absence of the Ag+, the standard 
potential of the ssDNA occurred at ≈326 ± 5 mV (Epc ≈ 318 and 
Epa ≈ 334), while it was measured at ≈269 ± 4 mV (Epc ≈ 242 and 
Epa ≈ 296) for the dsDNA. Figure 5e illustrates the CV behavior 
of the optimized 8 Ag+ modified dsDNA (mDNA) immobilized 
on the bare gold and Bi2Se3@Au electrodes. Two pairs of quasi-
reversible redox peaks that correspond to the DNA and Ag+, 
respectively, from which the redox current peaks of both DNA 
and silver ion have been dramatically boosted when mDNA was 
immobilized onto the Bi2Se3@Au electrode. The DNA-redox  
potential was shifted and effectively separated, while very sharp 

Small 2018, 1703970

Figure 5.  The role of Bi2Se3 on electrochemical-signal enhancement. 20 cycle of cyclic voltammograms (each 2 cycles’ increments are shown) obtained 
from a) bare gold, b) Bi2Se3 before Au deposition, c) Bi2Se3 after Au deposition (Bi2Se3@Au). d) Comparison between the last 20th cycle of the three 
studied structures. e) Cyclic voltammograms obtained from bare gold-mDNA (red curve) and Bi2Se3@Au-mDNA (black curve); the DNA concentration  
was chosen 1 × 10−12 m in order to easily compare redox peaks of the species. f) Plotting the corresponding reduction peak of silver ion of mDNA 
immobilized onto the bare gold, bare gold after Au deposition, Bi2Se3@Au, and Bi2Se3@Au2; statistical data were obtained from 15 independent  
samples fabricated in identical experimental conditions.
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and distinctive redox-current peaks that resulted from Ag+ 
reduction/oxidation were observed. The standard DNA poten-
tial was measured as ≈342 ± 6 mV (Epc ≈ 232 and Epa ≈ 452),  
and the reduction and oxidation potentials for the Ag+ were 
observed at ≈−75 and ≈+54 mV, respectively, which corre-
sponds to the Ag+/Ag2+ redox activity of mDNA. Figure 5f 
shows the comparative statistical data of the silver ion reduc-
tion current obtained from the mDNA immobilized onto bare 
gold, bare gold after Au deposition, Bi2Se3@Au, and Bi2Se3@
Au2. As seen, compared to the bare gold-mDNA, the bare elec-
trode after being Au-deposited for 10 min and subsequent 
immobilization of mDNA showed higher reduction current 
of silver ion (≈2 times) because of the large surface area pro-
vided by the Au clusters. In case of the Bi2Se3@Au-mDNA, 
the reduction current of silver ion was enhanced by ≈10 times 
comparing to the result of the bare gold-mDNA. The results 
truly confirmed the effective immobilization of the mDNA 
on the modified electrode as well as the role of Bi2Se3@Au 
in the electrochemical-signal enhancement, also a control-
lable and efficient electron transfer between the mDNA and 
the Bi2Se3@Au substrate was revealed. The significant drop in  
the reduction current of mDNA immobilized onto the Bi2Se3@
Au2 electrode declared that the thickness of Au clusters has a 
big impact not only on the electrical behavior but also on the 
electrochemical behavior of the TI Bi2Se3 NPs. As a result,  
the Bi2Se3@Au-mDNA modified electrode was employed for 
the further experiments.

2.6. Analysis of the Redox Behavior of the mDNA and the Electron- 
Transfer Rate of the Bi2Se3@Au-mDNA Modified Electrode

The CV studies on the Bi2Se3@Au-mDNA were conducted in 
N2-saturated 10 × 10−3 m PBS with a pH of 7.4 at different scan 
rates (υ), from 0.050 to 0.090 V s−1. Figure 6a demonstrates that 
the increasing of the scan rate from 0.050 to 0.090 V s−1 led to a 
steady increase in the redox-current peaks. For both DNA and Ag+, 
the cathodic- and anodic-peak potentials were also shifted grad-
ually to the negative and positive sides, respectively (Figure 6a,  
insets). Linear relationships were observed between the redox-
current peaks and the scan rate for both DNA and Ag+, and 
they are plotted in Figure 6b. The above-mentioned result 
and the roughly symmetric redox-current peaks at the dif-
ferent scan rates confirmed a surface-controlled electrochem-
ical electrode-based process.[46] From the linear relationship 
between the redox-peak currents of the Ag+ and the square root 
of the scan rate (υ1/2) the regression equations of ipc = 0.192  
υ1/2 − 1.346 (R2 = 0.992) and ipa = −0.2 υ1/2 + 1.407 (R2 = 0.988) 
can be derived (Figure 6c).

Plotting the cathodic- and anodic-potential peaks of the Ag+ 
as a function of the log (υ) followed a linear fit that led to two 
straight lines (Figure 6d). The regression equations for the 
cathodic and anodic potentials are Epc = 2.602 × 10−2 log υ + 5.8 ×  
10−3 and Epa = −2.709 × 10−2 log υ – 3.11 × 10−2, respectively. 
Knowing that kc = –2.3RT/αnF and ka = 2.3 RT/(1 − α)nF, in 
which kc (0.02602) corresponds to the slope that is derived from 
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Figure 6.  a) Cyclic voltammograms of Bi2Se3@Au-mDNA in 10 × 10−3 m PBS buffer (pH 7.4) with increasing scan rate (υ) from 0.05 to 0.09 V s−1.  
b) Plot of the cathodic (ipc) and anodic (ipa) peak currents versus scan rate for DNA (upper curve) and silver ion (lower curve). c) The effect of log υ1/2 
on the cathodic (ipc) and anodic current (ipa) of Ag+ ion. d) The effect of log υ on the cathodic (Epc) and anodic potential (Epa) of mDNA.
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Epc = f(log υ) and ka (0.0271), corresponds to the slope that is 
deduced from Epa = f(log υ), and the following equation can be 
used[47]

α
α

=
−

log log
1

a

c

k

k
	 (1)

Therefore, the charge-transfer coefficient value (α) was cal-
culated as 0.511. In addition, according to the following equa-
tion, the apparent electron-transfer rate constant (ks) between 
the mDNA and the Bi2Se3@Au substrate was determined as 
0.71 s−1.[47]

k RT nF

nF E RT

log log 1 1 log log /
1 /2.3

s

p

α α α α υ
α α

( ) ( )
( )

= − + − −
− − ∆

	 (2)

where R is the gas constant, F is the Faraday constant, n is the 
number of electrons, and ΔEp is the peak-to-peak separation 
(ΔEp ≈ 129 mV) of the Ag+-redox potentials (Ag+/Ag2+). The 
small ΔEp value conveys a rapid electron-transfer rate, along 
with the presence of a negligible mass-transport effect between 
the mDNA and the modified substrate.

2.7. Electrochemical Detection of H2O2 Using  
the Bi2Se3@Au-mDNA Biosensor

The electrocatalytic reduction of the H2O2 on the Bi2Se3@Au-
mDNA was verified using the CV and an amperometric (i–t) 
measurements. The possible chemical reaction for the electro-
chemical reduction of H2O2 is expressed in Equations (3) and (4).  
Since the occurrence of the redox-current peaks for the Ag+ is 
more negative than that of the DNA peaks, the Ag+ in the cata-
lytic mechanism plays the dominant role, as follows

+ + → ++ + +2Ag 2H H O 2Ag 2H O2 2

yields
2

2 	 (3)

+ →+ − +Ag Ag2
yields

e 	 (4)

The H2O2 effect on the cyclic voltammograms of the 
Bi2Se3@Au-mDNA is shown in Figure 7a. It is clear that, upon 
the concentration increment of the H2O2 from 0 to 35 × 10−3 m, 
a linear increase in the reduction (positive) and oxidation (nega-
tive) of the current peaks for both DNA and Ag+ were observed, 
revealing a well electrocatalytic performance of the Bi2Se3@
Au-mDNA electrode in response to the H2O2. The sensitivity, 
dynamic range, and detection-limit measurement were accu-
rately examined using the amperometric (i–t) method.

For the amperometric analysis, a constant potential of – 0.1 V  
versus Ag/AgCl was chosen, where all of the species were in 
completely reduced states. In this regard, the Bi2Se3@Au-mDNA 
electrode was directed to the continuously stirred N2-saturated 
10 × 10−3 m PBS solution (pH 7.4), and the amperometric per-
formance was recorded upon the addition of different H2O2 
levels. Figure 7b shows a typical amperometric plot that is 
the result of the successive addition of 5 µL aliquots of H2O2 
per 50 s from 0.10 × 10−6 m to 27.30 × 10−6 m. The concentra-
tion of the H2O2 titration was 100 × 10−9 m until 1.3 × 10−6 m  

was reached, at which point a change to 1 × 10−6 m incre-
ments occurred (Figure 7b, insets). A linear increase of the 
current response was seen upon the addition of the H2O2 with 
a regression equation of I = 0.156 C (μm) + 0.021; R2 = 0.997  
over a dynamic range of 0.10–27.30 × 10−6 m (Figure 7c). Also, 
a pronounced response time of 1.6 s was observed (Figure 7b, 
insets) which is lower than those of the previous reported mod-
ified electrodes (see Table S1, Supporting Information), and 
this clearly indicates a very fast electron transfer between the 
Bi2Se3@Au-mDNA substrate and the solution interface. The 
results certainly demonstrate that the Bi2Se3@Au-mDNA pro-
vides a rapid and well-proven response to the sequential addi-
tion of H2O2 with a long linear range. The sensitivity of the 
proposed biosensor from the slope of the regression equation/
area of the electrode was measured as 1734.25 µA m m−1 cm−2. 
Moreover, the detection limit was calculated 10.21 × 10−9 m  
(≈10 × 10−9 m) based on the 3 × (Sb/m) method, where “Sb” is 
the standard deviation of the background current and “m” is 
the slope of the linear fitting curve.

We also compared the performance of the Bi2Se3@Au-mDNA 
biosensor with ferrous oxidation-xylenol orange assay. Pierce 
quantitative peroxide assay kit (aqueous) was used according to 
the manufacture’s protocol. The hydrogen peroxide was serially 
diluted in the concentration range of 0.3–1000 × 10−6 m and the 
optical absorbance at 564 nm was measured for each aliquot. 
A wide dynamic range from 0.65 × 10−6 m to 100 × 10−6 m was 
observed (Figure S6, Supporting Information) whereas below 
the concentration of 0.65 × 10−6 m there was a considerable devi-
ation between the obtained experimental results and the linear 
fitting curve (R2 = 0.557, inset 2). The regression equation was 
ipc = 0.022 C (μm) − 2.15e−5 (R2 = 0.991) and the detection limit 
was measured 0.25 × 10−6 m. Although, the Pierce showed a 
wider dynamic range, the importance of the sensitivity of the 
H2O2 biosensor should not be neglected; for instance, the low 
concentrations of hydrogen peroxide can induce DNA lesions, 
cause many oxidative stresses, and affect viability of dermal 
fibroblasts (at the concentration of 16–32 × 10−9 m).[48,49] As a 
result, having an accurate linear dynamic range in the very low 
concentrations range would be demanding.

For a comparison, the capabilities of the bare-Au electrode 
and the Bi2Se3@Au electrode regarding the reduction of the 
H2O2 were also examined using the amperometric analysis. A 
volume of 5 µL of high-concentration H2O2 (10 × 10−3 m) was 
injected into 5 mL of 10 × 10−3 m PBS (pH 7.4), and the current 
responses of both electrodes were recorded. It is clear in Figure 7d  
that a very small increase of the current response of the bare elec-
trode was observed, while it was higher in the case of the Bi2Se3@
Au electrode, further confirming the role of the Bi2Se3 NPs in the 
electrochemical-signal enhancement of the bare-Au electrode. 
The responses, however, are both negligible and also very fast 
saturation time compared with the Bi2Se3@Au-mDNA electrode.

2.8. Selectivity and Stability Analysis of Bi2Se3@Au-mDNA 
Biosensor

The selectivity of the proposed biosensor was evaluated using 
different biological interfaces at 50 fold higher concentra-
tion than that of the H2O2. Uric acid, L-ascorbic acid, sodium 

Small 2018, 1703970
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nitrite, sodium bicarbonate, glucose, and sucrose were tested 
as the interfaces. As shown in Figure 7e, no remarkable cur-
rent response was seen upon the addition of each analytes 
whereas the current response retained its value over the injec-
tion of H2O2. This data indicates the high selectivity of our 
Bi2Se3@Au-mDNA biosensor. Moreover, the stability test was 
carried out by monitoring the CV response of the Bi2Se3@
Au-mDNA electrode over 80 cycles at the potential windows of  

0.6 to −0.3 V and the RSD was measured 2.9% (Figure S7a, 
Supporting Information). Also, the reusability of the biosensor 
was tested after the storage of 3 weeks at 4 °C in which the 
current response to H2O2 sustained its 97% of the initial value 
(Figure S7b, Supporting Information). Moreover, after 3 weeks 
of storage, the electrochemical signal of the Ag+ ion had a negli-
gible drop after 80 CV cycles with the RSD of 3.4% (Figure S7b,  
inset, Supporting Information). Therefore, the prepared 
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Figure 7.  Sensor performance. a) Cyclic voltammograms of Bi2Se3@Au-mDNA in the absence and presence of H2O2 with different concentrations  
(0 to 35 × 10−3 m) at the scan rate of 50 mV s−1. b) Amperometric response of the Bi2Se3@Au-mDNA upon successive addition of 5 µL aliquots of 
0.1–27.3 × 10−6 m H2O2 to 5 mL stirred 10 × 10−3 m PBS buffer at pH 7.4 with an applied potential of −0.1 V under nitrogen atmosphere; upper inset 
shows the time of change in aliquot concentration from 100 × 10−9 to 1 × 10−6 m; lower inset shows the first injection of 100 × 10−9 m H2O2. c) Linear 
calibration curve of response current versus H2O2 concentration; inset shows the amplified curve at 0.1–1.3 × 10−6 m. d) Comparison between the  
current response toward 10 × 10−3 m addition of H2O2 for bare gold electrode and Bi2Se3@Au. e) Selectivity analysis of 5 µL addition of 1 × 10−6 m H2O2  
(a) and 50 × 10−6 m uric acid (b), L-ascorbic acid (c), sodium nitrite (d), sodium bicarbonate (e), glucose (f), and sucrose (g). f) A typical standard 
addition curve for the detection of 1.0 × 10−6 m H2O2 in human serum; Vs0 = 23.02 µL. g) Experimental scheme for the detection of H2O2 released 
from cancer cells. h) Typical amperometric response recorded at Bi2Se3@Au-mDNA biosensor after the addition of 10 µL solution of PMA-induced 
MDA-MB-231 (violate), PMA-induced MCF-7 (blue), and PMA-induced medium (red). i) Typical optical absorbance spectra obtained from Pierce kit 
measurement for PMA-induced MDA-MB-231 (violate) and PMA-induced MCF-7 (blue). j) The corresponding relative H2O2 released from the two 
cancer cell lines using both methods; data were obtained from three identical reactions.
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Bi2Se3@Au-mDNA biosensor exhibited a well stability and 
reusability performance.

2.9. Performance of the Bi2Se3@Au-mDNA Biosensor in Serum

To investigate the practical performance of the proposed bio-
sensor, the Bi2Se3@Au-mDNA electrode was prepared and 
evaluated for the detection of H2O2 in serum. It should be men-
tioned that the mDNA showed good stability toward enzymatic 
degradation for 14 h together with high stability in different pH 
conditions (details in Section S.2 and Figure S8, Supporting 
Information). The H2O2 recovery in serum was monitored on 
the modified sensor using the standard addition method. Sam-
ples were diluted in a PBS buffer (pH 7.4) prior to the ampero-
metric experiment. Later, H2O2 solutions were spiked into the 
electrolyte and the current responses were recorded. All of the 
measurements were performed in triplicate. A H2O2 recovery 
of 98.1% to 103.6% was observed for three different samples, 
suggesting the promising performance of the prepared sensor 
for the detection of H2O2 in a real sample (Table 1). Figure 7f 
illustrates a typical graph for the measurement of an unknown 
H2O2 concentration (1.0 × 10−6 m) in serum. By plotting the 
current response of the sensor as a function of the standard 
volume (Vs) and with the use of the following equation, the 
unknown H2O2 concentration in the serum can be calculated 
as follows[50]

= − s /0 sC V C Vx x 	 (5)

where Cx is the H2O2 concentration in the serum, Cs is the 
concentration of the standard solution (9 × 10−6 m), Vx is the 
constant volume of the sample aliquot (200 µL), and Vs0 can 
be determined by the extrapolation of the fitting line back to 
the Vs-axis intercept where the current value is zero (23.02 µL).

2.10. Capability of the Bi2Se3@Au-mDNA Biosensor  
to Discriminate between Breast Cancer Cell Types

In order to further investigate the practical ability of our pro-
posed biosensor in clinical samples, the extracellular H2O2 
released from two human breast cancer cell lines (MCF-7 and 
MDA-MB-231) was measured and the results were compared 
with Pierce kit and previous studies. It was reported that, addi-
tion of PMA into the mentioned cancer cell solutions resulted in 
the cell stimulation followed by distinct extracellular generation 
of H2O2.[51,52] Inspired by that, same number of cells were used 
for both experiments (Bi2Se3@Au-mDNA biosensor and Pierce 
kit) which were previously harvested from the cultured media, 

treated with PMA (1 h) and resuspended in PBS (pH 7.4). 
The results is shown in Figure 7g–i. As shown in Figure 7h,  
upon the addition of PMA-induced MDA-MB-231 cells, an 
obvious current peak was observed, while, it was more intense 
in case of the PMA-induced MCF-7 cells. Also as the control 
experiment, the PMA was added into medium under identical 
conditions and no remarkable current change was observed. 
Similar results were obtained from the Pierce kit measurement 
in which the optical absorbance intensity arose from the PMA-
induced MCF-7 cells was higher than that of the PMA-induced 
MDA-MB-231 cells. The level of H2O2 released from MDA-MB-
231 and MCF-7 cells was measured on the basis of the standard 
curves obtained from both Bi2Se3@Au-mDNA biosensor and 
Pierce kit (Figure 7i). It can be clearly seen that, upon the iden-
tical conditions, the MCF-7 cells generated more extracellular 
H2O2 than the MDA-MB-231 cells, which is in consistence with 
the previous reports.[52] Notably, in the case of the Bi2Se3@Au-
mDNA biosensor, the difference between the levels of H2O2 
release was a bit higher than that of the Pierce kit. This may be 
attributed to the weakness of Pierce kit in the detection of low 
concentration of H2O2. As a result, we could successfully dis-
criminate between two human breast cancer cell lines simply 
based on the difference between their H2O2 generations which 
has not been reported elsewhere.

3. Conclusion

In summary, a novel H2O2 biosensor was fabricated. Bi2Se3 
NPs were centrifuge-assembled onto the gold electrode, prior 
to the further deposition by another thin layer of Au. Then, it 
was used as a solid substrate to receive mDNA (eight silver ions 
mediated dsDNA) through Au–S bonding and form Bi2Se3@
Au-mDNA electrode. Owing to their unique electrical proper-
ties, the Bi2Se3 NPs facilitated an electron-transfer efficiency 
between the Au electrode and the mDNA, and they dampened 
the noise signals in addition to their provision of a large surface 
area for the enhancement of the electrocatalytic activity of the 
species, all of which resulted in an ultra-fast current response 
toward the H2O2 detection (1.6 s) and a very low detection limit 
of 10 × 10−9 m. For the first time we revealed that, the thick-
ness of Au-deposited thin layer onto the Bi2Se3 NPs might 
have an important role in retrieving the exotic electrical and 
electrochemical properties of the TI Bi2Se3. The proposed cost-
effective and simply designed H2O2 biosensor, which exhibited 
a high selectivity that is beyond those of other biological inter-
faces and a sound recovery in human serum could be further 
developed for the detection of different disease biomarkers. We 
also implemented a novel paradigm to electrochemically clas-
sify cancer cell subtypes based on the difference between their 
amount of H2O2 extracellular release (here breast cancer cells), 
which would be an interesting research topic for the classifica-
tion and profiling the wide variety of cancer cells.

4. Experimental Section
The bare-Au electrode composed of an Au (50 nm)/Cr (2 nm)/

SiO2 layer with an active site of 9 mm2 was provided by the National 
Nanofab Center (ROK). The grain-controlled ultra-flat Au substrate 
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Table 1.  Detection of H2O2 in human serum using Bi2Se3@Au-mDNA 
biosensor.

Sample Added [× 10−6 m] Found [× 10−6 m] Recovery [%] RSD [%]

Serum 1 1.00 1.036 103.6 3.2

Serum 2 2.00 1.963 98.1 2.9

Serum 3 3.00 2.986 99.5 3.1
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(Platypus template-stripped gold chips) was purchased from Platypus 
Technologies (USA) for STM. L-ascorbic acid, uric acid, sodium nitrite 
(NaNO2), sodium bicarbonate (NaHCO3), glucose, sucrose, ethyle 
acetate, bovine serum albumin, bismuth (III) nitrate pentahydrate, 
triethanolamine, sodium selenosulfate solution, 6-mercaptohexanoic 
acid, PMA, and AgNO3 were purchased from Sigma-Aldrich (USA). 
The H2O2 and the H2SO4 were purchased from Daejung Chemical 
(ROK). The dithiothreitol was prepared by Pierce (USA). Deionized 
water was purified using the Milli-Q system (Millipore, USA). The 
TEM grids were purchased from Ted Pella Inc. (USA). The Pierce 
Quantitative Peroxide Assay Kit (aqueous) was purchased from Thermo 
Scientific. The DNA strands were provided by Bioneer (ROK), and the 
sequences are listed in Section S.3 (Supporting Information). The 
Bi2Se3-synthesis procedure, the formation of the electrode substrates, 
the immobilization process of the mDNA onto the modified electrode 
surface, and the analysis techniques are also provided in Sections S4–S8 
(Supporting Information). All of the electrochemical experiments were 
conducted using the CHI-660 potentiostat (CH Instruments, USA) and 
a three-electrode system (Section S.7, Supporting Information). The 
Nanoscope IV/Multimode AFM device (Digital Instruments, USA) was 
used to investigate the surface topography of the modified electrodes.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author
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