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We developed a “signal-on” self-powered biosensing strategy by
taking full advantage of both photoelectrochemical biofuel cells
(PBFCs) and metal-organic framework (MOF)-controlled release
behavior for ultrasensitive microRNA assay. PBFC-based self-
powered sensors have the unique characteristics of non-require-
ment of external power sources, simple fabrication process, minia-
ture size, good anti-interference ability and low cost. Furthermore,
based on the target microRNA-induced release of the electron
donor ascorbic acid and the high catalytic ability of the biocathode
to catalyse the oxygen reduction reaction, photo-driven self-
powered biosensors for ultrasensitive microRNA detection were
successfully realized. The as-proposed signal-on biosensor not
only provides a simple and effective strategy, but also possesses
the merits of a wide dynamic concentration response range and
high sensitivity for microRNA detection, with a limit of detection
down to 0.16 fM.

MicroRNAs (miRNAs) are small non-coding RNAs (18 nt to 24
nt), which are relevant to various biological and pathological
processes."” Their dysregulated expression is often involved in
multiple types of cancer, so they have been widely applied as
important biomarkers for cancer diagnosis and treatment.**
To date, great efforts have been made for miRNA detection,
electrochemistry,>” fluorescence,®®
electrochemiluminescence,'®''  surface-enhanced
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scattering,'>'® quantitative reverse transcription polymerase

chain reaction,"*"® and so forth. Although the above-men-
tioned strategies could improve the flexibility and sensitivity of
miRNA assays, the complicated configuration and requirement
of skilled operators limited their practical applications. Thus,
it is indispensable to explore a simple and easy-to-operate
strategy for miRNA detection.

Self-powered biosensors have been extensively applied in
immunoassay,’® cytosensing,’”” environmental monitoring,'®
disease diagnosis’®>* and food safety,>*** because of their
inherent merits such as simple fabrication process, non-require-
ment of external power sources, and low cost.>*>” However, the
evolution of self-powered biosensors still suffered from the
limitations of bioenzymes, including the controversy over the
catalytic mechanism of anodic enzymes (for example, glucose
oxidase) and difficulties in long-term storage. To solve the above
issues, photoelectrochemical biofuel cell (PBFC)-based self-
powered biosensors have emerged due to their direct photo-oxi-
dation characteristic and non-requirement of anodic enzymes
or noble metals as anodes.”®?° Nevertheless, to improve the
anti-interference ability and reduce false-positive readout,***!
the “signal-on” strategy based on metal-organic framework
(MOF)-controlled release behavior was cleverly combined with
PBFC-based self-powered biosensors. In consequence, the
“signal-on” PBFC-based self-powered biosensors would be an
ideal protocol to accurately detect miRNAs with excellent anti-
interference ability.

Herein, “signal-on” PBFC-based self-powered biosensors
based on MOF-controlled release behavior were constructed
for ultrasensitive miRNA detection, which were composed of a
carbon nitride/gold nanoparticles (g-C3N,/AuNPs) photoanode
and a graphene oxide/carbon nanotubes/AuNPs/bilirubin
oxidase (GO/CNTs/AuNPs/BOD) biocathode. In this work, the
MOF-controlled release strategy is crucial for the use of self-
powered biosensors to accurately detect miRNA (miRNA-21 as
the model). The complementary strand of miRNA-21 (csDNA),
as the biogate, would cap the PDDA-modified MOF (PMOF)
through electrostatic adsorption, which encapsulated ascorbic
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Scheme 1 Schematic illustration of the fabrication of the csDNA-
capped PMOF (A) and PBFC-based self-powered biosensors for miRNA
detection (B).

acid (AA) that entered the pores via diffusion into the PMOF
(Scheme 1A). The self-powered biosensors were constructed
based on the above csDNA-capped PMOF; the principle is
shown in Scheme 1B. In the absence of the target miRNA-21,
AA was encapsulated in the pores of the PMOF and a low open
circuit voltage (E°Y) was observed. Once the target miRNA-21
was introduced, it could hybridize with the capped csDNA to
form the rigid DNA-RNA hetero-duplex structure, which would
detach from the PMOF surface, and then the biogate on the
csDNA-capped PMOF was efficiently opened, resulting in the
controlled release of the entrapped AA. Meanwhile, the AA
released was directly oxidized on the photoanode by photo-
generated holes to generate electrons, and the electrons were
transported to the biocathode through an external circuit to
achieve oxygen reduction, thus producing a high E°°. Overall,
the proposed “signal-on” self-powered biosensors were suc-
cessfully realized for the accurate detection of miRNA-21 based
on the MOF-controlled release strategy. This strategy perfectly
combined the self-powered biosensor and the controlled
release system, and provided a new idea for constructing a
“signal-on” biosensor to accurately detect miRNA.

As the key to launch the biosensors, the MOF and its deriva-
tives were characterized by transmission electron microscopy
(TEM), zeta potential analysis and dynamic light scattering. As
shown in Fig. 1B, the morphology of the PMOF showed almost
no change compared with that of the MOF (Fig. 1A). Besides,
the zeta potential analysis was carried out to confirm the suc-
cessful construction of the layer-by-layer assembly of miRNA-
DNA-PMOF (Fig. 1C). After PDDA was modified, the zeta
potential value of the PMOF changed from —0.13 to +0.16 mV,
suggesting the adsorption of positively charged PDDA. With
the introduction of the negatively charged DNA, the zeta
potential value greatly reduced to —0.5 mV, demonstrating that
DNA was adsorbed on the PMOF surface through electrostatic
adsorption. The zeta potential value could recover to some
extent because the DNA-RNA hetero-duplex was detached from
the PMOF. In addition, dynamic light scattering was also
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Fig. 1 TEM images of the MOF (A) and the PMOF (B); zeta potential (C)
and dynamic light scattering (D) of the MOF, PMOF, DNA-PMOF and
miRNA-DNA-PMOF.

implemented to verify the protocol. As shown in Fig. 1D, the
particle size gradually increased after the modification of
PDDA and DNA, implying successful fabrication. However,
once the target miRNA existed, the particle size of miRNA-
DNA-PMOF would be reduced to a certain extent compared
with that of DNA-PMOF, indicating the detachment of the
DNA-RNA hetero-duplex. All of the above results affirmed the
successful construction of the csDNA-capped PMOF and the
ability for target-induced csDNA liberation.

For the photoanode, g-C;N,/AuNPs were selected as the
substrate materials owing to their excellent photoelectric capa-
bility. Fig. S17 shows that AuNPs were uniformly decorated on
the surface of the g-C;N, nanosheets, indicating the successful
synthesis of g-C3N,/AuNPs. Furthermore, we investigated the
differential pulse voltammetric (DPV) and photocurrent
responses with different concentrations of the target
miRNA-21 to verify the feasibility of the biosensing strategy. As
illustrated in Fig. 2A, the current value increased with the
increase of the miRNA-21 concentration, which could be attrib-
uted to the fact that miRNA with a higher concentration would
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Fig. 2 (A) DPV responses of AA at the bare ITO electrode in the pres-
ence of miRNA-21 with different concentrations (from d to a: 1, 10, 100,
and 1000 fM); (B) photocurrent responses of g-C3N4/AuNPs in the pres-
ence of miRNA-21 with different concentrations (from g to a: 0.1, 0.5, 1,
5,10, 100, and 1000 fM).
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open more biogates; thus more AA were released. Similarly,
the photocurrent responses also proved the release process
controlled by the target miRNA (Fig. 2B). The photocurrent
intensity was positively correlated with the miRNA concen-
tration since the more released AA induced by miRNA could
consume more holes to avoid electron-hole recombination,
thereby generating higher photocurrent. The above-men-
tioned results confirmed the release process of the entrapped
AA, which further suggested the feasibility for assembling the
self-powered biosensor. Apart from this, to realize the
optimal performance of PBFC-based self-powered biosensors
for miRNA detection, the concentration of AA as well as
c¢sDNA, the block time of csDNA, and the release time of AA
were optimized (Fig. S27).

Under the circumstances, the biocathode as the electron
acceptor also had a vital influence on the performance of the
self-powered biosensor. Herein, electrochemical impedance
spectroscopy (EIS) was employed to monitor the assembling
process of the biocathode. As shown in Fig. 3A, the charge-
transfer resistance (R.) value of the ITO/GO/CNTs/AuNPs elec-
trode (140 Q, curve a) was smaller than that of the bare ITO
electrode (300 Q, curve c¢), demonstrating the excellent conduc-
tivity of GO/CNTs/AuNPs composites. Besides, after the modifi-
cation of PBSE, the R value of the ITO/GO/CNTs/AuNPs/PBSE
electrode (380 Q, curve b) showed a slight increase. And when
BOD was immobilized onto the electrode surface, the R, value
sharply increased (655 Q, curve d), attributed to the fact that
the non-electroactive BOD prevented the redox probes from
reaching the electrode surface. Nevertheless, cyclic voltamme-
try (CV) was carried out to explore the bioelectrocatalytic be-
havior of the biocathode in Fig. 3B. The cathodic current
increased by 100 pA at —0.2 V in the O,-saturated solution
compared with that under the N, system, illustrating the
efficient catalytic ability of the biocathode. As a control, the
biocathode without BOD had almost no ability to catalyze
oxygen reduction (Fig. S3t), further indicating the catalytic
ability of BOD. All of the above results demonstrated that the
as-prepared biocathode exhibited excellent conductivity and
outstanding catalytic ability, which laid a solid foundation for
the fabrication of PBFC-based self-powered biosensors.
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Fig. 3 (A) EIS curves of different modified ITO electrodes: (a) ITO/GO/
CNTs/AuNPs, (b) ITO/GO/CNTs/AuNPs/PBSE, (c) bare ITO electrode,
and (d) ITO/GO/CNTs/AuNPs/PBSE/BOD. (B) CVs of the ITO/GO/CNTs/
AuNPs/PBSE/BOD biocathode in PB (pH = 7.4) saturated with N, (a) or
O, (b). Scan rate = 50 mV s~ .
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By integrating the photoanode and biocathode, the PBFC-
based self-powered biosensor was constructed for ultra-
sensitive miRNA detection. As illustrated in Fig. 44, in the
absence of the target miRNA, the E°Y value of the self-
powered biosensor was only 0.12 V. However, when the
target miRNA induced the release of AA through forming the
rigid DNA-RNA hetero-duplex structure, the E°V value of
the self-powered biosensor gradually increased with the
increase of the miRNA concentration (curve from g to a).
Furthermore, Fig. 4B shows a good linear relationship
between the E°°Y value and the miRNA concentration over a
linear range of 0.5 to 1000 fM. The linear equation was E°“Y
= 0.160 + 0.037c (coefficient of determination R> = 0.998),
and the detection limit of the self-powered biosensor was
0.16 fM (S/N = 3), which was commensurate with or superior
to those of the reported methods (Table S27). Although the
detection limit of the as-prepared self-powered biosensor
was not the lowest, the ingenious amalgamation of the
MOF-controlled release strategy and the PBFC-based self-
powered biosensor provided more possibilities for bio-
medical detection and treatment.

To confirm the selectivity of the as-proposed self-powered
biosensor, a series of analogous miRNAs, such as miRNA-143,
miRNA-141, miRNA-155, and miRNA-199a, were selected as
the interferences. As shown in Fig. 4C, in comparison with the
interferences, only miRNA-21 could generate a relatively high
E°%Y value, ascribing to the high specificity of the base pairing
reaction. The above result demonstrated that the as-prepared
self-powered biosensor had excellent selectivity for miRNA
detection.
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Fig. 4 (A) E°V of the proposed biosensor in the presence of miRNA-21
with different concentrations (from h to a: 0.5, 1, 5, 10, 50, 100, 500,
and 1000 fM). (B) The plot of E°<V vs. the logarithm of the miRNA-21
concentration. (C) Selectivity analysis for miRNA-21 by monitoring E°<Y
with 1 pM of interferences and miRNA-21. Error bars represent the stan-
dard deviation of an average value from independent measurements of
three biosensors.
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Conclusions

In summary, we proposed “signal-on” PBFC-based self-
powered biosensors based on MOF-controlled release behavior
for ultrasensitive miRNA detection. Encouragingly, the as-pro-
posed self-powered biosensor possessed a wide dynamic con-
centration response range and high sensitivity for miRNA
detection, which could be attributed to the ingenious design
of the MOF-controlled release strategy to enable the “signal-
on” detection of miRNA. In this work, the ingenious combi-
nation of the PBFC-based self-powered biosensor and the
MOF-controlled release strategy not only improved the anti-
interference ability of the biosensor, but also provided a fresh
idea for ultrasensitive miRNA detection.
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