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Herein, a new photoelectrochemical (PEC) biosensor based on
photocurrent direction switching system and target-triggered
strand displacement amplification strategy has been developed
for sensitive detection of microRNA (miRNA)-155, and shows
excellent selectivity and a low detection limit of about 49 aM.

Photoelectrochemical (PEC) assay, as a germinating and
promising analytical method, has received considerable
interest due to its low background signal and good sensitivity.l
4 Besides, the PEC technique has additional merits of simplicity,
economy and miniaturization.>® To improve the sensitivity of
the PEC assay, a series of PEC sensors based on the steric-
hindrance, energy transfer effect, biocatalytic precipitation
and in-situ consumption/production of electron
donor/acceptor have been developed in the past decades.”12
On the other hand, in order to improve the selectivity of the
PEC method, the PEC sensing interface was usually blocked by
some organic molecules or biomolecules, such as 6-
mercaptohexanol (MCH), serum albumin (BSA) and peptides.!3-
18 Recently, Yuan et al. developed a new PEC sensor with zero
background based on the DNA tetrahedron and CdTe QDs-
methylene blue probe.'® These methods only amplify the PEC
response currents or depress its background currents without
the change of the photocurrent direction, can not avoid the
possible false positive or negative signal due to the coexisting
oxidative or reductive interferents and non-redox active
biomolecules. In order to fundamentally avoid the false
positive or negative signal, the target-induced switch of
photocurrent direction may be a promising method for PEC
sensors. However, only a few works addressed on this
topic.292! For example, Dai et al. developed an immunosensor
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for the detection of human interleukin-6 (IL-6) based on silver
iodide (Agl) tags as a photocurrent direction converter of
carbon nitride (CN).2° However, the switched PEC response
current was very small (nA) due to the large electrochemical
impedance from the Agl-induced biocatalytic precipitation,
which would be a burden on the assay sensitivity of the PEC
sensors. Therefore, a new photocurrent-direction switching
system with a large switched PEC response current is highly
desired for sensitive PEC assay.

Owing to low cost and good photostability, CdSe quantum
dots (QDs), n-type semiconductors, were used widely as the
photoactive material to construct PEC biosensor.?223 On the
other hand, our group recently developed a new PEC active
material, nitrogen-doped porous carbon-ZnO polyhedra (NPC-
ZnO) obtained via the carbonization treatment of zeolitic
imidazolate framework (ZIF)-8, and found that NPC-ZnO was a
p-type semiconductor and had excellent PEC behavior in
visible light range.’®> These inspire us to construct a new
photocurrent-direction switching system based on n-type CdSe
QDs and p-type NPC-ZnO.

Here, taking microRNA (miRNA)-155 as a model due to its
important roles as potential biomarker for early diagnosis and
prediction of cancers,?® a novel PEC biosensor has been
developed based on the CdSe QDs//NPC-ZnO polyhedra
photocurrent-direction switching system and target-triggered
strand displacement amplification (SDA) strategy (Scheme 1).
Before the modification of CdSe QDs on the indium tin oxide
(ITO) electrode, the poly(diallyldimethylammonium chloride)
(PDDA)-modified reduced graphene oxide (P-rGO) with
positive charge was coated on the ITO electrode. P-rGO not
only acted as an excellent electron transport matrix to improve
the charge separation efficiency, but also as a carrier to
effectively immobilize and disperse CdSe QDs. Hairpin DNA
probe 1 (HP1) was then immobilized on the ITO electrode and
opened in the presence of mIiRNA-155. After that, the
biotinylated hairpin DNA probe 2 (HP2) hybridized with the
exposed complementary sequence of HP1, resulting in the
release of miRNA-155. The free miRNA-155 was available for
the another hybridization event, which produced considerable
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Scheme 1. Schematic diagram of the preparation of PEC biosensor for
miRNA-155 detection based on photocurrent direction switching system and
target-triggered  strand  displacement  amplification strategy.

Photocurrent

HP1-HP2 duplex on the electrode. Finally, the streptavidin
(SA)-labeled AuNPs/NPC-ZnO polyhedra were attached to the
electrode surface by the special reaction between SA and the
biotin of HP2. As a result, the photocurrent direction of the
electrode was switched from the anodic photocurrent to a
cathodic photocurrent. Moreover, the cathodic photocurrent
increased with the increase of miRNA-155 concentration.
Based on this photocurrent-direction switching system and
SDA strategy, miRNA-155 was detected sensitively (linear
range, 0.1 fM - 10 nM; detection limit, 49 aM) with excellent
selectivity due to the different photocurrent directions
resulted from the target and interferents, and may have
promising application in early tumor diagnosis by utilizing
miRNAs as the biomarker.

The morphology and structure of CdSe QDs were
investigated by transmission electron microscopy (TEM). It is
noted that the average diameter of the CdSe QDs is about 5
nm (The inset plot in Fig. S1A, ESIT). From Fig. S1A, a lattice
spacing of 0.348 nm, which corresponds to the (111) facet of
CdSe QDs, can be observed. This implies the successful
synthesis of CdSe QDs. On the other hand, CdSe QDs have a
broad absorption region below about 550 nm (Fig. S1B, ESIt),
implying that the as-prepared CdSe QDs should be a good
photoactive material for the construction of a PEC biosensor.

The morphologies of ZIF-8, NPC-ZnO and AuNPs/NPC-ZnO
polyhedra were investigated. As shown in Fig. S2A (ESIt), the
ZIF-8 polyhedra have typical rhombic dodecahedron
morphology with a uniform size of approximate 120 nm. After
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Fig. 1. TEM images (A) and EDX spectrum (B) of AuNPs/NPC-ZnO polyhedra.

The inset in B is the corresponding elemental distribution.
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carbonization, NPC-ZnO polyhedra with uniform djstributionof
four elements (C, N, O and Zn) are prepdred KutEessRiyOFigs!
S2B and S2C, ESIt) and its average size is about 80 nm (Fig. S2D,
ESIT), which is smaller than that of the ZIF-8 polyhedra. But,
the morphology of NPC-ZnO polyhedra is similar with that of
ZIF-8 polyhedra. For AUNPs/NPC-ZnO polyhedra (Fig. 1A), it is
noted that Au NPs with an average size of about 5 nm are
formed on the NPC-ZnO polyhedra. Furthermore, there are
five elements (C, N, O, Zn and Au), which distribute uniformly
on the AuNPs/NPC-ZnO polyhedra (Fig. 1B). These results
indicate the successful deposition of AuNPs on the NPC-ZnO
polyhedra.

The UV-vis absorption spectra of ZnO NPs, NPC-ZnO
polyhedra and AuNPs/NPC-ZnO polyhedra are displayed in Fig.
S2F (ESIT). ZnO NPs (about 130 nm in Fig. S2E, ESIT) exhibit a
characteristic peak at 380 nm, which matches well with the
band gap at 3.37 eV.?> Compared to ZnO NPs, NPC-ZnO
polyhedra display a wider light absorption edge that extends
to the visible light range and the maximum absorption peak of
NPC-ZnO polyhedra red-shifts to 418 nm, due to the
interaction between NPC and Zn0.?%2%8 For AuNPs/NPC-ZnO
polyhedra, there is a very weak peak around 530 nm and the
maximum absorption peak red-shifts to 436 nm, which is
attributed to AuNPs on the NPC-ZnO polyhedra. The above
results indicate that AUNPs/NPC-ZnO polyhedra have excellent
light absorption properties in visible light range, which should
be beneficial to the PEC bioassay.??-31

The developed PEC biosensor were characterized in detail.
From Figs. S4-S6 (ESIt), it is noted that P-rGO (a thickness of
about 0.87 nm, Fig. S3, ESIT) makes CdSe QDs be dispersed on
the electrode surface uniformly and effectively enhances the
photocurrent of CdSe QDs modified electrode. In Nyquist plot
of electrochemical impedance spectroscopy (EIS) results, the
semicircle diameter at higher frequencies corresponds to the
electron transfer resistance (Rct) at the electrode. Compared
to a small semicircle domain of the bare ITO electrode (curve a,
Fig. 2A), the ITO/P-rGO electrode almost displays a straight line
(curve b, Fig. 2A), suggesting the excellent electron transfer
property of P-rGO. After modified with CdSe QDs, the Rct
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Fig. 2. (A) EIS in 0.1 M KCI solution containing 5 mM KzFe(CN)e/K4Fe(CN)g
(1:1) in the frequency range from 0.01 Hz to 100 kHz at 5 mV. (a) bare ITO,
(b) ITO/P-rGO, (c) ITO/P-rGO/CdSe QDs, (d) ITO/P-rGO/CdSe QDs/HP1, (e)
ITO/P-rGO/CdSe QDs/HP1/MCH, (f) ITO/P-rGO/CdSe QDs/HP1/MCH/HP2, (g)
ITO/P-rGO/CdSe QDs/HP1/MCH/HP2/SA-AuNPs/NPC-ZnO. (B) Photocurrent
signals of the different electrodes in 0.1 M PBS (pH = 7.4) containing 0.1 M
AA at -0.1 V. (a) ITO/P-rGO/CdSe QDs, (b) ITO/P-rGO/CdSe QDs/HP1, (c)
ITO/P-rGO/CdSe QDs/HP1/MCH, (d) ITO/P-rGO/CdSe QDs/HP1/MCH/HP2,
(e) ITO/P-rGO/CdSe QDs/HP1/MCH/HP2/AuNPs/SA-AuNPs/NPC-ZnO. The

concentration of miRNA-155 is 100 pM.
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Fig. 3. (A) Photocurrent responses of ITO/ZnO (a), ITO/NPC-ZnO (b), , ITO/P-
rGO/NPC-ZnO (c), ITO/P-rGO/CdSe QDs (d), ITO/P-rGO/CdSe QDs/ZnO (e)
and ITO/P-rGO/CdSe QDs/NPC-ZnO (f) in 0.1 M PBS (pH = 7.4) containing
0.1 M AA at -0.1 V under visible light illumination. (B) The possible charge
transfer process of the cathodic photocurrent generation at CdSe
QDs//NPC-ZnO polyhedra system.
value of the electrode increases (curve c, Fig. 2A) because of
the semiconductive features of CdSe QDs and the electrostatic
repulsion action between MPA-capped CdSe QDs and
[Fe(CN)g]37/4. After HP1, MCH, and HP2 are successively
modified on the electrode, the Rct values successively increase
(from curves d to f, Fig. 2A) due to the electrostatic repulsion
between negatively charged HP1 (HP2) and anionic [Fe(CN)g]3
/4, and blocking effect of MCH. But, the further modification
of the SA-AuNPs/NPC-ZnO reduces the Rct value of the
electrode (curve g, Fig. 2A) owing to the good conductive
properties of SA-AuNPs/NPC-ZnO polyhedra. The results
shown in Fig. 2A verify the successful construction of the PEC
biosensor as displayed in Scheme 1.

The stepwise preparation process of the PEC biosensor was
also monitored by PEC method. From Fig. 2B, it is noted that
the ITO/P-rGO/CdSe QDs electrode has a large anodic
photocurrent (curve a, 16.52 pA). When HP1, MCH, and HP2
are modified successively, the photocurrents of the electrode
decrease gradually (curves b-d) due to the steric hindrance
effects of these non-conductive molecules. However, after the
introduction of SA-AuNPs/NPC-ZnO polyhedra to the electrode
surface due to the specific interaction between SA on the SA-
AuNPs/NPC-ZnO polyhedra and biotin on the biotin-labeled
HP2, the switch of the photocurrent direction occurs and a
large cathodic photocurrent can be observed (curve e, -9.546
UHA). The above results reveal the potential possibility for
miRNA-155 assay.

In order to explain the switch of photocurrent direction
shown in Fig. 2B, several control experiments were carried out
(Fig. 3A). The ITO/ZnO electrode generates hardly any
photocurrent response (curve a). This should result from the
fact that ZnO is beneficial to the absorption of UV light and the
absorption efficiency for visible light (> 400 nm) is very low.32
For NPC-ZnO polyhedra (curve b), a small cathodic
photocurrent can be observed due to the red-shift of the
absorption peak (Fig. S2F, ESIt). Furthermore, an enhanced
cathodic photocurrent is obtained for the ITO/P-rGO/NPC-ZnO
electrode (-0.832 pA, curve c), confirming the role of P-rGO on
the improvement of the PEC performance of the electrode.
When the ITO/P-rGO/CdSe QDs electrode is modified with ZnO
NPs, the anodic photocurrent of the electrode decreases from
16.52 pA to 13.53 pA due to the steric hindrance effect of ZnO

This journal is © The Royal Society of Chemistry 20xx

IﬂgfmiRN.; /nM

Fig. 4. (A) Photocurrent signals of the PEC biosensor to different
concentrations of miRNA-155. From a to n: 0, 0.01 fM, 0.1 fM, 1 fM, 10 fM,
100 fM, 1 pM, 10 pM, 100 pM, 1 nM, 10 nM, 100 nM, 1 uM, 10 puM. (B)
Dependence of photocurrents on the logarithm of miRNA-155
concentrations.

NPs (curves d and e). However, when the ITO/P-rGO/CdSe QDs
electrode is modified with NPC-ZnO polyhedra, the
photocurrent direction of the electrode is changed from the
anodic current to cathodic current and a large cathodic current
(-8.227 pA) is observed (curves d and f). These indicate clearly
that the switch of the photocurrent direction shown in Fig. 2B
results from the interaction between CdSe QDs and NPC-ZnO
polyhedra. Noteworthly, the cathodic photocurrent of the
ITO/P-rGO/CdSe QDs/NPC-ZnO polyhedra electrode is about
133 times larger than that of the ITO/NPC-ZnO polyhedra
electrode.

To explore the possible charge transfer process for the
cathodic photocurrent generation at CdSe QDs//NPC-ZnO
Polyhedra system, the conduction band (CB) and the valence
band (VB) of CdSe QDs and NPC-ZnO polyhedra were
estimated by cyclic voltammetry (CV) (Fig. S7, ESIT).3334 The
results display that CdSe QDs have a CB edge at -1.00 V and a
VB edge at 1.41 V, and NPC-ZnO polyhedra have a CB edge at -
1.06 V and a VB edge at 0.70 V vs saturated calomel electrode
(SCE). That is, the CB and VB potentials of CdSe QDs are -0.76
and 1.65 V, and those of NPC-ZnO polyhedra are -0.82 and
0.94V vs the normal hydrogen electrode (NHE), respectively.

Based on the results shown in Fig. 3A and Fig. S7 (ESIT), a
possible mechanism for the generation of cathodic
photocurrent at CdSe QDs//NPC-ZnO Polyhedra system is
displayed in Fig. 3B. Upon light excitation, the electrons and
holes are produced from the CdSe QDs and NPC-ZnO
polyhedra. Because the VB of NPC-ZnO polyhedra is lower than
the energy level of ITO,3> the photogenerated electrons of
CdSe QDs easily transfer to the VB of NPC-ZnO polyhedra. On
the other hand, the CB of NPC-ZnO polyhedra is more negative
than the reduction potential of oxygen (-0.046 V vs NHE),3 the
dissolved 0O, molecules (electron acceptor) accept
photogenerated electrons from NPC-ZnO polyhedra.
Meanwhile, photogenerated holes oxidize AAeq to AA,, and
the recombination of photogenerated electron-hole pairs is
reduced. Thus, a large cathodic photocurrent of the system is
obtained.

Under the optimized experimental conditions (Fig. S8, ESIt),
the analytical performance of the developed PEC biosensor for
miRNA-155 assay were investigated. In the presence of
miRNA-155, the photocurrent signal of the PEC biosensor is
changed from the anodic photocurrent (background current)
to cathodic photocurrent. And the cathodic photocurrent
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increases with the increase of the miRNA-155 concentration
(Fig. 4A). This implies that the developed PEC biosensor has
excellent characteristics in avoiding false positive or negative
signal, because the usual interferents (including redox active
interferents and non-active interferents) just decrease or
increase the anodic photocurrents of the PEC biosensor and
can not switch the photocurrent direction of the electrode
from anodic current to cathodic photocurrent.

Fig. 4B shows the dependence of photocurrent on the
logarithm of miRNA-155 concentrations. A linear relationship
can be observed in the range from 0.1 fM to 10 nM. The
corresponding calibration equation is | (LA ) = -1.516 logCirna
(uM) - 15.40 (R? = 0.9959), and a detection limit can be
calculated to be 49 aM (30). The obtained detection limit is
much lower than that reported previously (Table S2, ESIT). On
the other hand, the developed PEC sensor exhibits excellent
selectivity, good stability, acceptable reproducibility and
satisfactory recovery in complex samples (Fig. S9, Table S3,
ESIT).

In summary, a new photocurrent-direction switching system
(CdSe QDs//NPC-ZnO polyhedra) has been developed in this
work for PEC assay. Based on the matched energy level
between CdSe QDs and NPC-ZnO polyhedra, a new PEC
biosensor has been further developed by coupling CdSe
QDs//NPC-ZnO polyhedra photocurrent-direction switching
system with target-triggered SDA strategy, and miRNA-155 is
detected sensitively (linear range, 0.1 fM-10 nM; detection
limit, 49 aM). Furthermore, the PEC biosensor exhibited good
stability and acceptable reproducibility. Importantly, the
developed PEC platform has excellent selectivity due to the
different photocurrent directions resulted from the target and
interferents. The proposed photocurrent-direction switching
system coupled with SDA strategy provides a new analytical
platform for PEC assay and stimulates the exploitation of other
photocurrent-direction switching systems to avoid false
positive or negative signals as much as possible.
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