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ABSTRACT: In this work, Bi,Te; nanosheets treated with N-
vinyl-pyrrolidinone showed highly sufficient and stable photo-
current for being used as a novel photoactive material. Accordingly,
with CdTe quantum dots (QDs) sensitizing Bi,Te; nanosheets,
photoelectrochemical (PEC) biosensor coupling of DNA-amplify-
ing strategies was constructed for sensitive miRINA-21 detection.
Initially, the Bi,Te; nanosheets on the electrode have conductive
surface states with dissipationless electronic property, thus
providing a highly stable photocurrent and a large surface-to-
volume ratio. Then, with the participation of target miRNA-21 and
auxiliary DNA, strand displacement amplification took place,
thereby opening substantial DNA hairpins for triggering the next
hybridization chain reaction (HCR). Through the HCR, long
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DNA tails decorated with CdTe QDs could thus be assembled on the electrode for enhancing the photocurrent of Bi,Te;
nanosheets. As a result, the proposed PEC biosensor showed a wide detection range from 10 fM to 100 pM with a detection limit of
3.3 fM, displaying a promising avenue to construct simple, ultrasensitive, and stable analytical techniques and tremendous potential

in bioanalysis and early clinical diagnosis.
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1. INTRODUCTION

Photoelectrochemical (PEC) bioassay as a thriving analytical
technique displays the merits of sensitive response, stable
signal intensity, and time-saving operation.'~® Generally, PEC
assay monitors and reflects the photoinduced current signal in
real time; therefore, the photoactive material that generates
photocurrent plays an important role in promotion of analysis
performance of PEC systems.” ” Up to now, various
photoactive materials such as TiO,,'°™'* fullerene,'*'*
BiOL'>'® and graphene'” have been extensively investigated
in the fabrication of PEC biosensors. Although encouraging
effects in PEC signal output were achieved, limited light
absorption or the gapless nature may impede their widespread
applications.'® Therefore, there is still a need to find more
advanced photoactive materials with desirable optoelectronic
properties, on the basis of which new sensing PEC assay
systems can be readily developed.

Bi,Te;, an emerging topological insulator layered material,
has attracted massive interest because of its glamorous
electronic properties.'”*’ As a typical topological insulator,
Bi,Te; possesses conductive surface states which could permit
dissipationless electric conduction at room temperature, that is,
the flow of electrons on its surface is topologically protected
against backscattering from defects and impurities, thus being
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mainly applied in thermoelectric devices. On the other hand,
being a layered material, Bi,Te; simultaneously is a two-
dimensional system with high specific surface areas and
unprecedented optoelectronic properties that are important
for sensing, catalysis, and energy exchange.m_24 However, the
nanosheets of layered Bi,Te; commonly stack into three-
dimensional crystals through van der Waals interactions.
Therefore, approaches should be developed to exfoliate layered
materials in order to produce mono-, double-, and few-layer
crystals. More importantly, it has been reported that some
bulk-layered materials are indirect band gap semiconductors,
while their few-layer crystals feature a direct band gap and
simultaneously, the band gap gradually increases with
decreasing thickness.”> The aforementioned optoelectronic
properties of Bi,Te; make it potentially intriguing in PEC
assays.
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Scheme 1. Schematic Illustration of (A) Synthesis of Bi,Te; Nanosheets, (B) Assembly Process of the PEC Biosensor, and (C)

Mechanism of Photocurrent Generation
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In this work, the succinct synthesis and subsequent
exfoliation of bulk Bi,Te; crystals in N-vinyl-pyrrolidinone
(NVP) solvent were accomplished to give few-layer Bi,Te,
crystals, providing excellent surface areas for delivering free
electrons and a rational band gap for light absorption. The
mild surfactant polyvinylpyrrolidone was insensitive to air or
water and would peel off bulk Bi,Te; into few-layer crystals,
ensuring a desirable direct band gap for generating sufficient
and stable PEC signals under illumination. Besides that, the
exfoliated Bi,Te; nanosheets were found to exhibit a relatively
uniform and rational light absorption range and forbidden
band gap. In this case, Bi,Te; nanosheets as the novel
photoactive material can be beneficial for the construction of
PEC biosensors.

As depicted in Scheme 1, with Bi,Te; nanosheets as the
photoactive material and CdTe quantum dots (QDs) as the
sensitizer, for the first time, a PEC biosensor was constructed
for sensitive detection of miRNA-21 by coupling of DNA-
amplifying strategies. Initially, pre-exfoliated few-layer Bi,Te;
nanosheets were dropped on an electrode and subsequently
electrodeposited with gold nanoparticles (AuNPs). Afterward,
a hairpin DNA probe was immobilized on the electrode, thus
initiating the hybridization chain reaction (HCR) in response
to circulation of the target and auxiliary DNA probe, thereby
generating substantial long DNA tails to load CdTe QDs using
a cross-linker. Herein, the CdTe QDs could not only broaden
the absorption of solar light for significantly reducing the
destructive effect of UV light but also match the energy level of
Bi,Te; to facilitate charge separation, thereby effectively
amplifying the photocurrent response of Bi,Te; by the
sensitizing effect of CdTe QDs. The proposed PEC biosensor
is convenient, efficient, and thus shows considerable promise
for disease diagnosis and clinical analysis.
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2. EXPERIMENTAL SECTION

2.1. Preparation of Bi,Te; Nanosheets. In the typical
procedure for synthesis of bulk Bi,Te, crystals,’® 2 mM EDTA, 0.5
mM BiCl;, and 0.8 mM Na,TeO; were dissolved in 40 mL of
deionized water, accompanied by the adjustment of pH to 11 by
utilizing 1 M NaOH solution. Then, 30 mM NaBH, was added to the
mixture and stirred for several minutes. Afterward, the solution
prepared above was transferred into a Teflon-lined stainless-steel
autoclave with a capacity of 50 mL. After being sealed and maintained
at 200 °C for 24 h, the autoclave was allowed to cool in air. The black
product thereby obtained had a high yield of about 80%. Thereafter,
Bi, Te; nanosheets were obtained via liquid exfoliation of bulk Bi,Te;
crystals. Briefly, a portion of 100 mg of bulk Bi,Te; crystals was
exfoliated in 100 mL of aqueous dispersion containing 20 uL of NVP
at room temperature for 48 h, resulting in a dark grey dispersion.
Subsequently, the supernatant was collected for further experiments.

2.2. Synthesis of CdTe QDs. For the synthesis of carboxy-
modified CdTe QDs,”’™%° 1 mM CdCl, and 2 mM 3-
mercaptopropionic acid (MPA) were added into 100 mL of aqueous
solution, accompanied by the adjustment of pH to 12 by the addition
of 1.0 M NaOH. After being deoxygenated with N, for 10 min, the
solution was mixed successively with S mM NaBH, and 0.5 mM
Na,TeO; under stirring. The molar ratio of Cd**/Te* /MPA was
1:0.5:2. Then, the solution was transferred in a three-necked flask and
refluxed at 100 °C for 6 h. The carboxy-modified CdTe QDs were
thus collected and washed with deionized water and ethanol. Prior to
modification, the carboxyl groups on the CdTe QDs need to be
activated using EDC and NHS, aiming at binding with amino-
functionalized H, and H, DNA.

2.3. Fabrication of Bi,Te; Nanosheets and a DNA
Amplification-Based PEC Biosensor. After being entirely
burnished and ultrasonically rinsed, a glassy carbon electrode
(GCE) was coated with 20 uL of Bi,Te; nanosheets, followed by
electrodepositing a layer of AuNPs. Then, 20 uL of 2.5 yM hairpin
DNA probe (probe DNA) was immobilized on the electrode for an
incubation time of 12 h at 4 °C. Subsequently, 10 uL of 0.3 uM
blocking reagent 6-mercaptohexanol (MCH) was dropped on the
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electrode. The obtained electrode was then applied as the PEC
biosensor and thus subjected to a mixture containing 10 uL of target
miRNA-21 with various concentrations and 10 uL of 2.5 yM auxiliary
DNA probe for an incubation time of 45 min. During this reaction,
the miRNA-21 hybridized with probe DNA and opened the hairpin
structure, while the auxiliary DNA probe displaced the miRNA-21 to
complete the strand displacement amplification process. Then, 20 uL
of a mixture containing 2.5 yM hairpin DNA primer (trigger DNA),
H), and H, was dropped on the electrode with an incubation period
of 60 min for the HCR process. Finally, 20 uL of activated CdTe QDs
was decorated on the electrode with an incubation period of 100 min.

3. RESULTS AND DISCUSSION

3.1. Morphology Characterizations of Bi,Te;. To
characterize the morphologies of bulk and Bi,Te; nanosheet
crystals, scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM) were employed, respec-
tively. The SEM image in Figure 1A shows that the prepared
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Figure 1. Characterizations of materials: SEM (A) and XRD (C)
analyses of the bulk Bi,Te;, TEM (B,D) analyses of the Bi,Te,
nanosheets and CdTe QDs, respectively.

bulk Bi,Te; crystals possessed a distinct multilayer stacked
structure. After the liquid exfoliation of bulk Bi,Te; crystals to
form the Bi,Te; nanosheets, some thin flakes were observed in
Figure 1B with the usage of the TEM technique.

Moreover, XRD characterization was employed to identify
the phase purity and crystal structure of the bulk Bi,Te;. As
shown in Figure 1C, all of the detected peaks (red line) were
consistent with those of the Bi,Te; crystal structure (green
line, JCPDS no. 82-0358), suggesting the successful synthesis
of Bi,Te; crystals. In addition, no interference peaks were
observed in the XRD pattern, which further confirmed that the
obtained Bi,Te; crystals possessed high purity. Additionally,
the TEM analysis of CdTe QDs is displayed in Figure 1D. It
can be observed that the majority of prepared QDs possess a
diameter of 5 nm.

3.2. Optical Properties of Bi,Te; Nanosheets. The light
absorption property of Bi,Te; nanosheets was investigated
using a UV—vis spectrometer and the result is shown in Figure
2A. It could be observed that the Bi,Te; nanosheets exhibited
strong absorption in the visible light region. The optical data
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Figure 2. Light absorption curve (A) and Tauc plot (B) of the
synthesized Bi,Te; nanosheets.

were analyzed using the classical absorption equation a = a(hv
- Eg)l/ "/hv, where “@” is the molar absorption coefficient, “a”
is a constant, “hv” is the photon energy, “E,” is the optical band
gap value, and the value of the exponent “r” denoted the nature
of the transition, allowing direct transition (r = 1/2) and
indirect transition (r = 2). Then, the Tauc plot that showed the
quantity hv on the abscissa and the quantity (ahv)'" on the
ordinate were used to determine the optical band gap value of
the Bi,Te; nanosheets. As displayed in Figure 2B, a distinct
linear regime was obtained. The tangency point of the linear
region to the abscissa had a value of 2.52 eV for the optical
band gap.

3.3. Cyclic Voltammetry and Electrochemical Impe-
dance Spectroscopy Measurements. For the purpose of
stepwise characterizing the modified electrode, both cyclic
voltammetry (CV) and electrochemical impedance spectros-

copy (EIS) techniques were employed here. Figure 3A displays
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Figure 3. Stepwise CV (A) and EIS (B) analysis of the fabricated
PEC biosensor: (a) GCE, (b) Bi,Te;/GCE, (c) AuNPs/Bi,Te;/GCE,
(d) DNA probe/AuNPs/Bi,Te;/GCE, (e) MCH/DNA probe/
AuNPs/Bi,Te;/GCE, (f) nanowire/MCH/DNA probe/AuNPs/
Bi,Te;/GCE, and (g) CdTe/nanowire/MCH/DNAprobe/AuNPs/
Bi,Tes/GCE in [Fe(CN)4]>/*.

the CV results of different modified electrodes. The bare
electrode showed an explicit redox peak of [Fe(CN)¢]*~/*"
(curve a). After modifying Bi,Te; nanosheets on the GCE, the
redox peak obviously decreased (curve b). When electro-
depositing the AuNPs, the electrode displayed an increased
redox peak owing to its conductivity (curve c). Afterward, the
assembly of the DNA probe on AuNPs/Bi,Te;/GCE
decreased the redox peak (curve d), attributing to the
electronic repulsion of electronegative [Fe(CN)¢]*~/*". More-
over, the redox peaks continued to decrease after the assembly
of inert MCH (curve e) and HCR products of the DNA
nanowire (curve f). However, the redox peak increased after
the decoration of CdTe QDs on the DNA nanowire (curve g).

Moreover, EIS was also used for investigating the stepwise
modified process of the proposed biosensor. The results are
shown in Figure 3B. The bare GCE had a small R, value
(curve a). Afterward, the R,, value increased with modification
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of semiconductor Bi,Te; nanosheets (curve b). Afterward,
further immobilization of AuNPs acquired a decreased R,
value (curve c). Because the DNA and MCH inherited the
inert property, there appeared an ongoing increase in the R,
value after the successive assembly of the DNA probe (curve
d), MCH (curve e), and DNA nanowire (curve f). Never-
theless, the R,, value decreased after the modification of
conductive CdTe QDs (curve g). In all, the results of EIS were
consistent with those of CV measurement.

3.4. Analytical Performance of the Proposed PEC
Biosensor. To examine the quantitative performance of the
constructed biosensor, the correlation between PEC response
and concentration of miRNA-21 was investigated under
optimized conditions. As depicted in Figure 4A, the PEC
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Figure 4. (A) PEC signals for various concentrations of miRNA-21
(10 fM, 20 M, 100 M, 200 fM, 1 pM, 10 pM, and 100 pM) and (B)
corresponding linear relationship between the photocurrent and
logarithm of miRNA-21 concentration (n = 3).

signals versus different concentrations of miRNA-21 increased
gradually with increasing concentration of miRNA-21 in the
range of 10 fM to 100 pM. As shown in Figure 4B, the linear
equation was calculated to be I = 3.1541 + 0.2015 Ig ¢, where I
indicates the photocurrent of the biosensor and ¢ refers to the
target concentration. The calculative limit of detection was 3.3
fM on the basis of the expression S/N = 3. Moreover, the
performance comparison of different biosensors for miRNA-21
detection is displayed in Table S2. The results showed that the
biosensor presented a prominent application in sensitive
detection of miRNA-21 owing to the Bi,Te;—CdTe-sensitizing
system and DNA-amplifying strategies.

3.5. Specificity and Stability of the Proposed PEC
Biosensor. Selectivity is an essential performance indicator of
the PEC assay and represents its potentiality in practical
application or clinical research. As shown in Figure SA, the
photocurrent caused by 1 nM of interferences was akin to that
of the blank control and was drastically different from the
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Figure S. (A) Specificity of the biosensor toward the blank control,
let-7a (1 nM), miRNA-141 (1 nM), miRNA-155 (1 nM), miRNA-21
(100 pM), and the mixture (100 pM miRNA-21 with 1 nM let-7a,
microRNA-141, and miRNA-155) and (B) stability of the biosensor
under consecutive off—on—off illumination for 10 cycles.

response caused by 100 pM miRNA-21, illustrating the
excellent specificity of the designed biosensor owing to the
specific recognition between the DNA probe and target
miRNA-21. Furthermore, Figure 5B exhibits the desirable
stability of the proposed biosensor under successive on—off—
on illumination for 10 circulations at 10 pM miRNA-21.

3.6. Practical Application of the PEC Biosensor. Here,
the analysis of lysates from HeLa and MCE-7 cells was adopted
to appraise the practicability of the proposed PEC assay. The
corresponding photocurrents of the successively enlarged
amount (from 1 X 10 to 500 X 10°) of HeLa and CEF-7
cells were measured and recorded. Results in Figure 6 show
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Figure 6. PEC signals of the proposed biosensor incubated with HeLa
and MCE-7 cells (n = 3).

that miRNA-21 exists more in MCF-7 cells and less in HeLa
cells, analogous to previously published literature.”"”>* There-
fore, it indicated that the PEC biosensor might achieve feasible
results for clinical research.

4. CONCLUSIONS

In summary, by coupling of DNA-amplifying strategies, a novel
PEC biosensor based on the Bi,Te;—CdTe photoelectric
conversion and enhancement system was prepared for highly
sensitive miRNA-21 detection. The Bi,Te, nanosheets featured
not only more active edge sites but also a direct band gap,
providing a sufficient and stable photocurrent signal for PEC
analysis. In addition, the HCR strategy based on the strand
displacement amplification (SDR) further improved the
analytical performance of the biosensor. In vitro assays and
cell lysates demonstrated that the proposed biosensor showed
a prominent analytical performance for miRNA-21, showing
tremendous potential in bioanalysis and early clinical diagnosis.
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