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A B S T R A C T

We propose herein an immobilization-free, split-mode cathodic photoelectrochemical (PEC) strategy coupled
with a cascaded amplification for versatile biosensing. Taking DNA and microRNA (miRNA) as the model tar-
gets, the hybridization between the targets and the hairpin probe triggers the digestion of the probe DNA by T7
exonuclease (T7 Exo), thus to generate G-quadruplex (G4) forming sequences, and then the released targets
(DNA or miRNA) initiate the subsequent cycling processes and generate a large amount of G4 forming sequences.
Subsequently, the formed G4 sequences associate with hemin to form the G4/hemin DNAzyme, which cataly-
tically produces 1,4-bezoquinone (BQ) for conjugating onto the surface of the chitosan (CS) deposited BiOI/ITO
photocathode via the quinone-chitosan conjugation chemistry (QCCC). Under photo excitation, the covalently
attached quinones can act as electron acceptors of bismuth oxyiodine (BiOI), promoting the photocurrent
generation and thus allowing the elegant and “signal-on” mode for probing targets of interest. Highly sensitive
and selective PEC bioassays are readily realized, with the detection limits down to 2.2 fM (for DNA) and 0.2 fM
(for miRNA). Since no labeling and no electrode modification processes are needed, this split-mode PEC bio-
sensing strategy is amenable to convenient, time/labor saving, and high-throughput detections. More sig-
nificantly, it provides a novel concept to design immobilization-free and label-free cathodic PEC biosensing
systems, and showcases promise in general and versatile bioanalysis research.

1. Introduction

Among various DNAzymes, the G-quadruplex (G4)/hemin (i.e.,
hemin intercalated G4), have found wide applications as the amplifying
readout units of various biorecognition events, in which the G4 forming
sequence (acting as the signal transduction element) has been in-
tegrated with the recognition sequence in one single-stranded oligo-
nucleotides (Pelossof et al., 2010; Yang et al., 2011, 2017; Jia et al.,
2012). Because of the versatility of the integrated recognition sequence,
G4/hemin DNAzyme provides feasibility for the construction of various
biosensing applications, including nucleic acids, metal ions, small or-
ganic targets, proteins, and enzymes. The photoelectrochemical (PEC)
bioanalysis, a newly emerging analytical methodology with the merits
of high sensitivity, low cost, and miniaturizability, has become a pro-
misingly new research interests in scientific community (Zhang et al.,
2015; Zhang et al., 2017; Zang et al., 2018). In the reported PEC
bioassays involving G4/hemin DNAzyme as the signal transduction
element (Liu et al., 2013; Wang et al., 2015; Zhuang et al., 2015; Zhang

et al., 2019), to immobilize the recognition probes (usually the nucleic
acids) for the targets on the electrode surfaces is the prerequisite to
realize the signal readout, which involves not only complicated la-
beling/immobilization procedures but also tedious and time-consuming
incubation and rinsing processes. And it is also difficult to prepare
modified electrodes with good photostability. What's worse, the surface
confined probes have restricted configurational freedom and are per-
secuted by the steric hindrance effect (Lubin et al., 2009; Ricci et al.,
2007), which causes low biorecognition efficiency and thus leading to
crippled performances in terms of sensitivity and linear range. There-
fore, the immobilization-free PEC bioassays are highly desirable.

To date, only one anodic PEC bioassay (Ge et al., 2016) involving
G4/hemin DNAzyme as the signal transduction element has been pro-
posed for the immobilization-free detection. However, the exploration
of cathodic PEC (Xu et al.,2019), a recently developed protocol with
different sensing mechanism as well as enhanced anti-interference
capability in contrast to the extensively studied anodic one, has not
been shown. Herein, an immobilization-free cathodic PEC bioassay was
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developed using the bismuth oxyiodide (BiOI) modified indium tin
oxide (ITO) electrode as sensing unit and the G4/hemin DNAzyme as
the signal transduction/amplification element. BiOI is a fascinating
ternary oxide semiconductor in terms of its good chemical stability, low
toxicity, narrow band gap (1.7–1.8 eV) and efficient visible-light har-
vesting capability in comparison with other bismuth oxyhalides (Dong
et al., 2017; Zhang et al., 2018). The BiOI can easily exhibit n-type
conductivity and has been widely used in anodic PEC detections (Zhou
et al., 2014; Wang et al., 2017; Xu et al., 2017; Liu et al., 2018). By
properly adjusting the synthetic conditions, BiOI can also behave the p-
type conductivity characteristics (Hahn et al., 2012). Previously, the p-
type BiOI consisted photocathodes were found to respond to dissolved
oxygen (Yan et al., 2015; Zhang et al., 2018) and ferricyanide (Wang
et al., 2019), restraining their applications merely applicable to the
immobilization-based cathodic PEC bioassays. In this work, we found
that the 1,4-bezoquinone (BQ) can greatly simulated the cathodic
photocurrent of BiOI, which enabled us to construct the immobiliza-
tion-free bioassays through our recently developed quinone-chitosan
conjugation chemistry (QCCC) (Wang et al., 2018) strategy coupled
with cascade amplification mediated with the T7 exonuclease (T7 Exo)
and G4/hemin DNAzyme (see Scheme 1). Specifically, the hybridiza-
tion of the target DNA or microRNA (miRNA) with the hairpin probe
induced partial digestion (mediated by the T7 Exo) of the probe and
released of the target and the G4/hemin DNAzyme sequence, subse-
quently triggered the next round of digestion for recycling of the ana-
lyte and releasing increased amount of DNAzyme sequence. The re-
leased DNAzyme sequence performed peroxidase-like catalytic activity
with hemin for oxidizing hydroquinone to BQ, which was covalently
attached on the surface of the chitosan (CS) deposited BiOI/ITO pho-
tocathode, for stimulating the photocurrent signal. This immobiliza-
tion-free strategy allowed a split-mode detection, in which the bior-
eaction and the PEC detection were conducted in separated vessels,
which not only circumvented the intrinsic drawbacks of immobiliza-
tion-based PEC bioassays but also contributed to the enhanced
throughput. Also, it is believed that the “signal on”, immobilization-free
cathodic PEC strategy is preferable to the “turn-off” anodic one (Ge
et al., 2016) in terms of sensitivity and selectivity due to its lower
background and reduced chance of false positive signals. Importantly,
considering the versatile function of the DNAzyme, it holds great pro-
mise to be as a general and extensible strategy for general cathodic PEC
biosensing platforms with operation convenience without extra labeling
or modification.

2. Experimental section

2.1. Materials and reagents

Bi(NO3)3·5H2O, ethylene glycol (EG), KI, KCl, hydroquinone (HQ),
1,4-benzoquinone (BQ), chitosan (CS), hemin(III), and H2O2 (30%, w/
w) were all purchased from Aladdin (Shanghai, China). T7 exonuclease
and 10× NEBuffer (500mM KAc, 200mM Tris acetate buffer, 100mM
magnesium acetate, 10mM dithiothreitol, pH 7.9 at 25 °C) were re-
ceived from New England Biolabs (Ipswich, USA). The single walled
carbon nanotubes (SWCNTs) were obtained from Chengdu Organic
Chemistry Co., Ltd. (Chengdu, China). All DNA and miRNA oligonu-
cleotides were HPLC-purified and purchased from Sangon
Biotechnology Co., Ltd. (Shanghai, China). Their sequences are listed as
follows:

Probe for DNA: 5′-GAT TTT CTT CCT TTT GTT CAA AGC CCA GGG
TAG GGC GGG TTG GGC TTT-3′

Target DNA: 5′-GAA CAA AAG GAA GAA AAT C-3′
Probe for miRNA-21: 5′-TCA ACA TCA GTC TGA TAA GCT AAA AGC

CCA GGG TAG GGC GGG TTG GGC TTT-3′
Target miRNA-21: 5′-UAG CUU AUC AGA CUG AUG UUG A-3′
(Note: The italic part indicated above is the base pair com-

plementary to the target, and the bold part is the sequences forming the
G4 structure.)

The stock solutions of the hairpin probe (dissolved with the TE
buffer (10mM Tris–HCl, 1.0 mM EDTA, pH 7.4)) for the target DNA or
the miRNA were heated at 88 °C for 10min and gradually cooled to
room temperature to dissociate any intermolecular interaction, and to
form the stem-loop structured DNA.

2.2. Apparatus

Scanning electron microscopy (SEM) images were acquired on a
Hitachi S-4800 high resolution scanning electron microscope (Hitachi,
Japan). The X-ray diffractometer (XRD) pattern was recorded with an
X'Pert Philips materials research diffractometer (Brook AXS, Germany).
UV–vis absorption spectra were recorded by a TU-1901 UV–vis
Spectrophotometer (Beijing, China). PEC measurements were per-
formed with a homemade system including a 500W Xe lamp equipped
with an ultraviolet cutoff filter (λ≥ 400 nm) as the irradiation source
and a CHI 800C electrochemical workstation (Shanghai, China) for
recording the photocurrent. A three-electrode system including a
modified ITO electrode with an area of 0.25 cm2 serving as the working
electrode, a Pt wire as counter electrode, and a saturated Ag/AgCl re-
ference electrode was used for photocurrent acquirement.

Scheme 1. Schematic illustration of the construction of the split-mode cathodic PEC sensors and the signal amplification process.
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2.3. Preparation of the CS/BiOI/ITO electrode

BiOI was prepared according to the previous report with slightly
modification (Hu et al., 2014). In the synthesis processes, 1.940 g of Bi
(NO3)3·5H2O was mixed with 40mL of ethylene glycol (EG) solvents to
obtain a white suspension. After stirring for several hours, the solutions
become transparent due to that Bi(NO3)3 was dissolved in the EG sol-
vent. Then, 0.664 g of KI dissolved in 40mL EG solvent was added to
the above solution. The mixture was further stirred for another 30min
and then put into a 150mL Teflon-lined autoclave, which was heated
and kept at 160 °C for 12 h. After cooling down to room temperature,
the synthesized precipitates were washed and centrifuged by water and
ethanol for several times, followed by drying at 60 °C for 12 h in oven.
Finally, we used ultrapure water to disperse the collected product and
acquired 1mg/mL stock solution under ultra-sonication.

To obtain the BiOI modified ITO (BiOI/ITO) electrode, 30 μL of
1mg/mL BiOI solution was dropped on the ITO, dried in a blast oven at
60 °C, and then cooled to room temperature. In order to attach the
DNAzyme generated BQ to the surface of the BiOI/ITO electrode and
achieve split detection, we used a layer of CS as a linker on the surface
of the BiOI/ITO electrode to obtain the CS/BiOI/ITO electrode. To
achieve this, 20 μL of CS (0.5 wt %) solution was dropped onto the
BiOI/ITO electrode surface and dried at room temperature.

2.4. PEC procedures for DNA and miRNA detection

To conduct the split-mode PEC assays for DNA and miRNA, the
detailed experimental procedures are as follows: In a 96-well microtiter
plate, 20 μL of the hairpin probe DNA (2 μM) solution was hybridized
with 20 μL of the target DNA or miRNA with varying concentrations at
37 °C for 1 h in a humidity chamber. Subsequently, 20 μL of T7 exo-
nuclease (T7 Exo, 200 U/mL) in 1× NEBuffer was added and incubated
at 37 °C for 90min. In the following, the resulting mixture was heated
at 80 °C for 10min to deactivate the T7 Exo. Subsequently, 100 μL of
25 μM hemin solution containing 10mM KCl was added in the above
solution and incubated for 1 h at 25 °C. Due to the guanine-rich DNA
sequences of remained DNA sequences, G4/hemin-based DNAenzyme
was formed. Next, 300 μL of 70 μg/mL pretreated SWCNTs was added
into the G4/hemin solution and incubated for 30min to adsorb super-
fluous hemin in solution. At last, the mixtures were centrifuged
(12,752 rpm) for 15min to remove redundant free hemin (Gao and Li,
2013). At this point, different amounts of G4/hemin DNAzyme that
were related to the target concentration were generated for catalyzing
the oxidation of HQ to generate BQ. The catalytic reaction was realized
through the addition and incubation of 1.0mM H2O2 and 1.0 mM HQ
for 30min at 37 °C in the microplates. Then, the CS/BiOI/ITO electrode
was immersed in the above reaction mixture for 10min and carefully
washed with 0.1mM Tris–HCl buffer solution (pH 7.0). Finally, the
working electrode was immersed in the PEC cell containing 0.1M Tris-
HCl (pH 7.0) for photocurrent measurements at −0.1 V (versus satu-
rated Ag/AgCl reference electrode).

2.5. Real sample detection

Human mastocarcinoma MCF-7 cells and Hela cells were all grown
in Dulbecco's modified Eagle's medium (DMEM, purchase from GIBICO,
USA) with 10% fetal calf serum (FCS) (Invitrogen, New Zealand) at
37 °C in a 5% CO2 humid chamber. Total RNA was isolated from the
cells using the Trizol reagent according to the manufacturer's instruc-
tions: After discarding the culture medium, the cells were rinsed with
the sterile PBS and were added with 1mL of Trizol, using a pipette to
blow and mix the solution. Then, the lysate was allowed to stand for
5–10min at room temperature to completely guarantee protein se-
paration from the nucleic acids. Subsequently, 200 μL of chloroform
was added to the above lysate, shaken vigorously for 15 s. After cen-
trifuging for 10–15min at 12,098 rpm at 4 °C, a mixture solution with

different layers was obtained: the upper layer was water phase con-
taining the RNA, and middle and lower layer were organic phase. The
upper aqueous phase was transferred to the enzyme-free centrifuge
tube, and an equal volume of isopropyl alcohol was added, which was
placed at room temperature for 15–20min, centrifuging for 10min. A
gel-like precipitate was formed at the bottom of the tube. After dis-
carding the supernatant, 1 mL 75% ethanol was added to wash the
obtained RNA. Ultimately, we added 30–50 μL of RNase-free distilled
water to fully dissolve the RNA, and store at−70 °C for a longer time or
directly used for the subsequent experiments. Using the RNA extracted
from different cells as the target, similar experiments as described
above were performed to test the feasibility of the designed sensor in
real sample determination.

3. Results and discussion

3.1. Stimulated cathodic PEC of the BiOI microspheres through the
conjugated BQ

From the X-ray diffraction (XRD) analysis and scanning electron
microscope (SEM) image, we can see that the synthesized BiOI is tet-
ragonal phase (JCPDS card no. 65-7025) (Fig. S1B) demonstrating
flower-like architecture composed of assembled nanosheets with
thickness of 25 nm (Fig. S1A). The obtained BiOI microspheres show
distinct adsorption in the visible region and exhibit stable cathodic
photocurrent under the chopped on/off illumination (Fig. S1C, Fig.
S1D), demonstrating their photo to electricity conversion capability
under visible light. Upon illumination, the photogenerated electrons
(the minority carriers) of BiOI transfer faster towards the supporting
electrolyte than that of holes (the majority carriers) with the simulta-
neous hole-capture by the electrons from the electrode, leading to the
flow of cathodic photocurrent (Fig. 1B).

Similar to our previous report that 1,2-benzoquinone reacted with
CS through the QCCC chemistry (Wang et al., 2018), we herein found
that the BQ can also react nucleophilic groups of the aminopoly-
saccharide CS through Schiff base and/or Michael-type adduct linkage
(Bittner, 2006), which led to an obvious increment in the photocurrent
of the CS deposited BiOI modified ITO (CS/BiOI/ITO) electrode
(Fig. 1A). The deposition of CS and the subsequent attachment of BQ on
the BiOI/ITO electrode (through simply dropping CS onto the electrode
surface) was certified by cyclic voltammograms (shown in Fig. S2). The
peak current of the redox probe ([Fe(CN)6]3-/4-) decreased apparently
after the deposition of CS resulted from the hindrance of CS for the
diffusion of [Fe(CN)6]3-/4- to the electrode surface. While the absorption
spectra confirmed the attachment of BQ on CS because the absorbance
of the CS film increased accompanied with the appearance of the
characteristic peak for the attached BQ at 350 nm (Ghosh et al., 2012)
(Fig. S3). Moreover, the distinctive oxidation (at 0.05 V versus satu-
rated Ag/AgCl) and reduction (at −0.1 V versus saturated Ag/AgCl)
peaks in accordance with that of BQ (Shimi and Park, 1997) appeared
after the BQ reacted with the CS deposited BiOI/ITO electrode
(Fig. 1D), further confirming the successful attachment of BQ through
the linker of CS.

The amount of the deposited CS affected the PEC response of the
BiOI/ITO photoelectrode to BQ, and an optimum concentration of
0.5 wt% used for electrode deposition was found (Fig. S4A). At lower
concentration of CS, lower amount of BQ can be attached on the elec-
trode surface while increased amount of CS may hinder the photo in-
duced electron transfer between BiOI and BQ. In addition, the photo-
electric communication between BQ and BiOI/ITO electrode was
influenced by the applied potential and pH of the supporting electro-
lyte. The optimized potential applied was found at −0.1 V and the
optimal pH used was 7.0 (Figs. S4B and C).

To validate that photocurrent enhancement of BiOI by BQ pro-
ceeded through the photo induced electron transfer (PET) mechanism,
the conduction band (CB) potential of BiOI was revealed through linear
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potential scan (Yeh et al., 2013) and was estimated as −0.7 V versus
saturated Ag/AgCl (Fig. 1C), which was similar to the previous litera-
ture (Hu et al., 2014). By comparing the CB of BiOI with the reduction
potential of BQ (−0.1 V, Fig. 1D), we can see that there was a potential
gradient driving the PET from the CB of BiOI to BQ. The photocurrent
enhancement mechanism of BiOI by BQ is exhibited in Fig. 1A.

The photocurrent of CS/BiOI/ITO electrode responds to BQ in the
linear range from 10 nM to 1.0mM (Fig. S5) with a low detection limit
of 2.0 nM. This sensitive response allowed us to construct versatile
bioassays on the basis of the G4/hemin DNAzyme to catalyze the oxi-
dation of HQ to generate BQ. Exemplified by taking DNA and miRNA as
targets, the bioassays were conducted based on the cascaded amplifi-
cation in homogeneous solutions: Upon the hybridization of the target
(DNA or miRNA) with the corresponding hairpin probe, the T7 exo-
nuclease (T7 Exo) digested the hydrid sequence of the probe, generating
G4 forming sequences, and simultaneously released the target (DNA or
miRNA) for the next cycling round. Assisted by the T7 Exo digestion for
target recycling, one target can produce a large amount of G4 forming
sequences; and the subsequently formed G4/hemin DNAzyme func-
tioned as a mimicking enzyme converting to HQ to BQ (D.W. Zhang
et al., 2013), forming a cascade further amplifying the signal. Con-
sidering that the superfluous hemin itself also had the catalytic ability
towards HQ oxidation in the presence of H2O2, causing undesirable
background signal, we adopted the SWNTs to selectively remove the
redundant free hemin according to the literature (Gao and Li, 2013). To
confirm the formation of the G4/hemin DNAzyme, UV–vis absorption
spectra under different conditions were investigated. As shown in Fig.
S6 (curve a), the absorption spectrum of the hemin solution contains a
characteristic absorption band at 387 nm, while this typical absorption
of hemin becomes stronger with the absorption peak red-shifted in the
presence of the formed G4 sequence (Fig. S6, curve b), demonstrating
the formation of the G4/hemin structure (L.B. Zhang et al., 2013). As
shown in Fig. S7, a much higher photocurrent is observed under the
coexistence of the G4 sequence and hemin (to form the G4/hemin
DNAzyme) in comparison with that in the presence of G4 or hemin
alone. This indicated that the high catalytic activity of the G4/hemin
DNAzyme was responsible for the oxidation of HQ to BQ, while the
catalytic activity of the G4 (Fig. S7, curve c) or hemin (Fig. S7, curve d)
alone was too weak to catalyze the reaction between HQ and H2O2.
Therefore, the designed protocol was conveniently and economically

available for the detection of homogeneous DNAzyme catalytic reaction
and can be applied for the cathodic PEC biosensor using DNAzyme as
the signal reporter.

3.2. Analytical performance

Under the optimum conditions, the analytical performances of the
proposed biosensors were evaluated. The calibration plot was con-
structed by plotting ΔI (ΔI = I/I0, where I and I0 were the photocurrent
of the detection system with and without the target, respectively)
against DNA or miRNA-21 concentrations. The target DNA can be de-
tected in a linear range from 0.01 pM to 1 nM (Fig. S8B), with the
detection limit estimated to be 2.2 fM at a signal-to-noise ratio of 3.
While the photocurrent responses increase linearly with the con-
centration of miRNA-21 ranging from 1.0 fM to 0.1 nM (Fig. 2B) with a
detection limit of 0.2 fM (S/N=3). By comparing with other reported
methods for DNA and miRNA detection (Tables S1 and S2), we can see
that this protocol shows competitive performances in terms of sensi-
tivity and linear range. In addition, the selectivity of the sensor was
assessed by comparing the response with different kinds of other in-
terferents, including single-, two- or three-base mismatched DNA or
miRNA sequences, which revealed good selectivity of the proposed
cathodic PEC biosensor (Fig. S8C and Fig. 2C).

The feasibility of the proposed system for real sample application
was examined by monitoring miRNA-21 in the lysates from two can-
cerous cell lines, i.e., the human breast (MCF-7) and cervical (HeLa)
cancer cells. According to the results shown in Fig. 2D, the lysates from
100, 1000 or 10000 HeLa cells only cause a slight increase in the
photocurrent response, indicating the low content of miRNA-21 in the
HeLa cells. While the lysates from the elevated numbers (100, 1000 or
10000) of MCF-7 cells result in an obvious increase in the photocurrent
response. It is convinced that the levels of miRNA-21 in the MCF-7 cells
are higher than in the HeLa cells because the miRNA-21 is over-
expressed in the MCF-7 cells rather than the HeLa cells (Shi et al.,
2015). Therefore, the developed method may be potentially used in
future for real sample detection.

4. Conclusions

In conclusion, this study demonstrates an immobilization-free, split-

Fig. 1. (A) Photocurrent responses of the CS/ BiOI/
ITO electrode in Tris-HCl (0.1 M, pH 7.0) before (a)
and after reaction with 1,4-benzoquinone (10 μM).
(B) The signal generation and enhancement me-
chanism of the BiOI/ITO electrode by BQ. (C)
Cathodic linear potential scan for determining the
CB edge of the BiOI specimens in the deaerated
Na2SO4 solution (0.2M). (D) Cyclic voltammograms
of the CS/ BiOI/ITO electrode conjugated by BQ
(produced by G4/hemin catalyzed oxidization of
HQ) in the deaerated Tris−HCl solution (0.1M, pH
7.0).
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type cathodic PEC biosensing platform on the basis of quinone-CS
conjugation coupled with T7 Exo assisted target cycling and DNAzyme
biocatalysis for cascade signal amplification. Taking the DNA and
miRNA as model analytes, the CS deposited BiOI/ITO electrode served
as a highly efficient photocathode that capturing and responding to the
DNAzyme generated BQ, which proved to be highly sensitive and se-
lective for PEC detection of the corresponding targets. In compassion to
the widely reported immobilization-based cathodic PEC pattern, this
immobilization-free strategy not only avoids complex probe labelling
and electrode modification/washing procedures but also offers the
benefits of enhanced accessibility, reduced time/cost, and high
throughput. More significantly, the protocol proposed herein may ea-
sily extensible as a general strategy for versatile cathodic PEC bioassays
that can generate DNAzyme as products.
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