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Herein, a photoelectrochemical biosensor was successfully con-
structed on the basis of a sensitization strategy of doxorubicin
sensitized graphitic carbon nitride for the ultrasensitive detection
of microRNA-141 with the assistance of a target-activated enzyme-
free DNA walker.

Photoelectrochemical (PEC) assays, as a promising analytical
technique, have been developed rapidly owing to their unique
advantages of low background signal, low cost and high
sensitivity." ™ Until now, numerous works have focused on the
excellent sensitization strategy based on the photoactive materials
and appropriate sensitizers to broaden the light absorption range
and promote the electron-hole separation, so as to obtain
satisfactory analysis performance of biosensors.”™ Recently,
various sensitization architectures have been extensively inves-
tigated, such as TiO,/CdS:Mn/CdSeTe,'® Au NPs/Bi,NbO4Cl,"*
BiOCI/Au/CdS QDs,** etc. Although the sensitizers above could
effectively enhance the photoelectric conversion efficiency (PCE)
of the basic photoactive materials, some deficiencies still exist,
such as the high cost and limited loading amount of sensitizer.
Hence, the exploration of a new sensitizer with low cost and
preferable loading amount is highly desired. Doxorubicin (Dox),
as a member of the anthracycline family, has been widely
employed in cancer treatment™'* and biological detection.'®
For example, Ding and co-workers presented a novel drug carrier
system based on loading Dox into DNA origami via intercalation for
cancer treatment.'® Fundamentally, Dox can be stably intercalated

Key Laboratory of Luminescence and Real-Time Analytical Chemistry (Southwest
University), Ministry of Education, College of Chemistry and Chemical Engineering,
Southwest University, Chongqing 400715, P. R. China.

E-mail: yuanruo@swu.edu.cn, shapingw@swu.edu.cn; Fax: +86-23-68253172;

Tel: +86-23-68252277

1 Electronic supplementary information (ESI) available: Materials and reagents,
apparatus, polyacrylamide gel electrophoresis (PAGE), experimental section, PEC
measurement procedure, electrochemical characterizations of the PEC biosensor,
optimal conditions of the PEC assay, the energy band gap (E;) computational process
for Dox, PAGE analysis, the reproducibility of the biosensor, and the feasibility of the
developed biosensor in real samples. See DOI: 10.1039/c9¢c06556¢

13082 | Chem. Commun., 2019, 55, 13082-13084

' ROYAL SOCIETY
OF CHEMISTRY

Ultrasensitive photoelectrochemical microRNA
biosensor based on doxorubicin sensitized
graphitic carbon nitride assisted by a
target-activated enzyme-free DNA walkerf

Yanlin Wang, Lingying Xia, Chongyao Wei, Haihua Wang, Haijun Wang,
* and Shaping Wei*

into the grooves of double-stranded DNA (dsDNA), resulting in a
large amount of Dox in dsDNA."”° More importantly, Dox with a
calculated energy band gap (E,) of about 2.14 eV (the calculation
process is shown in the ESIf) could match well with graphitic
carbon nitride (g-C5N,) with E, of 2.7 eV.*’ Hence, it is expected to
be exquisite using Dox as a photoactive sensitizer to fabricate a high
PCE sensitization platform in the PEC field.

Recently, a number of autonomous DNA walkers, driven by
the cleavage of various enzymes, have been extensively applied
in the biological analysis field.>'>* Although achieving high
sensitivity, the enzymes used in these processes are readily
degraded under adverse environmental conditions.>* Consequently,
researchers have focused on constructing enzyme-free DNA walkers
in recent years. In these strategies, the autonomous movement of
DNA walkers is mostly propelled by catalytic hairpin assembly
(CHA)**?” and strand displacement reaction (SDR).>**® Compared
with the enzyme-cleavage DNA walkers, enzyme-free DNA walkers
have been regarded as a more valuable method due to the low cost,
reliable control and easy construction. Inspired by these, a simple
and effective target-activated enzyme-free DNA walker was reason-
ably designed in this work. In this proposed DNA walker, CHA
replaced an enzyme to power the movement of the DNA walker
exhibiting the features of being low cost and simple. Besides,
the detection of other targets could be achieved by changing the
recognition elements of the target. Ultimately, through the
combination of a target-activated enzyme-free DNA walker and
hybridization chain reaction (HCR), a considerable platform
was successfully constructed for the loading of Dox to enhance
the PCE of g-C3N,.

Herein, a PEC biosensor with the sensitization strategy of
g-C3N,/Dox was proposed for the ultrasensitive detection of
microRNA-141 (miRNA-141) with the assistance of a target-
activated enzyme-free DNA walker. As shown in Scheme 1,
2-C3N, was employed as the basic photoactive material on the
electrode surface. Next, hairpin DNA H1 and H2 were immobilized
on the electrode surface. In the presence of target miRNA-141, H1
could hybridize with miRNA-141 to release the exposed tail
sequence of H1 as a swing arm of the DNA walker for the opening
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Scheme 1 Schematic illustration of (A) the biosensor construction process;
(B) the signal comparison; (C) the photocurrent generation mechanism.
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of hairpin DNA H2, thereby forming a Hil-target-H2 complex.
Then, the swing arm could be released again and hybridized with
the other H2 to perform a cyclic reaction through a CHA process.
After N cycles, a large number of H2-H3 complexes were formed
on the electrode and then the exposed tail of H3 could open H4 for
exposing the tail of H4. The exposed tail of H4 could further react
with H5 to form a HCR circuit, leading to the generation of long
dsDNA copolymers, which were used to provide numerous cavities
for the loading of Dox. Ultimately, Dox was intercalated into the
grooves of dsDNA, resulting in an enhanced photocurrent signal.
This proposed PEC biosensor developed a simple and effective
method for the ultrasensitive detection of biomarkers and pro-
vided a great potential application for early disease diagnosis.
The morphology characterization of the obtained g-C;N, was
recorded by scanning electron microscopy (SEM). The low-
magnification SEM image in Fig. 1A exhibited a wrinkled sur-
face and a typical stacked laminar structure of g-C3N,, but there
were some small particles on the surface, which was attributed
to partial agglomeration. The high-magnification SEM image in
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Fig.1 SEM images of g-CsN4 under (A) low magnification and (B) high
magnification. Typical UV-vis absorption spectrum of (C) g-CsN4 and
(D) Dox.
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Fig. 1B showed a loose and porous structure of g-C;N,, which
was similar to the tremella. From the ultraviolet-visible (UV-vis)
absorption spectrum, the characteristic absorption peak of
g-C3N, was at approximately 322 nm (Fig. 1C), which was nearly
consistent with the reported value in the previous literature.>®
Meanwhile, according to Fig. 1D, Dox displayed an obvious
adsorption peak at about 480 nm, corresponding to the earlier
report.*°

The photocurrent signal was applied to analyze the construction
process of the PEC biosensor. As displayed in Fig. 2, the photo-
current signal of the bare glassy carbon electrode (GCE) nearly
closed to zero (curve a). When g-C3;N, was dropped on the electrode,
the photocurrent signal was increased obviously (curve b). Sequen-
tially, the photocurrent signal was further increased (curve c) after
the electrodeposition of the gold nanoparticle layer (Dep Au) due to
the excellent conductivity of Dep Au. After the obtained electrode
was stepwise modified with the mixture solution of H1 and H2,
hexanethiol (HT), target, H3, and a mixture solution of H4 and H5,
the photocurrent signal decreased successively (curve d, e, f, g,
and h, respectively) on account of the increased steric hindrance
effect of DNA and HT. Finally, the photocurrent signal obviously
increased (curve i) with the addition of Dox, because Dox could
be intercalated into the grooves of dsDNA and increase the PCE
of g-C;N,. The above results proved that the PEC biosensor was
constructed successfully.

The analytical performance of the proposed PEC biosensor
was estimated by detecting various concentrations of the target
under optimized conditions (Fig. S2, ESIt). The photocurrent
responses for the target with various concentrations are recorded
in Fig. 3. According to Fig. 3A, the PEC signals constantly
increased along with incremental target concentrations over the
range of 0.25 fM-2.5 nM. Based on the photocurrent signals and
the logarithm of miRNA-141 concentration (Fig. 3B), the line
regression equation was I = 0.23521g Cargee + 1.186 (1 = 0.9944),
and in this equation, I is the PEC signal, c is the concentration of
miRNA-141 and r is the correlation coefficient. Furthermore, the
detection limit was 83 aM (S/N = 3). In addition, a comparison
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Fig. 2 PEC responses of each immobilized step: (a) bare GCE; (b) g-C3N4/
GCE; (c) Dep Au/g-CsN4/GCE; (d) H1-H2/Dep Au/g-CsN4/GCE; (e) HT/
H1-H2/Dep Au/g-CsN4/GCE; (f) target/HT/H1-H2/Dep Au/g-C3sN4/GCE;
(g) H3/target/HT/H1-H2/Dep Au/g-C3N4/GCE; (h) H4-H5/H3/target/HT/
H1-H2/Dep Au/g-CsN.4/GCE; (i) Dox/H4-H5/H3/target/HT/H1-H2/Dep
Au/g-C3N4/GCE
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Fig. 3 (A) PEC responses of the biosensor incubated with miRNA-141 at
different concentrations in 5 mL of PBS (0.1 M, pH 7.0) containing 50 pL of
30% hydrogen peroxide: 0.25 fM, 2.5 fM, 25 fM, 0.25 pM, 2.5 pM, 25 pM,
0.25 nM and 2.5 nM (from bottom to top). (B) The corresponding calibra-
tion curve for miRNA-141 detection.

study between the proposed PEC biosensor assay and the previously
reported strategies is shown in Table S2 (ESIT). It was exhibited that
the proposed PEC biosensor possessed a satisfactory analysis
performance with a wider linear range and lower detection limit.
The selectivity of this biosensor was verified by using miRNA-122,
miRNA-126 and miRNA-21 as interferences. As exhibited in Fig. 44,
compared to the photocurrent signal of miRNA-141 (2.5 pM),
obviously weak signals were obtained from the interferences
(0.25 nM), which indicated that the proposed PEC biosensor pos-
sessed a satisfactory selectivity. Besides, the stability of the PEC
biosensor is illustrated in Fig. 4B. Under consecutive off-on-off light
for 10 cycles, the relative standard deviation (RSD) was 0.99%, which
revealed that the PEC biosensor possessed a commendable stability.
In summary, a PEC biosensor based on a sensitization
structure of g-C3N,/Dox was established for the ultrasensitive
detection of miRNA-141 based on a target-activated enzyme-free
DNA walker. Since Dox could be stably embedded in the
grooves of dsDNA, the loading amount of the sensitizer could
be significantly increased. The effective combination between
the photoactive material of g-C3N, and the sensitizer of Dox was
conducive to promoting the electron-hole separation and
increasing the PCE of g-C3N,, leading to a remarkably enhanced
PEC signal. Moreover, the target-activated enzyme-free DNA
walker driven by CHA could trigger HCR to produce numerous
dsDNA grooves for significantly improving the loading amount
of Dox. The proposed PEC biosensor exhibited a wide linear
range, superior stability and good selectivity for miRNA detection,
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Fig. 4 (A) Selectivity of the proposed strategy toward different samples:
miRNA-141 (2.5 pM), miRNA-122 (0.25 nM), miRNA-126 (0.25 nM), and
miRNA-21 (0.25 nM). (B) Stability of the proposed strategy incubated with
miRNA-141 (0.25 pM).
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which provided a potential application in bioanalysis and disease
diagnosis.
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