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ABSTRACT: DNA circuits as one of the dynamic nanostructures
can be rationally designed and show amazing geometrical
complexity and nanoscale accuracy, which are becoming
increasingly attractive for DNA entropy-driven amplifier design.
Herein, a novel and elegant exciton—plasmon interaction (EPI)-
based photoelectrochemical (PEC) biosensor was developed with
the assistance of a programmable entropy-driven DNA amplifier
and superparamagnetic nanostructures. Low-abundance miRNA-
let-7a as a model can efficiently initiate the operation of the
entropy-driven DNA amplifier, and the released output DNAs can
open the partially hybridized double-stranded DNA anchored on
Fe;0,@Si0, particles. The liberated Au nanoparticles (NPs)-
cDNA can completely hybridize with CdSe/ZnS quantum dots
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(QDs)-cDNA-1 and result in proportionally decreased photocurrent of CdSe/ZnS QDs-cDNA-1. This unique entropy-driven
amplification strategy is beneficial for reducing the reversibility of each step reaction, enables the base sequence invariant and the
reaction efficiency improvement, and exhibits high thermal stability and specificity as well as flexible design. These features grant the
PEC biosensor with ultrasensitivity and high selectivity. Also, instead of solid—liquid interface assembly for conventional EPI-based
PEC biosensors, herein, DNA hybridization in the solution phase enables the improved hybridization efficiency and sensitivity. In
addition, superparamagnetic Fe;O,@SiO, particles further ensure the enhancement of the selectivity and reliability of the as-
designed PEC biosensor. Particularly, this single-step electrode modification procedure evidently improves the electrode fabrication

efficiency, reproducibility, and stability.

NA molecules are significantly important in the life

system, as they can carry genetic information. Besides,
they can be used for high-capacity information storage in
nanotechnology.” Interestingly, DNA molecules can also be
assembled to various predictable, biocompatible, and func-
tional nanostructures.” At the beginning of the 1980s, Seeman
reported the pioneering work of bottom-up predesigned and
self-assembled nanomaterials according to the Watson—Crick
base pairing rule.’ This innovative idea benefits from the
programmed and unique hybridization of complementary
DNA strands.””” DNA nanotechnology has experienced the
initial self-fabrication of static structures,'’ and it is now
becoming increasingly attractive for dynamic ones in engineer-
ing systems.”'" Recently, DNA circuits as one of the dynamic
nanoscale structures have been reasonably engineered based
on DNA strand displacement reactions.'> This working
principle grants the kinetic control of reaction routes. DNA
circuits show amazing geometrical complexity and nanoscale
accuracy,”~"> and they are becoming increasingly attractive
for DNA entropy-driven am?liﬁers applied in biosensors for
the detection of microRNAs.'°~" An entropy-driven amplifier
is based on dynamic DNA assembly for a multichain composite
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structure,”* which is different from the DNA hairpin structure
for catalytic hairpin assembly (CHA) or hybridization chain
reaction (HCR) biosignal amplification strategies.”" Also, this
unique strategy makes the signal amplification process
irreversible.”” Instead of forming new base pairs with the free
energy release (CHA and HCR),” the unparalleled increasing
entropy principle enables the base sequence invariant and the
reaction efficiency improves.”* Additionally, compared to CHA
and HCR biosignal amplification techniques, entropy-driven
DNA amplifiers exhibit high thermal stability and specificity for
various measurements as well as flexible design.””

A vigorous photoelectrochemical (PEC) sensing technique
evolved from electrochemical analysis has aroused increasingly
research interest because the separation of light irradiation and
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Scheme 1. Schematic Illustration of the PEC Biosensor for miRNA-let-7a
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electrical signal readout endows PEC sensors with low
background noise and ultrasensitivity.”* > For more than a
decade, a variety of “signal-on” and “signal-off” PEC sensors
have been developed based on photoelectric beacon strategies
such as dye sensitization,”" heterojunctions,”>*” ion doping,**
Z-scheme type,” surface plasmon resonance effect,”® and
exciton—plasmon interaction (EPI).”” To further improve the
reliability of the test results, the ratiometric®®~** and polarity-
switching-mode™~* PEC sensors have also been reported in
recent years. In the case of EPI-based PEC sensors, the strategy
is typically based on quantum dot (QD) emission and the
absorption of the corresponding Au NPs, the distance between
which is often regulated by changes in the structure of the
DNA strand.””** The design strategies all preimmobilize the
biofunctionalized QDs (CdTe and Pdots) on indium tin oxide
(ITO) electrodes and then introduce or release the DNA-
functionalized Au NPs with the triggering of analytes. The
construction of current EPI-based PEC sensors experienced
multiple assembly steps and multiple washing procedures,
resulting in time-consuming and unstable defects in the
fabrication. Also, the unhybridized or free DNA-functionalized
Au NPs may still remain on the surface of modified electrodes
due to the electrostatic adsorption force. This will bring about
false positive or false negative detection results. Moreover, the
DNA hybridization efficiency is limited on the solid—liquid
interface, which is not beneficial for the improvement of
sensitivity. Therefore, eliminating the unhybridized DNA-
functionalized Au NPs and generating EPI in the solution
phase is beneficial for high-performance PEC biosensors.
MicroRNAs have been proved to be crucial diagnostic
indicators of cancers on the basis of their abnormal expression
levels. Herein, a flexible and robust EPI-based PEC biosensor
was constructed with the assistance of a programmable
entropy-driven DNA amplifier and the extraction of super-
paramagnetic nanostructures (Scheme 1). In the absence of
miRNA-let-7a as a model, the entropy-driven DNA amplifier
was not triggered; with the help of magnetic separation, the
only species of CdSe/ZnS QDs-cDNA-1 with an optical
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response remained on ITO electrodes. Then, a remarkable
photocurrent was obtained with light irradiation. The presence
of miRNA-let-7a can effectively initiate the entropy-driven
DNA amplifier, and the released output DNAs opened the
partially hybridized double-stranded DNA modified on
Fe;0,@SiO, microspheres by a DNA chain replacement
reaction, leading to the liberation of Au NPs-cDNA particles.
With the assistance of magnetic extraction, the liberated Au
NPs-cDNA completely hybridized with CdSe/ZnS QDs-
cDNA-1, and the resulting EPI decreased the photocurrent
of CdSe/ZnS QDs-cDNA-1. The concentration increase of
miRNA-let-7a proportionally brought about the photoelectric
response decrease of the as-designed PEC biosensors. Based on
this working mechanism, the developed PEC biosensing
platform has been used for real sample measurement.
Typically, this unique one-step electrode modification avoids
layer-by-layer assembly, evidently improving the electrode
fabrication efficiency, reproducibility, and stability. Also,
nucleic acid hybridization in the solution phase in this protocol
is more in favor of the sensitivity enhancement over the
conventional PEC biosensors. Moreover, the potential
redundant quenching element of DNA-functionalized Au
NPs anchored at the surface of Fe;O,@SiO, can be removed
from the detection system, leading to the improvement of the
selectivity and reliability of EPI-based PEC biosensors. The
programmable entropy-driven DNA amplifier grants the as-
design PEC biosensor with the advantage of ultrasensitivity as
well as high selectivity. This unique design will provide a new
perspective and avenue for flexible and robust PEC biosensors
and also extend the application of DNA circuits.

B EXPERIMENTAL SECTION

Synthesis of the Fe;0,@SiO,-Probe DNA-cDNA-Au
NP Complex. First, Fe;O,@SiO, particles were prepared
according to the previous work,"” and then they were dispersed
in 30 mL of ethanol. After violently stirring for 5 min, S0 uL of
(3-aminopropyl)triethoxysilane (APTES) were mixed and
heated to reflux for 3 h. The resulting Fe;O,@SiO,-NH,
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Figure 1. HRTEM images of Fe;0, (A) and Fe;0,@SiO, (B). (C) The magnetic hysteresis loops of Fe;0, (a) and Fe;0,@SiO, (b) and their
enlarged view near the origin (D). The superparamagnetic behavior of Fe;0,@SiO, microspheres investigated at room temperature shown in (E)

and (F).

microspheres were obtained by centrifugation and washed with
ethyl alcohol three times, followed by dispersion in 25 mL of
water. Meanwhile, probe DNA (50 uL, 10 pmol L") was
activated with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC, 25 uL, 0.1 mol L") and N-hydroxysuccinimide (NHS,
25 uL, 0.025 mol L") at 25 °C for 60 min, then they were
added into 1 mL of Fe;O,@SiO,-NH, dispersion, and the
mixture reacted at 37 °C for 6 h.*** With the help of magnetic
separation, the Fe;O,@SiO,-probe DNA was obtained and
scattered into 150 uL of the buffer solution. Also, the
incubation of the prepared Au NPs (0.25 mol L™!, 1 mL) with
capture DNA (cDNA, 10 gmol L™, 50 uL) was implemented
at 37 °C overnight,” followed by hybridization with the
prepared Fe;O0,@Si0,-probe DNA. After another incubation
at 37 °C for 120 min,”" the resulting Fe;0,@SiO,-probe
DNA-cDNA-Au NPs were collected, washed three times, and
dispersed in 250 uL of the buffer solution.

Construction of the Entropy-Driven Amplifier and
PEC Biosensing. For the synthesis of the substrate complex
(S), three customized single-stranded oligonucleotides (output
DNA-612, byproduct DNA-534, and template DNA-
1#2%3%4%5%) were mixed in an equal molar ratio in the
buffer solution.’> The stock solution (2.0 gmol L™') was
incubated at 95 °C for S min. When the temperature decreased
to 4 °C within 1 min, it was stored in the buffer solution for
future use. Subsequently, S0 uL of the buffer solution
containing various concentrations of miRNA-let-7a was
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mixed with the substrate solution (2 wmol L™!, 50 L) and
incubated at 37 °C for 120 min. The template DNA-
1#2%3%4%*5% (tDNA) contained a single-stranded toehold,
denoted domain 5*. When miRNA-let-7a bound to domain
§*, it initiated a strand displacement reaction between domain
4 on miRNA-let-7a and the territory on byproduct DNA-534
(B). Consequently, miRNA-let-7a completely bound to tDNA
and generated a metastable complex, which further released
byproduct DNA-534 and formed three-stranded complex M1.
After that, the fuel strand DNA-1234 (2.0 ymol L™, 50 uL)
was mixed with the resulting three-stranded complex M1 and
incubated at 37 °C for 120 min. Then, four-stranded complex
M2 was obtained by domain 3 on fuel strand DNA-1234 (F)
bound to domain 3* on MI. As a result, miRNA-let-7a was
freed from metastable complex M3 with the liberation of
output DNA-612 and the waste complex (W). The liberated
miRNA-let-7a initiated the next round of cycle of the entropy-
driven amplification procedure. After multiple cycles, the
Fe;0,@S5i0,-probe DNA-cDNA-Au NP composite (2.0 gmol
L7, 50 uL) was scattered into the mixture containing a large
number of output DNA-612 and reacted for additional 120
min at 37 °C, leading to the release of cDNA-Au NPs, and the
resulting Fe;O0,@SiO,-probe DNA-output DNA-612 and
remained Fe;O,@SiO,-probe DNA-cDNA-Au NP complexes
were extracted by magnetic force. Meanwhile, the as-prepared
CdSe/ZnS QDs (0.2 mmol L™}, 100 uL) were added into 100
UL of the DNA buffer solution containing the coupling reagent
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Figure 2. Electrophoretic characterization for different samples in the increasing entropy system. Lane 1: substrate: 2 yumol L™ X 5 uL; lane 2:
substrate: 2 ymol L™ X 5 uL + target: 20 gmol L™' X 0.5 uL; lane 3: substrate: 2 gmol L™' X § yL + target: 1 gumol L™" X 0.5 L + fuel: 20 gmol
L™ X 0.5 uL; lane 4: probe DNA: 20 gmol L™' X 0.5 uL + cDNA: 20 ymol L™ X 0.5 uL; and lane 5: substrate: 2 ymol L™ X 5 uL + target: 1
umol L' x 0.5 uL + fuel: 20 gmol L™! X 0.5 uL + probe DNA-cDNA: 20 pgmol L™" X 0.5 pL. Reaction time = 2 h.

(0.1 mol L%, 50 uL of EDC and 0.025 mol L™}, 50 uL of
NHS) and reacted at 25 °C for 60 min for the activation of
—COOH groups on CdSe/ZnS QDs, followed by the addition
of cDNA-1 (10 gmol L™, 50 yL) and reacted at 37 °C for 6 h.
Afterward, SO pL of the prepared CdSe/ZnS QDs-cDNA-1
solution was added into the entropy-driven amplification
system containing the released cDNA-Au NPs and reacted for
additional 120 min at 37 °C. Then, the CdSe/ZnS QDs-
cDNA-1-cDNA-Au NP composite was achieved by completely
Watson—Crick base pairing. Then, 20 uL of the product was
modified on a cleaned ITO electrode. Subsequently, the dried
photoanode was used for photocurrent acquisition in 0.1 mol
L™! phosphate-buffered saline (PBS, pH 7.0). In the absence of
target, the entropy-driven amplifier could not be triggered, and
the solution only containing CdSe/ZnS QDs-cDNA-1,
substrate complex, and fuel strands was used to modify
cleaned ITO electrodes with the help of magnetic extraction.
Based on this entropy-driven signal amplification system, the
target proportionally caused the release of output DNA-612,
which resulted in the photocurrent decrease of CdSe/ZnS
QDs-cDNA-1 due to the EPI in CdSe/ZnS QDs and Au NPs.

B RESULTS AND DISCUSSION

Material Characterization. The morphologies and
magnetic features of the synthesized functional nanomaterials
were characterized using a high-resolution transmission
electron microscope (HRTEM) and a superconducting
quantum interference device (SQUID). As shown in Figure
1A, the average size of the synthesized Fe;O, particles is
approximately 91 nm. To achieve the stabilization and
additional functionalization of Fe;O, colloidal nanocrystalline
clusters, they were coated with colloidal SiO,, and the mean
size of the resulting core—shell-structured Fe;O,@SiO,
particles is ~168 nm in diameter (Figure 1B). Figure 1C
shows that the hysteresis loops measured at room temperature

correspond to Fe;O, and Fe;O,@SiO,. Compared to the
saturation magnetization of Fe;O, (73.1 emu g_l), it decreased
to 33.1 emu g~ when coated with colloidal SiO,. Also, their
hysteresis and remanence are not evidently emerged. More-
over, the coercivity in each enlarged view (Figure 1D) is not
more than 20 emu g~'. These indicate the superparamagnetic
feature of both Fe;0, and Fe;0,@SiO, particles.”” In the
presence of magnetic force, the homodispersed Fe;O,@SiO,
particles can be assembled inside the flask. When the magnetic
force is removed, the gathered Fe;O,@SiO, particles can also
be uniformly dispersed in the aqueous phase (Figure 1E,F).
This phenomenon further confirms the superparamagnetic
Fe;0,@Si0O,. Additionally, the structures of Fe;O, and
Fe;0,@SiO, have been confirmed by X-ray diffraction
(XRD) and X-ray photoelectron spectroscopy (XPS) in the
previous work.>*

Assessment of the Entropy-Driven Amplifier. The
operation of the as-designed entropy-driven amplifier was
assessed by native polyacrylamide gel electrophoresis (PAGE,
Figure 2). After the reaction of equimolar amounts of output
DNA-612, byproduct DNA-534, and tDNA, lane 1 shows a
remarkable band, indicating the generation of the substrate
complex. In contrast to the band in lane 1, the band
corresponding to the substrate complex disappears and two
new bands emerge in lane 2 with the introduction of equimolar
miRNA-let-7a. This can be explained as follows: the toehold
domain 5* in tDNA combines with miRNA-let-7a, leading to a
strand displacement reaction between domain 4 on miRNA-
let-7a and the territory on byproduct DNA-534 (B). As a
result, miRNA-let-7a completely binds to tDNA and generates
a metastable complex, which further releases byproduct DNA-
534 and forms three-stranded complex MI1. With the
introduction of equimolar fuel strand DNA-1234 and
miRNA-let-7a (0.05x) for multiple cycles, three new bands
occur in lane 3, suggesting that the substrate complex is
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Figure 3. (A, B) HRTEM images of Au NPs and CdSe/ZnS QDs, respectively; (C) UV—vis absorption spectra of CdSe/ZnS QDs (a) and Au NPs
(c) and the fluorescence emission spectrum of CdSe/ZnS QDs at a wavelength of 560 nm (b). The inset shows a digital photograph corresponding
to the samples in spectra; (D) the photocurrents of CdSe/ZnS QDs (a) and the mixture containing CdSe/ZnS QDs and Au NPs-based
photoanodes (b); Schematic illustrations of band energy diagram for CdSe/ZnS QDs (E) and the EPI mechanism between Au NPs and CdSe/ZnS

QDs (F).

converted to the waste complex, output DNA-612, byproduct
DNA-534, and miRNA-let-7a. Among them, the bands of
output DNA-612 and byproduct DNA-534 cannot be
distinguished due to their similar base numbers. Lane 4
shows only one band, which corresponds to the complete
hybrid product of probe DNA-cDNA. When equimolar probe
DNA and cDNA were introduced in the reaction system of
lane 3, the appearance of a new band in lane 5 can be ascribed
to the composite of probe DNA-output DNA-612 in contrast
to lane 3. However, the band of cDNA cannot appear in lane §
because its base sequence is rarely single-stranded and cannot
be stained by ethidium bromide (EB). These successfully
confirm that the target can efficiently trigger the operation of
the entropy-driven amplifier and the released output DNA-612
can induce the DNA strand replacement reaction.

The entire entropy-driven amplification procedure marked
with parameters can be represented by a reaction equation
(Figure S1). The increasing entropy process is thermodynami-
cally controlled and has been proven by the detailed
calculation in the Supporting Information.

Photoelectric Response Working Mechanism. Figure
3A,B exhibits the HRTEM images of Au NPs and CdSe/ZnS
QDs, respectively. Figure 3C shows UV-—vis spectra,
fluorescence spectra, and the corresponding digital photo-
graphs of CdSe/ZnS QDs and Au NPs. As is shown, the
emission spectrum of CdSe/ZnS QDs overlaps well with the
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absorption spectrum of Au NPs, resulting in the EPI between
them.”” As shown in Figure 3D, the CdSe/ZnS QD-based
photoanode exhibits a remarkable photocurrent of 124.5 nA.
However, when the Au NPs were introduced in the CdSe/ZnS
QD-based photoanode, the photocurrent obviously decreases
to 50.2 nA, which is resulted from the EPI in CdSe/ZnS QDs
and Au NPs.>” The detailed PEC working mechanism is
proposed in Figure 3E,F. Without the initiation of miRNA-let-
7a, the entropy-driven DNA amplifier cannot operate. With the
assistance of magnetic separation, the only species of CdSe/
ZnS QDs-cDNA-1 with an optical response remained on ITO
electrodes. Under light irradiation, given the energy level
matching between them, the photoelectrons resulted from ZnS
QD:s transfer to the conduction band (CB) of CdSe QDs and
then transfer to the external circuit, bringing about a
remarkable photoelectric response. However, the target can
initiate the entropy-driven amplifier, and the released output
DNAs open the partially hybridized double-stranded DNA
modified on Fe;0,@SiO, microspheres by the DNA chain
replacement reaction, leading to the liberation of Au NPs-
cDNA particles. With magnetic assistance, the liberated Au
NPs-cDNA completely hybridized with CdSe/ZnS QDs-
cDNA-1 by Watson—Crick base pairing and resulted in the
weakened photocurrent (Figure 3F). Based on this PEC
principle, a unique and flexible EPI-based PEC biosensor for
miRNA-let-7a can be developed with the assistance of the
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Figure 4. Electrochemical impedance spectra of (a) Fe;0,@SiO,-NH,, (b) Fe;0,@SiO,-probe DNA, (c) Fe;0,@Si0,-probe DNA-cDNA-Au
NPs, (d) Au NPs, (e) Au NPs-cDNA, (f) CdSe/ZnS QDs, (g) CdSe/ZnS QDs-cDNA-1, and (h) Au NPs- cDNA-cDNA-1-CdSe/ZnS QD-
modified glassy carbon electrodes in a 2.5 mmol L™' K,Fe(CN), and K;Fe(CN)g solution containing 0.2 mol L™" KCL
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Figure 5. (A) Photocurrent corresponding to the concentration of 0, 10, 50, 100, 500 amol L™, 1, S, 10, 50, 100, 500 fmol L™, 1, S, and 10 pmol
L™" miRNA-let-7a in 0.1 mol L' PBS (pH 7.0). (B) The linear calibration curve. (C) Interference investigated by conventional miRNAs with
different concentrations. (D) Photocurrent responses of the PEC biosensor in the presence of 10 amol L™" and 10 pmol L™' miRNA-let-7a in 0.1

mol L™ PBS (pH 7.0) with chopped light irradiation.

Table 1. Comparison of the Different Detection Methods for miRNA-let-7a

analytical method detection limit linear range references
colorimetric 21.7 pmol L™} 50 pmol L™ to 10 nmol L™ 55
fluorescence 67.3 fmol L™! 100 fmol L™ to 50 pmol L™ 56
fluorescence 10.8 fmol L™ 60 fmol L™! to 12 pmol L™ 57
chemiluminescence resonance energy transfer imaging 6.9 fmol L™ 10 fmol L™! to 100 pmol L™ 58
fluorescence 4.6 fmol L™! 5 fmol L™! to S pmol L™! 59
electrochemiluminescence 1.49 fmol L™ 10 fmol L™ to 10 nmol L™ 60
electrochemical 25 amol L™! 80 amol L™! to 300 fmol L™ 61
electrochemical 0.25 nmol L™! 0.4—140 nmol L™! 63
fluorescence 35 amol L™! 0.1 fmol L™" to 10 pmol L™ 64
photoelectrochemical 3.35 amol L™* 10 amol L™ to 1 pmol L™! this work

programmable entropy-driven DNA amplifier and super-
paramagnetic nanostructures.

Electrode Modification Assessment. Electrochemical
impedance spectroscopy (EIS) was chosen to assess the
assembled Fe;0,@SiO,-probe DNA-cDNA-Au NPs and Au
NPs-cDNA-cDNA-1-CdSe/ZnS QDs. As shown in Figure 4A,
compared to a charge-transfer resistance (R,,) value of 2001 Q
from the semicircle Nyquist plots (curve a), the R, value of
curve b increased to 2997 €, ascribing to the nonconductive
probe DNA anchored on Fe;O,@SiO, particles. However, the
R of curve c decreases to 2560 €, which can be attributed to

11048

Au NPs with excellent electrical conductivity since cDNA-Au
NPs successfully hybridized to probe DNA, resulting in the
generation of the Fe;O,@SiO,-probe DNA-cDNA-Au NP
composite. A similar mechanism can be utilized for the
expression of the successfully prepared Au NPs-cDNA, CdSe/
ZnS QDs-cDNA-1, and Au NPs-cDNA-cDNA-1-CdSe/ZnS
QD composites (Figure 4B).

Analytical Performance. The developed PEC biosensing
platform was applied to detecting miRNA-let-7a with the
assistance of the programmable entropy-driven DNA amplifier
and the extraction of superparamagnetic nanostructures

https://doi.org/10.1021/acs.analchem.1c02488
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https://pubs.acs.org/doi/10.1021/acs.analchem.1c02488?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c02488?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c02488?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c02488?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c02488?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c02488?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c02488?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c02488?fig=fig5&ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.1c02488?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Analytical Chemistry

pubs.acs.org/ac

(Figure S). As shown in Figure SA, with the increase in the
concentration of miRNA-let-7a, the photocurrent gradually
decreased (Figure SA). A praiseworthy linear relationship
between the change of PEC signal intensity and the logarithm
of miRNA-let-7a concentration was established. Herein, I, and
I represent the photocurrent intensity in the absence and
presence of target, respectively. The dynamic linear range
between 10 amol L™' and 1 pmol L™ was evaluated by
photocurrent decrease versus Ig C. The linear regression
equation was Al = 9.891gC — 7.89 (Figure SB) with a
detection limit of 3.35 amol L™' at 3 S/N, which is
advantageous over the reported colorimetric (21.7 pmol
L™Y),> fluorescence (67.3, 10.8, 4.6 fmol L7, 35 amol
L71),°%°75%6% hemiluminescence resonance energy transfer
imaging (6.9 fmol L"), electrochemiluminescence (1.49
fmol L™),% and electrochemistry (25 amol L™}, 0.25 nmol
L71)°"%* approaches. This ultrasensitive detection method
mainly derives from the entropy-driven signal amplification,
DNA hybridization in the solution phase, and the ultrasensitive
nature inherent in PEC srensing.62 Moreover, the PEC
biosensor with S orders of magnitude is comparable to almost
all of the reported ones shown in Table 1. Compared to the
reported EPI-based PEC sensing design,””*° the as-designed
PEC biosensor holds an additional advantage of electrode
fabrication efficiency, which benefits from the single-step
electrode modification procedure instead of the conventional
layer-by-layer assembly.

Selectivity as an important parameter was evaluated by the
potential interference species including miRNA-107, miRNA-
21, miRNA-126, miRNA-141, and miRNA-181a. As shown in
Figure 5C, each added coexistence species with 500 times the
concentration of miRNA-let-7a (1 fmol L™") and a mixture of
the above miRNAs (each 100 times) almost do not change the
photocurrent in contrast to that of miRNA-let-7a itself. The
maximum photocurrent change does not exceed 10%,
suggesting the fabricated PEC biosensor with remarkable
selectivity. It can be attributed to the Watson—Crick base
pairing rule and the entropy-driven DNA amplifier. Addition-
ally, the potential redundant quenching element of DNA-
functionalized Au NPs anchored at the surface of Fe;O,@SiO,
can be removed from the detection system, leading to the
improvement of the selectivity and reliability of the as-designed
PEC biosensors.

Stability as a crucial factor was also inspected by the
chopped photoelectric response. As shown in Figure 5D, the
photocurrents are almost unchanged for 10 amol L™" and 10
pmol L' miRNA-let-7a with consecutive four cycles of
chopped light illumination, suggesting the favorable short-
term stability. Also, the long-term stability of the PEC
biosensor has been appraised by the photocurrent measure-
ment every week (Figure S2). The photocurrent almost
remains the same after four weeks, indicating that the PEC
sensor has satisfied stability. Moreover, the repeatability has
been evaluated by six freshly fabricated PEC biosensors. A
relative standard deviation (RSD) of 5.1% calculated from the
working curves (Figure SB) indicates excellent manufacturing
reproducibility. These can be attributed to the single-step
electrode modification procedure rather than the layer-by-layer
assembly and subsequent multistep washing.

The utility of the proposed protocol in real samples was also
investigated by the standard addition method. As shown in
Table 2, the recovery is between 94.6 and 106.5%, and the
RSD is less than 4.36%. These suggest the acceptable accuracy

of the as-designed PEC biosensors for real sample measure-
ment.

Table 2. Developed PEC Biosensor Utilized for the
Measurement of miRNA-let-7a in Serum Samples (n = 4)

added found recovery RSD

sample (amol L) (amol L) (%) (%)
human serum 0

10 9.46 94.6 4.36

100 106.53 106.5 3.49

1000 957.93 95.8 2.57

“n is the repetitive measurement number.

B CONCLUSIONS

In summary, programmable DNA nanotechnology has been
successfully applied in the construction of a flexible and elegant
PEC platform for low-abundance miRNA-let-7a in real serum
samples. This unique entropy-driven amplification strategy
helps reduce the reversibility of each step of the reaction, keeps
the base sequence intact, improves reaction efficiency, and
exhibits high thermal stability, specificity, and flexible design.
The as-designed high-performance PEC biosensor can be
attributed to the extraordinary entropy-driven DNA amplifi-
cation strategy, superparamagnetic Fe;O,@SiO, particles,
DNA hybridization in the solution phase rather than on
solid—liquid interface assembly, and single-step electrode
modification procedure. These enable the as-designed PEC
biosensor to possess advantages of ultrasensitivity and high
specificity, as well as high electrode fabrication efficiency,
reproducibility, and stability. The operation of the entropy-
driven amplifier was validated by PAGE description and
calculated using thermodynamics. Moreover, the EPI-based
photoelectric response working mechanism was proposed by
UV-—vis, fluorescence spectra, and their corresponding photo-
current response. This unique design expands the application
of DNA circuits and provides a new perspective for remarkably
improving the detection performance of various low-
abundance miRNAs. It is promising for future clinical
applications based on this flexible and robust PEC biosensor.
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