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We successfully developed a photoelectrochemical enzymatic fuel
cell (PEFC)-based self-powered biosensing platform for microRNA
detection via DNA conformation change-controlled co-sensitization
behavior, which could offer an ultrasensitive detection of
microRNA down to 0.05 fM and realize the microRNA
determination in human serum.

Self-powered biosensors have been regarded as highly
promising candidates for bioanalysis owing to their unique
merits of working without external power source and simple
instrumentation.* Currently, many self-powered biosensors
were fabricated based on enzymatic fuel cells (EFCs), which has
been applied in food safety,> © disease diagnosis,’1*
environmental monitoring,’2 and so on. However, the
inherently debatable issue of the anodic enzymes (widely used
glucose oxidase) bioelectrocatalysis mechanism for glucose
oxidation has always existed.'®> To address the above issues,
photoelectrochemical enzymatic fuel cell (PEFC) could be one
alternative method because of its direct photo-oxidation
property and the feature of no need of anode enzyme and noble
metal catalyst.'* On this basis, some PEFC-based biosensing
have exhibited the features of high sensitivity, high selectivity,
and low background signal.’>18 However, their limits of
detection were both about micromolar concentrations since
the relative lack of signal amplification strategy restricted the
sensitivity of PEFC biosensors.

Herein, the co-sensitization between p-type and n-type
photovoltaic materials has been proven as one desirable
method to enhance the efficiency of charge separation and

electron transfer, which is very favorable in the
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photoelectrochemical biosensing.’® In the traditional method,
the thickness of the active layer played a virtual role for the co-
sensitization, which needed the professional technology for
exactly control. Thus, to simplify the assembly of co-
sensitization layer, the flexible DNA chain immobilized with n-
type material was selected to precisely regulate the signal
change because the DNA probe conformation would affect the
distance of photovoltaic materials. MicroRNA (miRNA), a
biomarker of many important diseases, is endogenous single-
stranded nonprotein coding RNA consist of 20-23 nucleotides.
Some methods were used for miRNA determination, such as
liquid chromatography-tandem mass spectrometry,2°
electrochemistry,?12>  chemiluminescence,?® 27  surface-
colorimetry3®  and
fluorescence3!. Although the developed strategies have been
developed to improve the detection sensitivity and flexibility,
the expensive instruments and skilled operators limited the
practical application. Thereby, to follow the trend of clinical
application, a robust biosensing platform without any external
power source and simple instrumentation is in desperate need.

In our work, taking the above considerations into account,
with the miRNA-141 as a model, we proposed a PEFC-based
self-powered biosensor for miRNAs ultrasensitive detection
based on the DNA configurational-controlled co-sensitization
amplification strategy, in which, the photovoltaic materials CdS
quantum dots (QDs) were ingeniously modified on the hairpin
DNA probe. To design DNA conformation-controlled co-
sensitization signal amplification strategy, the light-harvesting
material AuNPs-g-CsN,; generated hole-electron pair and the
electron donor glucose molecular in the supporting electrolyte
solution consumed the holes to enhance the separation
efficiency of hole-electron. Upon illumination, in the absence of
target miRNA, the conformation of DNA probe was in the
hairpin form, thus the bounded CdS-COOH QDs were close to
AuNPs-g-C5N4, which resulted in a high photocurrent response
because the formed co-sensitized structure could further
promote the separation efficiency of hole-electron pair. In this
case, the generated electrons transferred to the

enhanced Raman scattering,?® 2°
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graphene/carbon nanotubes/gold nanoparticles/laccase
(G/CNTs/AuNPs/laccase) biocathode and realized the O,
reduction, producing a higher E°®V. However, once the target
miRNA was captured, the hairpin DNA probe would hybridize
with the target to form a more rigid, rodlike double helix, which
drove the anchored CdS-COOH QDs away from the AuNPs-g-
C3N4 electrode surface. Therefore, the photocurrent responses
significantly decreased owing to the vanished sensitization
effect, thereby producing a lower EO% of the PEFC.
Consequently, the proposed bioassay for ultrasensitive
detection of miRNA was readily realized according to the EC%Y
variation. This work provides an idea for designing the new
types of self-powered biosensing platform via DNA
conformation-controlled signal amplification strategy.
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Scheme 1. Schematic lllustration of the Principle of the PEFC-Based Self-Powered
Biosensing platform.

For the photoanode, the assembly process was shown in Fig. 1A.
The hairpin DNA probe was immobilized on the AuNPs-g-C3N4
surface via the Au-S bond. Subsequently, 6-mercapto-1-hexanol
(MCH) was coated on the surface of the electrode to block the
non-specific active sites. Afterwards, the signal amplification
elements CdS-COOH QDs were labeled on the terminal of
hairpin DNA probe through condensation reaction. Once the
target miRNA was present, the hairpin DNA probe would
hybridize with the target to form a more rigid, rodlike double
helix, which drove the anchored CdS-COOH QDs away from the
AuNPs-g-C5N,4 electrode surface. The light harvesting material
AuNPs-g-C5N4 was selected not only because its advantages of
low toxicity, high chemical stability, inexpensive precursors, and
the simple preparation process.3% 33but also that AuNPs were
utilized to improve the photocurrent because of the surface
plasmons polaritons effect.3* The morphology of the g-C5sN, and
AuNPs-g-C3N4 was characterized by TEM. As shown in Fig. 1B,
the pristine g-C3N4 film clearly presented a wrinkled structure.
While the AuNPs-g-C3N4 showed that lots of AuNPs (little dark
spots) adhered to the g-C3N, surface (Fig. 1C), indicating the
successful preparation of AuNPs-g-CsN,4. In addition, EIS (Fig.
1D) was carried out with [Fe(CN)g]3/4 as the redox probe to
verify the modification process in Fig.1A. The charge-transfer
resistance (R.) value of the bare ITO was small (90.8 2, curve
b), while the R value of AuNPs-g-C3N, /ITO electrode (72.4 Q,
curve a) exhibited a slightly decreased, which might attributed
to the fact that the enlarge effective surface area of the AuNPs-
g-C5N,4 electrode could facilitate the redox probe diffusion to
electrode surface. Nevertheless, the introduction of hairpin
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DNA made the R value increased (101.8 Q, curveg),awing,te
the large steric hindrance and the poor eleetri€al ESHctVity ST
DNA. Subsequently, the R value further increased (140.6 2,
curve d) after the modification of CdS QDs, which could be
explained that the adsorption of semiconductor CdS QDs with
poor electrical conductivity blocked the electron transfer from
ferricyanide to the electrode. The conjugation reaction
between the NH,-DNA and CdS QDs was also confirmed by the
gel electrophoresis (The detailed experiment and Fig. S1 were
shown in ESIt). When miRNA was captured by the above
electrode, the R value continued to increase (187.8 Q2, curve
e), owing to the big steric hindrance of DNA and the
electrostatic repulsion between the negatively charged DNA,
CdS QDs and the redox probe. The obtained results strongly
demonstrated the successful assembly of the ITO/AuNPs-g-
C3N4/HS-DNA-NH,/ CdS/miRNA photoanode.
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Fig. 1. (A) Assembly process of the ITO/AuNPs-g-CsN;/HS-DNA-
NH,/MCH/CdS/miRNA photoanode. TEM images of (B) g-CsN4 and (C) AuNPs-g-
C3Ng. (D) EIS curves of the different electrodes: (a) the ITO/AuNPs-g-CsN,, (b) the
bare ITO electrode, (c) the ITO/AuNPs-g-C3N;/HS-DNA-NH,, (d) the ITO/AuNPs-g-
C3N4/HS-DNA-NH,/MCH/CdS, (e) the ITO/AuNPs-g-C3N,/HS-DNA-
NH,/MCH/CdS/miRNA. (E) Photocurrent responses of the photoanode in 0.1 M pH
7.4 PB containing 0.1M glucose at 0 V with light excitation.

Furthermore, we also investigated the photocurrent change
during the above assembly process to check the feasibility of
biosensing. As illustrated in Fig. 1E, compared to neat g-C3Ng4
modified ITO electrode (curve c), a strong photocurrent
response was produced for the AuNPs-g-C3N4/ITO electrode
(curve a), which could be ascribed to the surface plasmons
polaritons effect of metal nanoparticles. Subsequently, as the
hairpin DNA probe was immobilized on the AuNPs-g-C3N4
electrode, the photocurrent intensity obviously decreased
(curve e). However, after the CdS QDs anchored, the
photocurrent response significantly increased (curve b), which
could be attribute to the co-sensitization CdS QDs enhanced the
separation efficiency of hole-electron pair. Once the target
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miRNA-141 existed (curve f), the hairpin DNA probe could
hybridize with miRNA to form a more rigid, rod-like double
helix, driving the CdS QDs away from the AuNPs-g-CsN,. In this
case, the heterojunction structure was destroyed, leading to the
reduction of the electron-hole pair separation efficiency. It
should be noted that the photocurrent response signal
gradually decreased with the increase of miRNA concentration
(Fig. S2, ESIT). To further confirm the mechanism of electron-
hole pair separation efficiency for AuNPs-g-C3N,/CdS, the
absorption and photoluminescence spectra were performed.
The g-CsN4 showed a certain absorption at 430 nm, and the
AuNPs-g-C3N,/CdS hybrid could address the inherent weak
absorption defect of g-C3N4 (Fig. S3A, ESIT), thus 430 nm was
selected as light illumination for PEC measurement. Fig. S 3B in
ESIT showed that AuNPs could quench the photoluminescence
of g-C3N;, and compared to AuNPs quenching the
photoluminescence of g-C3N4;, AuNPs-g-C3N;/CdS showed a
more obvious photoluminescence quenching. Furthermore, in
the presence of 1pM miRNA, the photoluminescence of AuNPs-
g-C3N,4/CdS/miRNA almost recovered to initial value, which
perfectly explained the above electrochemical characterization
and indicated the existence of CdS significantly promoted the
electron-hole pair separation efficiency in AuNPs-g-CsN,4. The
as-proposed target-induced signal response laid a solid
foundation for miRNA selective detection and quantification.

In the PEFC-based self-power biosensor, the biocathode also
played an important role. Herein, the G/CNTs/AuNPs was
selected as the substrate material to bound laccase via the
condensation reaction between the carboxyl groups on the Au
NPs and the amino groups in enzyme structure. Firstly, TEM was
used to characterize the morphology of the obtained
G/CNTs/AuNPs. The AuNPs exhibited a uniform diameter of ~10
nm (Fig. S4, ESIT) and distributed on the surface of G/CNTs
composites Fig. 2A, suggesting the successful preparation of
G/CNTs/AuNPs substrate material.
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Fig. 2. (A) TEM image of G/CNTs/AuNPs. (B) CV curves of the
G/CNTs/AuNPs/laccase biocathode in PB (pH = 7.4) saturated with N, (a) and O,
(b) with the scan rate of 50 mV s

In this case, the biocatalysis properties of the biocathode was
studied by the CVs measurement. Firstly, the deletional control
experiments were carried out in which the laccase was
removed. For the substrate materials G/CNTs/AuNPs, CVs
curves were no obvious change regardless of the presence of
oxygen (Fig. S5, ESIT), indicating the necessity of the cathodic
enzyme. For the G/CNTs/AuNPs/laccase biocathode, an obvious
reduction current was observed in the presence of O, compared

This journal is © The Royal Society of Chemistry 20xx
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with that of N, (Fig. 2B), indicating that the,gs-prepared
biocathode possessed good bioelectro¥tali® BHANYCESP 35
reduction. The above results from the as-prepared photoanode
and biocathode ensured the construction of the photo-driven
self-powered biosensing platform for miRNA assay.

The PEFC-based self-powered biosensor was fabricated for
the miRNA determination via integration of the ITO/AuNPs-g-
C3N4/DNA/CdS photoanode and the
ITO/G/CNTs/AuNPs/laccase biocathode, the E°Y of which could
reach 0.62 = 0.01 V. The responses of the as-constructed
biosensor were measured under different concentrations of
miRNA. Fig. 3A shows that the relationship between E°%Y and
miRNA concentration exhibited a negative correlation, in which
the linear relationship was well fitted between E°% and the
logarithm of miRNA concentration in the range from 0.05 to
1000 fM. The linear equation was EC® = 0.5685 - 0.022logc with
the coefficient of determination (R?) of 0.996. The direct
detection limit was 0.05 fM. Furthermore, our biosensor
showed a relatively lower detection limit for miRNA
determination in the published literatures (Table S2), mainly
being attributed to the design of DNA conformation-controlled
co-sensitization signal amplification strategy. Although the
detection limit of the as-proposed biosensor is not the lowest,
the simple instrumentation and no needing external power
sources in the procedure facilitated the practical application in
biomedical fields.
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Fig. 3 (A) The relationship between the E°% and the logarithm of the miRNA
concentration in 0.1 M PB solution (PH 7.4) containing 0.1 M glucose (a-j) 50.0 aM,
100.0 aM, 500.0 aM, 1.0 fM, 5.0 fM, 10.0 fM, 50.0 fM, 100.0 fM, 500.0 fM and 1.0
pM at 0 V with light excitation. (B) Selectivity analysis for miRNA detection by
monitoring the E°% with 1.0 pM of interferences and 1.0 pM miRNA-141.

To verify the specificity of the as-proposed biosensor, a series
of control experiments were performed to evaluate the
influences of analogy miRNA such as microRNA-155, miRNA-
199a, miRNA-143, miRNA-21, and the base mismatched strands
as the interferences. As shown in Fig. 3B, compared to four
other miRNAs, only miRNA-141 presented a relatively low E°%,
attributing to its specific hybridization with hairpin DNA. In
contrast, other four miRNA could not hybridization with hairpin
DNA (gel electrophoresis demonstration in Fig. S1, ESIT), and
the co-sensitization effect still existed, which guaranteed
almost constant EOYV. In addition, even one and three-base
mismatched strands could not destruct the co-sensitization
structure, and it exhibited the excellent selectivity of the as-
proposed biosensor for miRNA-141. To investigate the stability

J. Name., 2013, 00, 1-3 | 3


https://doi.org/10.1039/d0cc03039b

Published on 20 May 2020. Downloaded by Uppsala University on 5/21/2020 8:15:16 AM.

ChemEomm

of the as-proposed biosensor, six biosensors were
independently constructed. It was found that the EO® value
barely changed after storage at 4 °C for 10 days. When the as-
prepared biosensor was stored for 20 days, the E°Y value still
retained 89.5% of the initial responses to 10 fM miRNA-141,
which demonstrated that the PEFC-based biosensor possessed
good stability due to no electron mediator and bioanodic
enzyme for bioassay. The excellent specificity and stability could
be one important prerequisite for the as-proposed self-
powered biosensors with great potential applications in
accurate early-diagnosis of cancers.

On the basis of the excellent features, the diluted serum
(10%) samples were measured by standard addition method to
evaluate the compatibility and practicability of the sensing
platform. MiRNA-141 with four different concentrations were
added into human serum. As displayed in Table S3, the
recoveries of 93.0%-108.0% and the RSD less than 5% were
obtained, indicating that the as-proposed biosensor has great
potential as an alternative candidate in real biological samples
for the accurate early-diagnosis of cancers.

Conclusions

In summary, we proposed a new PEFC self-powered biosensing
platform for ultrasensitive miRNA assay via AuNPs-g-CsN4 and
CdS QDs co-sensitization strategy in the anode. In particular,
CdS QDs was immobilized on the flexible DNA probe, and in this
case, the DNA conformation switching from the hairpin to the
rigid and rodlike double helix structure would affect co-
sensitization behavior, leading to different photocurrent
responses. More importantly, the proposed assay could offer an
ultrasensitive detection, and the direct detection limit was 0.05
fM. Overall, the as-proposed strategy not only offered an
ingenious idea for amplification to design new types of PEFC
self-powered biosensing platform but also have great potential
for practical application in biomedical research and clinical
diagnosis.
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