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ABSTRACT: Photoelectrochemical (PEC) biosensors carried out the whole —©

reaction process in the same solution, which would limit the sensitivity and

selectivity of detection in the sensing system. Herein, we reported a ‘ salt-bridge J
promising new cathode—anode spatial division PEC platform based on the . - AolnS,
two-electrode synergistic enhancement strategy. With the photoanode and e ) /
photocathode integrated in the same current circuit, the platform exhibited cB &®
an increased photocurrent response, as well as an improved anti-interference [t T
ability led by separating the two electrodes spatially. In this proposal, red ‘,,; ? © ®
light-driven AgInS, nanoparticles (NPs) served as the photoanode to build L.W e pC ﬂ l
biometric steps and amplify the signal, whereas p-type PbS quantum dots V%\\ U PAPC PA ~5 —
were selected as the photocathode to increase the signal. With the el ©

participation of alkaline phosphatase (ALP) labeled on Au NPs—DNA,

ascorbic acid 2-phosphate was catalyzed to produce ascorbic acid as an electron donor, resulting in the enhancement of the PEC
signal. Interestingly, in the presence of miRNA-21 and T7 Exo, the one-step DNA walker amplification can be triggered to reduce
the PEC signal by releasing ALP-Au NP—DNA. The constructed PEC biosensor exhibited a detection limit of as low as 3.4 M for
miRNA-21, which was expected to be applied to early clinical diagnosis. Also, we believe that the proposed cathode—anode spatial
division PEC platform can open up a new view for the establishment of other types of PEC biosensors.

KEYWORDS: photoelectrochemical, DNA walker, MicroRNA-21, AgInS,, PbS

1. INTRODUCTION

MicroRNAs (miRNAs) are a type of noncoding, small-
molecule, single-stranded RNAs that have the function of
regulating gene expression at the translation level."” Mounting
evidence has demonstrated that miRNAs are closely related to
tumor formation and metastasis and can be used to identify the
degree of cell expression of proto-oncogenes in the human
body. According to the literature reports, abnormal fluctua-
tions in miRNA-21 expression levels were detected in various
tumor specimens as well as cell lines, including breast, cervical,
lung, pancreatic, prostate, colorectal, glial, and cholangiocarci-
noma.” Since miRNA-21 is a recognized carcinogenic RNA,
its sensitive and specific detection has become an urgent
research topic.

Among various miRNA analytical methods, the photo-
electrochemical (PEC) technique has attracted extensive
attention due to its versatility, high sensitivity, simple
equipment, and so forth.”~® Benefiting from facile preparation,
easy modification, high photochemical activity, and stability,
the previous works have mainly focused on photoanodic
biosensors with n-type semiconductor-sensitized materials
such as TiO,, BiVO,, CdS quantum dots (QDs), and so
on.”™"* The n-type semiconductor took electrons as the main
carriers and inclined to interact with electron donors to
produce a significant photocurrent response.*'> As a typical
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7 ACS Publications

ternary n-type semiconductor material, AgInS, exhibited fast
charge conduction rate under red-light excitation.'”'” Never-
theless, the photoanodic biosensors suffered from insufficient
anti-interference performance. The coexisting reducing com-
ponents in actual samples (such as H,0,,'® dopamine, and
nicotinamide adenine dinucleotide,'”*" etc.) would compete
with the original electron donor, leading to the unpredictable
photocurrent response, thereby limiting the clinical application
of such photoanodes. More importantly, the entire reaction
system of photoanodic biosensors in the past was limited in the
same reaction solution, and redox side reactions on the counter
electrode during the sensing process would inevitably affect the
accuracy of the detection results. Apparently, improving the
selectivity of photoanodes could not rely solely on the choice
of n-type semiconductors. To improve the selectivity of PEC
sensors, recent research had been focused on p-type semi-
conductors and the corresponding photocathodes, involving
Cu,0, NiO, CdTe, GaAs, CulnS,, and so forth.>! ~** PbS was
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an intriguing p-type semiconductor with near-infrared light
absorption, which exhibited multiple exciton generation.”>°
The p-type semiconductor with rich hole concentration tended
to interact with electron acceptors rather than electron donors,
which means that the corresponding photocathodic biosensors
overcome the interference of reducing substances in complex
biochemical samples.”” The increase in selectivity made the
photocathodic biosensors capable of accurately detecting the
real sample, which possessed the value of clinical application.”®
Unfortunately, compared with the electron donor, the electron
acceptor did not have obvious promotional effect in the PEC
conversion, resulting in poor photocurrent response and low
detection sensitivity of the photocathode dominated by hole
conduction. Similarly, the previously studied photocathodic
biosensors did not overcome the disadvantage that the entire
detection system was in the uniform electrolyte, which affected
the anti-interference ability.

The traditional PEC biosensor using a single photoelectrode
signal amplification still had shortcomings, in which the
counter electrode only served as a connection to the circuit,
and side reactions on the surface might even interfere with the
testing consequences.”” In order to amplify the photocurrent
signal and eliminate the influence of the coexisting electrode,
the counter electrode was creatively replaced with a photo-
electrode. The spatial division between the photoanode and
the photocathode was further realized by being placed in
different electrolyte solutions and linked by a salt bridge. Based
on the two-electrode synergistic enhancement strategy,”’ the
cathode—anode spatial division PEC platform could be
simultaneously excited by light to generate electron—hole
pairs, and the above two electrodes promoted each other in the
same loop, thereby greatly improving the photocurrent
response. While retaining the advantages of the photocathode
and photoanode, the cathode—anode spatial division PEC
platform also eliminated the mutual interference between the
two electrodes, which could greatly improve the detection
sensitivity and specificity.

In this work, AgInS, nanoparticles (NPs) with excellent
hydrophilicity and biocompatibility were selected as the
photoanode to build one-step DNA walker amplification.
The unique mechanical motion characteristics of the DNA
walker could be applied to the directional conduction and
amplification of detection signals, thus showing broad
application prospects in the field of analysis and sensing,”' "
whereas PbS QDs with long excited-state lifetimes were picked
as the photocathode, which made the photoinduced electron
transfer between QDs and redox species easier. Hence, hemin
was added to the electrolyte in the photocathode region to
increase the cathode photocurrent,” that is, indirectly to
increase the total initial photocurrent, and thus improved the
sensitivity of detection. With the photoanode and photo-
cathode integrated in the same current circuit, the proposed
PEC biosensor exhibited an increased photocurrent response,
as well as an improved anti-interference ability led by
separating the two electrodes spatially. Since the integration
and spatial division of the photoanode and photocathode
greatly improved the sensitivity and selectivity of detection
respectively, the platform realized the sensitive and specific
detection of miRNA-21 and opened up new areas for the
construction of other types of PEC biosensors.

2. EXPERIMENTAL SECTION

2.1. Materials and Apparatus. The materials and apparatus are
described in Supporting Information.

2.2. Synthesis of AgInS, NPs. Mercaptopropionic acid (MPA)-
capped AgInS, NPs were synthesized according to the previously
reported method with appropriate modifications.'® In brief, after
dissolving 1 mmol of AgNO; and 2 mmol of indium (III) acetate in 9
mL of ethylene glycol orderly, 1220 uL of MPA was added dropwise
and stirred for 10 min under argon to form a homogeneous solution.
Immediately afterward, the reaction mixture was heated to 150 °C
under an argon atmosphere for 30 min and naturally cooled to room
temperature. Subsequently, the sample was centrifuged and washed
with ultrapure water three times, dried in an oven, and collected for
further use. To prepare the working electrode, the fluorine-doped tin
oxide (FTO) electrode was ultrasonically treated with acetone,
ethanol, and ultrapure water in sequence. Finally, 10 4L of S mg/mL
stable MPA-capped AgInS, NP aqueous suspension was added
dropwise onto the FTO conductive surface and dried at 37 °C.

2.3. Preparation of PbS QDs. Thioglycolic acid (TGA)-
stabilized PbS QDs were prepared according to the reported literature
with slight modifications.”® First, 25 mL of 40 mM Pb(NO,),
aqueous solution was mixed with 17 yL of TGA thoroughly, followed
by addition of 1.0 M NaOH dropwise to adjust the pH to 11.
Accordingly, the solution changed from turbid to clear. After purging
and removing oxygen with high-purity argon for 30 min, 2.0 mL of
0.015 M Na,S was injected into the above clear solution. The solution
changed from colorless to dark brown, which proved the initial
formation of PbS QDs. Subsequently, the resulting mixture solution
was maintained under an argon atmosphere for 4 h to obtain TGA-
stabilized PbS QDs. Finally, the cleaned FTO was alternately
immersed in a 2% poly-(diallyldimethylammonium chloride)
(PDDA) solution containing 0.5 M NaCl and the previously obtained
TGA-stabilized PbS QD solution for 10 min, which was repeated
three times to form a stable PDDA/PbS multilayer film.** The films
were discreetly washed with ultrapure water after each dipping step.

2.4. Synthesis of the ALP-Au NP—DNA Conjugates. First, 0.2
M K,CO; was added dropwise to adjust the pH of the Au NP solution
to 8.2 under stirring. Second, substrate—DNA (20 uL, 20 M) and
alkaline phosphatase (ALP) (40 uL, 0.8 mg/mL) were sequentially
added to 2.0 mL of alkaline Au NP solution, incubated for 2 h, and
then blocked nonspecific sites with 200 uL of 6-mercaptohexanol
solution (2 mM) for 30 min at room temperature. Next, the solution
mixture was centrifuged at 10,000 rpm for 20 min and washed several
times to remove residues. Finally, the obtained ALP-Au NP—DNA
conjugates were dissolved in 200 L of ultrapure water for further use.

2.5. Fabrication of the miRNA-21 PEC Biosensor. Above all,
DNAL oligonucleotide (10 xL, 2 uM) and DNA2 oligonucleotide (10
uL, 1 uM) were dissolved in 80 uL of the buffer. Subsequently, the
mixture solution was heated to 95 °C for 5 min and naturally cooled
to room temperature to form a composite structure, that is, a DNA
swing arm. Then, 10 yL of the DNA swing arm solution was
incubated on the AgInS, NP-modified photoanode for 12 h at 4 °C.
Next, the modified electrode was incubated with 10 uL of ALP—
AuNP—DNA conjugates for 3 h at 4 °C. After that, the electrode was
covered with 10 mM monoethanolamine (MEA) for 2 h to block
nonspecific adsorption sites. Finally, 10 uL of the reaction solution
consisting of 1X NE buffer 4, target miRNA-21, and 100 U/mL T7
Exo were added dropwise on the modified biosensing electrode to
incubate for 4 h at 25 °C. The electrode surface was rinsed with the
buffer to eliminate unstable residues.

3. RESULTS AND DISCUSSION

3.1. Feasibility of the PA—PC Spatial Division Plat-
form. In order to verify the feasibility of the photocathode and
photoanode synergistic enhancement of the signal amplifica-
tion strategy, the photocurrent response test was carried out. It
was observed that the photocurrent response of the PbS
photocathode (Figure 1B, curve a) was much smaller than that
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Figure 1. (A) Schematic illustration of the cathode—anode spatial division PEC platform. (B) Photocurrent responses of the PbS QDs in the
absence (a) and presence of 0.1 umol/L (b), 1.0 umol/L (c), and 10 ymol/L (d) of hemin. (C) Photocurrent responses of the PEC platforms: (a)
photoanode (PA, AgInS, as the photoanode and blank FTO as the photocathode), (b) photocathode (PC, PbS as the photocathode and blank
FTO as the photoanode), (c) photoanode—photocathode (PA—PC, AgInS, as the photoanode and PbS as the photocathode).

Scheme 1. Schematic Illustration of Cathode—Anode Spatial Division PEC Biosensor Based on the One-Step DNA Walker
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of the AgInS, photoanode without other modifications. It may
cause errors in the strategy verification process. When hemin
was added to the photocathode buffer solution (0.1 M Tris—
HCl, pH 7.4), the photocurrent response of the PbS
photocathode increased significantly, and the cathodic photo-
current gradually increased to the same scale as the AgInS,
photoanode with the increase of hemin concentration (Figure
1B, curve b-d). Subsequently, the feasibility of the cathode-
and anode-division photovoltaic platform was verified. As
shown in Figure 1C, curve a and curve b represented the
photocurrent response of the single AgInS, photoanode and
PbS photocathode, respectively. Excitingly, when the AgInS,
photoanode and PbS photocathode were combined to form a
PA—PC (curve c) platform, the photocurrent response was
greatly improved, which proved the successful construction of
the cathode- and anode-division PEC platform. It was worth
mentioning that the anti-interference ability of the PEC
biosensor based on this platform took a huge leap because the
PEC conversion and sensor recognition process of the two
electrodes were partitioned.

35391

The mechanism of the signal amplification strategy that the
photocathode and photoanode enhanced synergistically is
shown in Figure 1A. Under suitable illumination, both the
AglInS, photoanode and PbS photocathode could be excited to
generate electron—hole pairs. For the AgInS, photoanode (the
band gap is 1.95 eV),"”” the photogenerated electrons
transitioned from the valence band (VB) to conduction band
(CB) and then transferred to the surface of FTO. At the same
time, the generated holes were captured by the electron donor
[ascorbic acid (AA)] in the solution. For the PbS photo-
cathode (the band gap is 1.17 eV),” the photogenerated
electrons transitioned from the VB to CB and then transferred
to the electron acceptor (hemin) in the solution. Meanwhile,
the generated holes were captured by the electrons on the
surface of FTO. Hemin(III) was reduced to hemin(II) after
accepting electrons, and hemin(Il) easily reacted with
dissolved oxygen in the solution to regenerated hemin(III)
by reducing oxygen.’® When the two photoelectrodes were in a
loop, the photogenerated electrons generated by the AgInS,
photoanode and the photogenerated holes on the PbS
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photocathode attracted each other, leading to ultrafast electron
transfer and effectively inhibit carrier recombination.’”**
Under the influence of two-electrode synergistic enhancement,
a larger and more stable photocurrent was obtained. The
successful construction of the cathode- and anode-division
photovoltaic platform provided a new idea for the PEC
biosensor, which might have a great application prospect.

3.2. Design of the PEC Biosensor. Here, a PEC
biosensor was proposed based on the cathode—anode
synergistic enhancement strategy using one-step DNA walker
amplification to detect miRNA-21 on the PA—PC division
platform. The detection mechanism is shown in Scheme 1.
Initially, according to the length of the chain, DNA swing arms
and ALP-Au NPs-DNA were sequentially immobilized on the
surface of FTO modified by MPA-capped AgInS, NPs and
blocked with MEA. The DNA swing arm was composed of
long-strand DNA2 and short-strand DNAI1 through comple-
mentary base pairing, forming a locked state to limit the
hybridization of DNA2 and DNA of ALP-Au NP—DNA on the
electrode. Interestingly, when the target miRNA-21 was
introduced into the system, miRNA-21 recognized DNAI
and recombined into a more stable double-stranded structure,
while the unlocked DNA2 easily hybridized with the DNA of
ALP-Au NP—DNA on the surface of the FTO. Meanwhile,
under the catalysis of T7 Exo coexisting in the reaction
solution, the nucleotides in the blunt or concave 5§’ termini of
RNA/DNA hybrids were gradually removed, and the released
miRNA-21 could combine with another uncut DNAL to realize
the recycling of the target. As expected, the chain type of
DNA2 hybridized with DNA of ALP-Au NP—DNA could also
trigger the directional cutting of T7 Exo, and the walking
strand DNA2 was liberated and bound to other complete DNA
of ALP-Au NP—DNA to achieve the DNA walker amplification
strategy. Since ALP could catalyze the ascorbic acid 2-
phosphate (AAP) in the solution to produce AA that acted
as the electron donor, along with DNA walker cycle
amplification, more and more ALP was detached from the
electrode surface and lost its catalytic ability, eventually
resulting in a significant decrease in photocurrent response.
As shown in Figure S4, the whole DNA walker amplification
response process was confirmed by native polyacrylamide gel
electrophoresis. In addition, the transmission electron
microscopy (TEM) characterization of ALP-Au NP—DNA
before and after enzyme cleavage proved that DNA attached
onto Au NPs can be digested by T7 Exo (Figure SS).
Therefore, the designed PEC biosensor based on two-electrode
synergistic enhancement and one-step DNA walker double
amplification strategy provided a novel approach for miRNA-
21 high-sensitivity detection and was expected to be applied to
clinical diagnosis.

3.3. Characterization of AgInS, NPs. As shown in the
scanning electron microscopy (SEM) image (Figure 2A) and
the TEM image (Figure 2B), it was observed that the
synthesized AgInS, NPs were uniform in size and well
dispersed, approximately spherical, with an average diameter
of 15 nm. High-resolution TEM (HRTEM) was implemented
to further clarify the structure and crystallinity of AgInS, NPs.
As shown in Figure S1, the spherical AgInS, NPs had a clear
structure and high crystallinity. Moreover, the lattice spacing of
0.335 nm corresponded to the (002) plane of orthorhombic
AgInS, NPs. In order to explore the optical properties of
AgInS, NPs, ultraviolet—visible (UV—vis) absorption and
Fourier transform infrared (FTIR) spectroscopy were carried
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Figure 2. (A) SEM image of AgInS, NPs. (B) TEM image of AgInS,
NPs. (C) X-ray diffraction (XRD) pattern of AgInS, NPs. High-
resolution XPS spectra of (D) Ag 3d, (E) In 3d, and (F) S 2p of
AgInS, NPs.

out. As shown in Figure S2A, AgInS, NPs exhibited a
characteristic acromion absorption peak at ~390 nm’” and the
wide absorption spectrum of 400 to 800 nm, making it possible
to use almost the entire visible-light region. The peaks located
at 3420, 1715, and 1390 cm ™! could be assigned to the infrared
stretching vibration absorption of O—H, C=0, and C—O,16
indicating the attachment of carboxyl groups on AgInS, NPs,
which was beneficial to the subsequent biological chain
connection (Figure S2B).

Aiming at obtaining and confirming the bulk structure
information of AgInS, NPs, XRD characterization was
performed. As displayed in Figure 2C, the diffraction peaks
of AgInS, NPs highly corresponded to JCPDS PDF 25-1328
and were consistent with the previous study, which were a
typical orthorhombic system.”” X-ray photoelectron spectros-
copy (XPS) was adopted to qualitatively analyze the elemental
composition of AgInS, NPs. Obviously, the XPS survey scan
(Figure S2C) indicated that the obtained AgInS, NPs did
indeed contain Ag, In, and S elements.*’ Figure 2D showed
two evident peaks at 367.9 and 373.9 eV, which could be
assigned to Ag 3ds,, and Ag 3d;,. Figure 2E displayed two
visible peaks at 444.85 and 452.45 eV belonging to In 3d;,,
and In 3d;/,. Furthermore, Figure 2F illustrated two peaks with
similar binding energies at 161.77 and 162.93 eV, ascribed to S
2ps;, and S 2p, , (doublet splitting of 1.16 €V), respectively.

3.4. Characterization of PbS QDs. According to the
TEM image (Figure 3A), the average diameter of the spherical
PbS QDs was around 4 nm. As shown in Figure 3B, the
HRTEM image of a unitary PbS QD proved good crystallinity,
and the lattice spacing was 0.297 nm, corresponding to the
(200) plane of cubic PbS. Furthermore, in order to confirm the
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Figure 3. (A) TEM image of PbS QDs. (B) HRTEM image of PbS QDs. (C) XRD pattern of PbS QDs. High-resolution XPS spectra of (D) Pb 4f

and € S 2p of PbS QDs.

crystal structure of the PbS QDs, the XRD pattern is displayed
(Figure 3C). Comparing with JCPDS PDF 05-0592, it was
found that the scattering angles (26) of different acuminate
diffraction peaks corresponded to the crystal-plane scattering
angles of typical face-centered cubic PbS.”’ The UV-vis
absorption chart indicated that the PbS QDs were monitored
in a wide wavelength range from 400 to 1300 nm (Figure
S3A), which proved that it could even use most of the near-
infrared light. In the FTIR spectrum (Figure S3B), the
presence of characteristic peaks at 3432 cm™' (O—H), 1621
cm™' (C=0) and 1410 cm™ (C—0O) demonstrated that the
carboxyl group had been successfully modified to the PbS QDs
surface.’ In order to further verify the elemental composition
of PbS QDs, XPS was used to characterize it. As shown in
Figure 3D, the signature points of Pb at 137.39 and 142.33 eV
were ascribed to Pb 4f,,, and Pb 4f;,, of PbS QDs.
Furthermore, broad peaks around 138.59 and 143.53 eV
were observed, indicating the formation of the Pb—TGA
complex.”’ The coating of TGA might make the material more
hydrophilic and biocompatible. The peaks at 160.58 and
161.74 eV resulting from the S 2p;/, and S 2p;/, could be
observed for PbS QDs (Figure 3E). The peak locations of all of
the elements are displayed in Figure S3C.*

3.5. Characterization of the PEC Biosensor. The
AgInS, photoanode was selected as the platform for carrying
the DNA walker, and the PbS photocathode was used to
amplify the PEC signal (Figure 4A). The results of PEC and
electrochemical impedance spectroscopy (EIS) indicated that
the PEC sensor for detecting miRNA-21 was successfully
fabricated (Figure 4B,C) (for details, see Supporting
Information). In the sensing process, the expression of
miRNA-21 concentration in the form of photocurrent response
depended on the catalytic effect of ALP on AAP. Therefore,
keeping other conditions unchanged, AAP was used to replace
AA (0.1 M, pH 7.4) for testing. When ALP-Au NP—DNA was
immobilized on the surface of FTO and blocked with MEA,
the abundant ALP on the conjugate could catalyze the
formation of AA from AAP in the buffer solution, which could
provide electrons to inhibit the recombination of photo-
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Figure 4. (A) Photocurrent responses of pre-experiment on PEC
platforms: (a) the biological steps are mounted on the AgInS,
photoanode or (b) PbS photocathode. (B) EIS in S mM
[Fe(CN)s]*/* (equimolar amounts of ferrocyanide and ferricya-
nide) solution containing 0.1 M KCl at a bias potential of 0.19 V and
(C) photocurrent responses in PBS solution (0.1 M, pH 7.4)
containing 0.1 M AA of (a) AgInS,—FTO, (b) DNA swing arm/
AgInS,—FTO, (c) ALP-Au NP-DNA/DNA swing arm/AgInS,—
FTO, (d) MEA/ALP-Au NP-DNA/DNA swing arm/AgInS,—FTO
and (e) after reaction/MEA/ALP-Au NPs—DNA/DNA swing arm/
AgInS,—FTO. (D) Photocurrent responses of (a) MEA/ALP-Au
NP—-DNA/DNA swing arm/AgInS,—FTO and (b) after reaction/
MEA/ALP-Au NP—DNA/DNA swing arm/AgInS,—FTO in PBS
solution containing 0.1 M AAP. The concentration of miRNA-21 was
100 nM.

generated electron—hole pairs, thereby significantly enhancing
the photocurrent response (Figure 4D, curve a). However,
after incubating the modified electrode with a reaction solution
containing 100 nM miRNA-21, the unlocked DNA swing arm
was complementarily paired with ALP-Au NP—-DNA, thereby
activating T7 Exo to release the immobilized ALP-Au NP—
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DNA. The ALP entering the solution from the surface of the
electrode lost its ability to catalyze the formation of AA from
AAP, making the system devoid of electron donors. Compared
with steric hindrance, the electron donor had a more direct
impact on the PEC system, which led to a significant reduction
in the photocurrent response (Figure 4D, curve b). The
change of photocurrent in line with expectations proved that
the designed PEC biosensor was potential.

3.6. Detection of miRNA-21. In order to evaluate the
sensitivity of the proposed biosensor for miRNA-21 analysis,
the PEC examination was performed under optimal conditions
by changing the target concentration. As shown in Figure SA,
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Figure S. PEC detections were implemented in 0.1 M AAP (PBS pH
7.4). (A) Photocurrent responses of different miRNA-21 concen-
trations (10 fM, 100 fM, 1 pM, 10 pM, 100 pM, 1 nM, 10 nM, and
100 nM from left to right). (B) Logarithm of the PEC responses
relative to the miRNA-21 concentration. (C) Selectivity of the
biosensor toward different targets: blank, 100 nM let-7a, 100 nM
miRNA-155, 100 nM miRNA-141, 10 nM miRNA-21, and the
miRNA mixture including target miRNA-21. (D) Stability of the
proposed PEC biosensor (10 nM miRNA-21) at room temperature
(a) and in the freezer (b).

with the miRNA-21 concentration increasing from 10 fM to
100 nM, the corresponding photocurrent response decreased
continuously, thus establishing a functional relationship
between the logarithm of the target concentration and the
photocurrent data. Figure 5B displays that the well-fitted linear
regression equation was I = —0.3363 log ¢ + 2.282 with its
correlation coefficient of R* = 0.9923. Moreover, in the case of
a signal-to-noise ratio of 3, the detection limit reached 3.4 fM.
Referring to other types of miRNA sensors (Table S2), the
designed PEC biosensor possessed a wide working range and
low detection limit and could achieve high efficiency and
sensitive detection of miRNA-21, which had potential
application values in biological analysis and disease monitoring.

3.7. Selectivity, Reproducibility, and Stability of the
PEC Biosensor. The anti-interference ability of the biosensor
could largely determine the accuracy of detection results.
Under the optimized experimental conditions, let-7a, miRNA-
155, and miRNA-141 were chosen as possible interferants to
replace miRNA-21 to estimate the selectivity of the PEC
biosensor. As shown in Figure SC, although the sequences of

miRNA-141, miRNA-155, and let-7a were highly like miRNA-
21, they did not unlock the DNA swing arm to trigger the
DNA walker. Hence, the PEC response was similar to the
blank component. In sharp contrast, the addition of 10 nM
miRNA-21 or the miRNAs mixture including target 10 nM
miRNA-21caused the obvious photocurrent attenuation,
proving that the biosensor had excellent selectivity. Reprodu-
cibility was an important indicator to evaluate a biosensor;
hence, 10 times consecutive “on/off” PEC tests were
conducted under the irradiation of xenon lamps. Figure S7
reveals that the photocurrent of the prepared biosensor had
only slight fluctuations with the relative standard deviation
(RSD) of 2.42%, showing prominent reproducibility. The
developed PEC biosensor was also placed in an environment of
25 and 4 °C for 1 month to investigate its stability with
temperature and time. Measured once a week, the obtained
photocurrent response remained stable both at room temper-
ature or in the refrigerator, indicating that the PEC biosensor
with good stability could be employed for a long time (Figure
SD).

3.8. Application of the Cathode—Anode Spatial-
Division PEC Biosensor. To evaluate the feasibility of the
cathode—anode spatial-division PEC sensing system in the
detection of real complex samples, the recovery of different
concentrations of target miRNA-21 (0.1, 1, 10, 100, and 1000
pM) spiked in diluted human serum samples (acquired from
Shandong Cancer Hospital, China) was experimented. As
displayed in Table S3, the recovery values obtained in the test
were between 95.1 and 103.4% and the corresponding RSD
values were 2.5—4.1%, which proved that even if there was
interference from complex biological media, the constructed
miRNA-21 biosensor could maintain accuracy and reliability.
Based on the excellent performance of such a biosensor, it
could provide a strong guarantee for early clinical diagnosis.

4. CONCLUSIONS

Using the red light-sensitive AgInS, photoanode and the near-
infrared-absorbable PbS photocathode with high PEC activity
and biocompatibility, a cathode—anode spatial division PEC
platform based on the two-electrode synergistic amplification
strategy was successfully constructed. Compared with the
traditional single anode or cathode PEC sensor, the designed
one possessed two obvious advantages simultaneously. First,
both photoelectrodes can be excited and promoted by each
other, which obtained a considerable photocurrent response to
promote the sensitivity of detection. Second, the spatial
division of two photoelectrodes could avoid the cross-talk of
reactions on the surface of the electrode and the error caused
by the interference components in the complex biological
sample, which greatly improved the selectivity of detection.
Furthermore, by performing one-step DNA walker amplifica-
tion on the AgInS, photoanode, the constructed PEC
biosensor can accomplish target cycling and enzymatic
digestion, and it extremely simplified the operation steps.
Therefore, under the dual amplification strategy of cathode—
anode synergistic enhancement and one-step DNA walker
amplification, the PEC biosensor realizes the ultrasensitive
detection of miRNA-21, which has great potential for early
clinical diagnosis application.
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