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ABSTRACT: Herein, a photoelectrochemical (PEC) assay was designed for a highly sensitive DNA determination relying upon the
SnO2/BiOBr p−n heterojunction as a photoactive material and SiO2 as a signal quencher. Compared with most traditional
heterojunctions, the SnO2/BiOBr p−n heterostructure not only lessened the recombination of the photogenerated electron−hole
pairs but also promoted the light-harvesting in the ultraviolet−visible (UV−vis) region, leading to further enhanced photoelectric
conversion efficiency and photocurrent, which demonstrated 12.1-fold and 6.4-fold increments versus those of pure SnO2 and
BiOBr, respectively. Additionally, the limited quantity of target DNA (a fragment of p53 gene) could be transformed into abundant
output DNA−SiO2 by employing the Nt·BstNBI enzyme-assisted signal amplification procedure, leading to a highly improved
detection sensitivity of the biosensor. Then, output DNA−SiO2 hybridized with the capture DNA anchored on the modified
electrode surface, remarkably diminishing the PEC signal and thus achieving sensitive DNA determination. The elaborated PEC
biosensor demonstrated outstanding performance within the linear range between 0.5 fM and 5 nM and a low limit of detection
down to 0.18 fM, paving a new way for fabricating heterojunction with exceptional photoactive performance and demonstrating the
enormous potential for detecting multitudinous biomarkers in bioanalysis and clinical therapy.

■ INTRODUCTION

Photoelectrochemical (PEC) analysis, as a thriving analytical
technique, not only has the merits of simple operation and low
cost but also possesses the advantages of low background noise
and high sensitivity owing to the total separation of excitation
light source and the detection signal, gathering tremendous
attention in recent years.1−6 As is well known, the photo-
electric conversion efficiency of the photoactive material makes
great difference on the performance of PEC biosensors.7,8

Reducing the electron−hole pair recombination probability
and enhancing the light absorption in the ultraviolet−visible
(UV−vis) region are effective ways to promote the photo-
electric conversion efficiency of photoelectric material.9

Unfortunately, single photoelectric materials usually have the
disadvantage of low photoelectric conversion efficiency, which
limits their practical applications.10,11 In recent years, the
construction of heterojunctions is considered to be a feasible
and effective way to facilitate the electron−hole separation and
restrain the recombination of electron−hole of optoelectronic
materials.12−15 For instance, Xiong’s group synthesized a ZnO/
CeO2 Z-scheme heterojunction for photodegradating rhod-
amine B.16 Lately, Niu’s group constructed a MoS2/ZnO p−n
heterostructure for propyl gallate determination.17 Although

these heterojunctions have acquired bright achievements in
restraining the recombination of electron−hole pairs and
promoting charge separation, they are still limited in enhancing
the absorption in the UV−vis light region. Therefore,
presenting an elaborate heterostructure to conquer the
shortcoming is desired.
SnO2, an n-type semiconductor, has been extensively

employed in solar cells,18,19 CO2 electroreduction,20,21 and
photocatalysis22,23 by virtue of the desirable stability, non-
toxicity, and prominent photoelectric properties.24 Unfortu-
nately, similar to TiO2, it suffers from a large band gap (∼3.6
eV)22,25 as well as fast photogenerated electron−hole pairs
recombination, hindering its direct application in PEC
biosensing. Unique laminar structure endows BiOBr with
extraordinary photocatalytic activity.26,27 In addition, it takes
on satisfying chemical stability and a suitable band gap (∼2.6
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eV).28,29 Most importantly, it has been proved that the SnO2/
BiOBr heterostructure with the property of stable and low cost
demonstrated fascinating performance in photocatalysis.24,30

Inspired by these findings, an exquisite “signal off” PEC
biosensor was developed by employing SnO2/BiOBr hetero-
structure as the photoactive matrix for the sensitive detection
of target DNA. Besides, the enzyme-assisted signal amplifica-
tion process versus the high-efficiency signal quencher SiO2
were coupled in this strategy for improving the sensitivity of
this PEC biosensor.
In this protocol, a PEC biosensor employing a SnO2/BiOBr

p−n heterojunction as a photoactive material quenched by
SiO2 was fabricated for ultrasensitive target DNA detection. As
depicted in Scheme 1, the SnO2/BiOBr complex coated on the
electrode surface served as a signal indicator to achieve an
intense initial photocurrent signal. Next, the Au nanoparticle
(Au NP) layer was obtained by deposition for immobilizing
the capture DNA. Subsequently, the capture DNA hybridized
with plenty of output DNA−SiO2 attained by the enzyme-
assisted signal amplification procedure, causing SiO2 approach
to the interface of the biosensor and resulting in significantly
reduced photocurrent response as SiO2 has a huge steric-
hindrance effect. Consequently, the developed PEC biosensor
could complete quantitative DNA detection with high
sensitivity and great accuracy. This PEC strategy not only
offered a bright path for fabricating other heterostructures with
prominent PEC property but also illustrated a huge potential
for detecting other analytes.

■ EXPERIMENTAL SECTION
Synthesis of SnO2/BiOBr, Fe3O4@Au, and Hairpin

DNA−SiO2 Conjugate. SnO2/BiOBr was synthesized by a
one-step hydrothermal method according to the reported
literature30 with some modification. Briefly, stannic chloride
hydrated (SnCl4·5H2O, 1.5 mM) was added into a mixture
containing 5 mL of ethanol and 5 mL of NaOH (6 mM) under

stirring for 0.5 h to form Sn(OH)4 solution. Meanwhile, 2.4
mM potassium bromide (KBr) and bismuth nitrate pentahy-
drate (Bi(NO3)3·5H2O) were added to the mixture including
14 mL of ethylene glycol and 6 mL of H2O for 0.5 h stirring.
Thereafter, the above two solutions were mixed with
ultrasonication for another 0.5 h. After that, the attained
mixture solution was transferred into a 50 mL Teflon-lined
autoclave and kept for 10 h at 110 °C. Then, the obtained
white precipitate was carefully washed with water and ethanol
for several times and dried at 60 °C overnight. Fe3O4@Au was
prepared according to the previous method.31 Hairpin DNA−
SiO2 conjugate (H-SiO2) was obtained by stirring the mixture
of 5 μL of glutaraldehyde, 400 μL of hairpin DNA (2.5 μM),
and 400 μL of amino-modified SiO2 nanoparticles (SiO2-NH2
NPs) at room temperature for 1 h. The preparation of SiO2-
NH2 NPs is available in the Supporting Information, which was
attained according to the reported work32 with a little
modification.

Enzyme-Assisted Signal Amplification Procedure.
Briefly, 200 μL of H-SiO2 and Fe3O4@Au were mixed with
stirring at 4 °C for 12 h, making Fe3O4@Au covalently connect
with hairpin DNA through Au−S bonds. Then, the obtained
mixture was centrifuged and dispersed in 200 μL of 0.1 M
phosphate buffer solution (pH 7.0) to remove unreacted
reagents. Subsequently, the above mixture was subjected to
100 μL of target DNA at 37 °C with 0.5 h incubation to open
the hairpin DNA. After that, for accomplishing the enzyme-
assisted signal amplification process, 10× NE buffer (10 μL)
and Nt·BstNBI enzyme (20 U) were added to the above
mixture with 55 °C incubation for 1 h. Next, to deactivate the
enzyme, the mixture was treated for 20 min at 80 °C. Lastly,
plenty of output DNA−SiO2 was acquired after magnetic
separation.

Fabrication of the Sensing Platform. The bare glassy
carbon electrode (GCE) was pretreated based on the previous
method to achieve a mirror-like surface.33 Then, 10 μL of

Scheme 1. Schematic Illustration of this PEC Assay for DNA Detection Based on the SnO2/BiOBr Heterostructurea

a(A) Biosensor assembly procedure. (B) Enzyme-assisted signal amplification process. (C, D) Photocurrent generation mechanism.
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SnO2/BiOBr (2.5 mg/mL) composite was coated on the bare
GCE surface and dried to gain a uniform film. Afterward, by
immersing the modified electrode in 1% HAuCl4 solution for
10 s at −0.2 V, the Au NP layer was electrodeposited onto the
surface of the modified electrode (dep Au). Subsequently, the
resultant electrode was incubated with 15 μL of capture DNA
(2.5 μM) overnight at 4 °C to immobilize the capture DNA via
Au−S bonds. Thereafter, 10 μL of 1 mM 6-mercaptohexanol

(MCH) was incubated on the surface of the resultant electrode

at room temperature for 0.5 h for blocking nonspecific binding

sites. The sensing interface was constructed by such a process.

The needless absorbed species were eliminated after each

modification by carefully rinsing with ultrapure water. The

specific construction procedure of this PEC biosensor was

depicted in Scheme 1A.

Figure 1. SEM images of (A) SnO2, (B) BiOBr, (C) SiO2 NPs, and (D) SnO2/BiOBr complex. (E) SEM image and corresponding elemental
mapping images of SnO2/BiOBr complex.

Figure 2. (A) PL spectra of SnO2 and SnO2/BiOBr. (B) UV−vis absorption spectroscopy of SnO2, BiOBr, and SnO2/BiOBr.

Figure 3. Electrochemical characterizations of (A) CV and (B) EIS response: (a) bare GCE, (b) SnO2/BiOBr/GCE, (c) dep Au/SnO2/BiOBr/
GCE, (d) capture DNA/dep Au/SnO2/BiOBr/GCE, (e) MCH/capture DNA/dep Au/SnO2/BiOBr/GCE, and (f) output DNA−SiO2/MCH/
capture DNA/dep Au/SnO2/BiOBr/GCE.
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■ RESULTS AND DISCUSSION

Characterization of the Prepared Materials. The
microstructures and morphologies of the synthesized materials
were characterized by scanning electron microscopy (SEM). It
can be seen that SnO2 was in the form of nanoparticles with a
size of about 30 nm (Figure 1A) and BiOBr illustrated a thin
irregular flake structure with a smooth surface (Figure 1B). It
could be observed that SiO2 nanoparticles had a spherical
structure with a size of about 40 nm (Figure 1C). These results
suggested that the preparation of the above materials was
successful. Figure 1D showed that SnO2 nanoparticles were
anchored on the surface of BiOBr nanosheets. Meanwhile, the
SEM mapping images (Figure 1E) of Sn, O, Bi, and Br
elements also confirmed the successful synthesis of the SnO2/
BiOBr composite. Besides, transmission electron microscopy
(TEM) and X-ray diffraction (XRD) were conducted to
further analyze the SnO2/BiOBr composite (see the
Supporting Information). As depicted in Figure 2A, the
photoluminescence (PL) intensity of the SnO2/BiOBr
composite was weaker than that of pure SnO2, demonstrating
that the SnO2/BiOBr complex owned a more efficient
separation of the electron−hole pairs than that of pristine
SnO2.

24,30 Figure 2B illustrated that the SnO2/BiOBr
composite had significantly enhanced light absorption in the
entire UV−vis range compared with the pristine SnO2 and
BiOBr.
Electrochemical Characterization of Electrode As-

sembly. Cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) measurements were conducted
to evaluate the stepwise modification of this PEC biosensor.
Figure 3 showed that compared with the bare GCE, the redox
peak current (Figure 3A, curve b) and the charge-transfer
resistance (Ret) (Figure 3B, curve b) both showed an obvious
increase after modifying with the photoactive material SnO2/
BiOBr composite, which could be ascribed to the poor
conductivity of uniform SnO2/BiOBr film that could impede
the transfer of electron. Subsequently, when the electrode
surface was modified with the Au NP layer, an enhanced peak
current (Figure 3A, curve c) and a decreased Ret (Figure 3B,
curve c) were observed on account of the fact that Au NPs
embrace outstanding conductivity. After the capture DNA,
MCH, and output DNA−SiO2 were successively incubated
onto the surface of the modified electrode, the peak currents
(Figure 3A, curve d−f) illustrated a continuous reduction
resulting from the increased electrostatic repulsion, poor
conductivity, and steric hindrance, respectively, while the
changing trend of impedance (Figure 3B, curve d−f) was
opposite to that of CV. All the results illustrated that the
stepwise construction of the biosensor was successful.
PEC Characterization of Electrode Assembly. PEC

characterization was conducted to further verify the con-
struction process of the biosensor. In Figure 4, the photo-
current intensity (curve a) was nearly zero for bare GCE, while
the PEC response (curve b) displayed a significant increase
when the SnO2/BiOBr composite was coated onto the
electrode. After dep Au, an enhanced PEC response was
obtained (curve c) since the conductivity of Au NPs is brilliant
and the plasmonic effect of Au NPs can promote charge
separation. When capture DNA and MCH were incubated
onto the surface of the resultant electrode continuously, the
photocurrent (curves d and e) revealed successive reduction
owing to the poor conductivity of DNA and MCH. With

output DNA−SiO2 anchored onto the modified electrode, the
photocurrent decreased obviously on account of the steric-
hindrance effect of SiO2. These characterization data indicated
that this biosensor was successfully fabricated.

Analysis Performance Test. To assess the detection
performance of this developed biosensor, the photocurrent
signals subject to target DNA with a series of different
concentrations were measured. As revealed in Figure 5A, in the
range of 0.5 fM to 5 nM, with the increase in target
concentration, the photocurrent response linearly diminished.
The corresponding linear equation was demonstrated in Figure
5B, which was I = −0.1971 lg c + 1.050 (R2 = 0.9964), where I,
c, and R2 were the photocurrent intensity, the concentration of
target DNA, and the correlation coefficient, respectively.
Moreover, the limit of detection was calculated as 0.18 fM
(S/N = 3). Additionally, the analytic performance comparison
was conducted between this elaborated PEC biosensor and
other previous detection techniques for DNA detection.
Apparently, Table 1 clearly illustrated that this constructed
PEC assay owned a pretty lower detection limit and a much
wider linear range.

Specificity and Stability Test. The specificity of the
established biosensor was studied by monitoring the PEC
responses toward target DNA (0.5 pM) and its interferents (50
pM) including the mixture sequences, single-base mismatch
DNA 1 (smDNA 1), smDNA 2, and double-bases mismatch
DNA (dmDNA). Figure 6A showed that the photocurrent
response toward smDNA 1, smDNA 2, and dmDNA displayed
a negligible change while an obvious quenching of the
photocurrent intensity was obtained after introducing mixture
sequences and target DNA, which indicated that the designed
biosensor embraced desirable specificity. Furthermore, the
stability of the developed biosensor was evaluated by
monitoring the photocurrent signal with 0.5 pM target DNA
under 10 consecutive light “off−on−off” cycles. Figure 6B
revealed a negligible change in the photocurrent and 0.8% of
the relative standard deviation (RSD), indicating that this
designed strategy embraced exceptional stability.

Preliminary Application Investigation. The application
potential of this developed biosensor was evaluated by the
standard addition method. Different concentrations of target
DNA spiked in healthy serum samples (50-fold diluted) were
detected. As depicted in Table S2 (showed in the Supporting
Information), with recovery ranging from 96.7 to 104.2% and

Figure 4. PEC characterization of (a) bare GCE, (b) SnO2/BiOBr/
GCE, (c) dep Au/SnO2/BiOBr/GCE, (d) capture DNA/dep Au/
SnO2/BiOBr/GCE, (e) MCH/capture DNA/dep Au/SnO2/BiOBr/
GCE, and (f) output DNA−SiO2/MCH/capture DNA/dep Au/
SnO2/BiOBr/GCE.
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RSD varying between 2.9 and 4.8%, the fabricated PEC
biosensor illustrated application potential in real samples.

■ CONCLUSIONS
An elegant PEC strategy was designed for ultrasensitive DNA
determination depending upon a p−n heterojunction SnO2/
BiOBr with desirable photoelectric conversion efficiency as the
photoactive matrix and SiO2 as the effective signal quencher.
Impressively, the formation of SnO2/BiOBr p−n hetero-
junction not only depressed the electron−hole recombination
but also expanded the light absorption in the UV−vis region,
thereby further improving the photoelectric conversion
efficiency of SnO2. Notably, the photocurrent of the SnO2/
BiOBr heterojunction illustrated 6.4-fold and 12.1-fold
increase over the pristine BiOBr and SnO2, respectively, due
to the formation of a large built-in electric field. Besides, SiO2
as the signal quencher could significantly quench the
photocurrent intensity of the SnO2/BiOBr heterojunction.

The detection sensitivity of the PEC biosensor was improved
remarkably through coupling Nt·BstNBI enzyme-assisted
target cyclic procedure with the effective quenching effect of
SiO2. Consequently, the established PEC strategy opens a new
avenue for constructing heterojunction with extraordinary
photoactive performance and monitoring various kinds of
biomarkers.
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