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The sensitive and specific determination of nucleic acids is very important in clinical diagnosis and bio-
logical studies. In this work, an ultrasensitive photoelectrochemical (PEC) biosensor has been developed
for DNA detection based on a “signal-on” sensing strategy and a three-stage cascade signal amplification
method (catalytic hairpin assembly (CHA), hybridization chain reaction (HCR) and alkaline phosphatase
(ALP)-triggered in situ generation of ascorbic acid (AA)). Here, CHA hairpin 1 (CHA-HP1) is opened by the
target DNA (T-DNA) owing to the hybridization between T-DNA and CHA-HP1, and then the opened
CHA-HP1 hybridizes with CHA hairpin 2 (CHA-HP2) to displace the T-DNA, generating a CHA-HP1/
CHA-HP2 complex. The displaced T-DNA triggers the next cycle of CHA, resulting in the generation of
numerous CHA-HP1/CHA-HP2 complexes. Subsequently, one end of the CHA-HP1/CHA-HP2 complex
hybridizes with the capture DNA immobilized on the indium tin oxide/TiO,/CdS : Mn electrode. After the
introduction of dual-biotin labeled HCR hairpin 1 (HCR-HP1-Bio) and dual-biotin labeled HCR hairpin 2
(HCR-HP2-Bio), the other end of the CHA-HP1/CHA-HP2 complex opens HCR-HP1-Bio. The opened
HCR-HP1-Bio triggers the HCR reaction between HCR-HP1-Bio and HCR-HP2-Bio, leading to the for-
mation of long nicked duplex DNA structures. The dual-biotin modified HCR-hairpins can anchor more
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streptavidin—ALP to catalyze 2-phospho-L-ascorbic acid trisodium salt to yield more AA, leading to a
larger PEC response. The proposed PEC biosensor shows superior analytical performance for T-DNA
detection with a linear response ranging from 0.1 fM to 100 pM and a detection limit of 0.052 fM, and

rsc.li/analyst may provide a powerful biosensing platform for bioanalysis and early disease diagnosis.

10,11 12,13

nance, chemiluminescence, electrochemilumine-
scence, and photoelectrochemistry.’®° Among these

Introduction

14,15

The specific and sensitive determination of nucleic acids is
very important in clinical diagnosis, mutation detection, and
gene therapy. Therefore, developing sensitive methods for the
determination of trace target nucleic acid sequences becomes
a significant issue. In recent years, there are many sorts of
approaches that have been developed, such as colorimetry,"?
electrochemistry,”™ fluorescence,®® surface plasmon reso-
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approaches, the photoelectrochemical (PEC) method has
attracted substantial attention benefiting from its advantages
such as low cost, rapid response, low background signals, high
sensitivity, simple instrumentation, and easy miniaturiza-
tion.'”*"2> Moreover, due to the combination of the electro-
chemical assay and light irradiation, the PEC biosensor has
the advantages of both electrochemical biosensors and optical
techniques.

In comparison with traditional optical and electrochemical
methods, the photoelectric conversion efficiency is a crucial
parameter for PEC sensitive assay. As we all know, the photo-
electric conversion efficiency mainly relies on the photoactive
materials immobilized on the electrode surface. TiO,, as an
excellent photoelectric material, has been extensively utilized
in PEC biosensors because of its high stability, good biocom-
patibility, low cost, and environmental friendliness.**>°
However, as a semiconductor material with a wide energy
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band gap (~3.2 eV), TiO, mainly absorbs ultraviolet light,
which leads to the inadequate utilization of optical energy and
may inevitably cause the damage of biomolecules. CdS is a fre-
quently used semiconductor with a narrower energy band gap
(~2.4 eV) and its absorption range can extend to the medium
wavelength region.”” On the other hand, CdS has a higher con-
duction band than TiO,, which is beneficial to the injection of
photogenerated electrons from CdS to TiO,. Furthermore, Mn-
doping in CdS can produce new midgap centres, which can
effectively inhibit electron-hole recombination.>® The co-sensi-
tized structure with cascade band-edge levels is extremely
effective for the PEC biosensor to augment the optical absorption
efficiency, to prolong the lifetime of charge carriers and to
promote the electron transfer.”>*° In addition, as an excellent
electron donor, ascorbic acid (AA) is usually used in the PEC bio-
sensor. AA can rapidly consume the photogenerated holes to
yield an oxidized product and to inhibit electron-hole recombina-
tion, resulting in an enhanced photocurrent signal (Scheme 1a).*'

For the analytical performance of the PEC biosensor, the
other crucial factor is the effective signal amplification
methods. Recently, many kinds of signal amplification
methods have been reported, such as hybridization chain reac-
tion (HCR),**?' ligase chain reaction (LCR),*> polymerase
chain reaction (PCR),*® rolling circle amplification (RCA),*”*®
catalytic hairpin assembly (CHA),***' helicase-dependent
amplification (HDA),**** strand displacement amplification
(SDA)***> and so on. Among these signal amplification
methods, CHA is an enzyme-free nucleic acid-based signal
amplification method that provides a useful means for both
transducing and amplifying signals from nucleic acid analytes.
In the CHA method, two hairpins cannot hybridize with each
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other initially, but can -catalytically form double-stranded
structures in the presence of an initiator, resulting in hundred-
fold catalytic amplification.*®*® HCR is another typical and
well-known enzyme-free signal amplification method, which is
triggered by an initiator and depends on the use of two hair-
pins to propagate a HCR event.>® The two hairpins in HCR are
used as fuel packets to drive the double-stranded DNA propa-
gation.”’ The initiator opens one of the two stable hairpins
and triggers the HCR event to generate long nicked duplexes,
which exhibits awesome potential in the signal amplification
of DNA detection.*® Recently, Zang et al. reported that CHA-
programmed porphyrin-DNA complexes trigger the chemilu-
minescence as PEC initiators for the determination of DNA
with a low detection limit,”* and Li et al. developed a label-free
PEC biosensor for DNA detection via the HCR amplification
strategy.'® However, most of these PEC biosensors are just
based on one kind of signal amplification strategy (CHA or
HCR). Therefore, Ge et al. reported a “signal-off” and two-stage
cascade amplification strategy based on CHA and HCR for
cancer biomarker detection.”® Nevertheless, it is well known
that “signal-off” biosensors are limited by signaling capacity
with a maximum of 100% signal suppression.”® Hence, to
avoid the shortcoming of the “signal-off” method, it is still of
great importance to develop novel “signal-on” PEC biosensors
based on the multi-stage signal amplification strategy. The
specific advantages of the “signal-on” method, CHA and HCR
signal amplification methods, and the important role of AA in
the PEC biosensors inspire us to explore the possibility of the
development of a new “signal-on” PEC sensing platform with
the combination of CHA and HCR signal amplification
methods and in situ generation of AA.
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Scheme 1 (a) Photogenerated electron—hole transfer mechanism of the biosensing system; (b) schematic illustration of the PEC biosensor for

T-DNA detection.
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In this work, based on the three-stage cascade signal ampli-
fication strategy (CHA, HCR and ALP-triggered in situ gene-
ration of AA), we developed a novel and ultrasensitive “signal-
on” PEC biosensor for the detection of target DNA (T-DNA).
Here, human T-cell lymphotropic virus type II DNA (HTLV-II
DNA), which has a substantial impact on myelopathy and is
also related to urinary tract health, pulmonary symptoms, and
incremental mortality,>>>® was selected as the model. As
shown in Scheme 1b, CHA hairpin 1 (CHA-HP1) is opened by
the T-DNA owing to the hybridization between the comp-
lementary sections on the T-DNA and CHA-HP1. Then, the
opened CHA-HP1 assembles with CHA hairpin 2 (CHA-HP2) to
displace the T-DNA and to generate the CHA-HP1/CHA-HP2
complex. The displaced T-DNA can trigger the next cycle of the
CHA process, resulting in the generation of numerous
CHA-HP1/CHA-HP2 complexes. Subsequently, one end of the
CHA-HP1/CHA-HP2 complex hybridizes with the capture DNA
(C-DNA) immobilized on the indium tin oxide (ITO)/TiO,/
CdS:Mn electrode. After the introduction of dual-biotin
labeled HCR hairpin 1 (HCR-HP1-Bio) and dual-biotin labeled
HCR hairpin 2 (HCR-HP2-Bio), the other end of the CHA-HP1/
CHA-HP2 complex can open HCR-HP1-Bio. As a trigger, the
newly exposed cohesive-end of HCR-HP1-Bio can open
HCR-HP2-Bio, and then the opened HCR-HP2-Bio can open
HCR-HP1-Bio subsequently. That is, once HCR-HP1-Bio is
opened, the HCR reaction between HCR-HP1-Bio and
HCR-HP2-Bio occurs, leading to the formation of long nicked
duplex DNA structures. Because both the HCR hairpins are
labeled with dual-biotin, lots of streptavidin-alkaline phospha-
tase (SA-ALP) is captured on the electrode surface. Under the
enzymatic catalysis of ALP with the substrate 2-phospho-i-
ascorbic acid trisodium salt (AAP), AA is yielded in situ as an
excellent electron donor, resulting in an enhanced photo-
current response.’”>® Based on the above three-stage cascade
signal amplification strategy, the proposed “signal-on” PEC
biosensor shows superior analytical performance for the sensi-
tive determination of T-DNA with a detection limit as low as
0.052 fM. As far as we know, there is no report on the “signal-
on” PEC biosensors for DNA assay based on the three-stage
cascade signal amplification strategy (CHA, HCR and ALP-trig-
gered in situ generation of AA). The developed method may
provide a sensitive and powerful biosensing platform for bio-
analysis and early disease diagnosis.

Experimental
Materials and reagents

ITO glass was supplied by Zhuhai Kaivo Electronic
Components Co. Ltd, China. TiO, powder (P25) was obtained
from Degussa Co. (Germany). Sodium sulfide (Na,S-9H,0) was
purchased from Shanghai Asia Chemical Technology
Development Co., Ltd (China). Bovine serum albumin (BSA),
SA-ALP, and Tris(2-carboxyethyl)phosphine hydrochloride
(TCEP) were obtained from Sangon Biotechnology Co., Ltd
(Shanghai, China). Normal human serum was provided by
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Anyan Trade Co., Ltd (Shanghai, China) and used without
further treatment. Cadmium nitrate (Cd(NO;),-4H,0), Tris-
(hydroxymethyl)Jaminomethane (Tris), AA, and manganese
acetate (Mn(Ac),-4H,0) were purchased from Sinopharm
Chemical Reagent Co., Ltd (Shanghai, China). AAP and 6-mer-
captohexanol (MCH) were provided by Sigma-Aldrich (USA). All
other reagents were of analytical grade and used as received.
Ultrapure water (18.2 MQ cm), supplied by the Millipore
system (USA), was used throughout. The oligonucleotides used
in this work were ordered from Sangon Biotechnology Co., Ltd
(Shanghai, China) and the oligonucleotide sequences are
listed in Table S1 (see the ESIT).

Apparatus

The UV-visible (UV-vis) spectra were obtained via a UV-2100
spectrophotometer (Beijing Lab Tech, China). X-ray diffraction
(XRD) analysis was performed on a D8 ADVANCE using Cu Ka
radiation (Bruker, Germany). The sample morphology was
characterized by scanning electron microscopy (SEM, JSM
6700, Japan) and transmission electron microscopy (TEM, JEM
3010, Japan). A 300 W Xe lamp (Perfect Light, Beijing) with a
light intensity of 20 mW c¢m™> was used as the irradiation
source. All the photoelectrochemical and electrochemical
experiments were carried out on an electrochemical work-
station (CHI 660D, China) at room temperature with a typical
three-electrode system which consisted of a platinum wire
(auxiliary electrode), a modified ITO slice (working electrode),
and a saturated calomel electrode (SCE, reference electrode).

Preparation of the ITO/TiO,/CdS : Mn electrode

Prior to use, the ITO slice (1 x 5 cm) was sonicated in acetone,
1 M NaOH/ethanol (1:1, v/v), and ultrapure water for about
0.25 h, successively, and then dried in an oven at 60 °C for 2 h.
After that, 20 pL of 1 mg mL™" TiO, was coated on the ITO
slice with a fixed area of about 0.24 cm” (the area of about
0.24 cm” was fixed through taping a piece of tape with a round
hole of 5.5 mm in diameter on the surface of the ITO slice).
After being dried in air, the resulting electrode was sintered at
450 °C for 30 min to strengthen the adhesion of TiO, nano-
particles on the ITO substrate.>®> Subsequently, due to its
good controllability for the preparation process, the successive
ionic layer adsorption and reaction (SILAR) method was used
to deposit CdS:Mn on the ITO/TiO, electrode to obtain the
ITO/Ti0O,/CdS : Mn electrode.?**>° Briefly, the ITO/TiO, elec-
trode was firstly dipped into the mixed methanol solution of
0.1 M Cd(NOs3), and 0.08 M Mn(Ac),, and then dipped into 0.1
M Na,S methanol solution (1 min each) with intermediate
methanol washing until four layers of CdS : Mn were fabricated
on the ITO/TiO, electrode.®*

Fabrication of the PEC biosensor and T-DNA assay

Before immobilization on the ITO/TiO,/CdS : Mn electrode, the
C-DNA was dissolved in 10 mM Tris-HCI buffer solution (con-
taining 10 mM TCEP, 0.1 M NaCl, pH 7.4) in darkness for
60 min to decrease disulfide bonds. 20 pL C-DNA (1.5 pM) was
dripped on the ITO/TiO,/CdS : Mn electrode and incubated at
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4 °C for 12 h to immobilize C-DNA on the electrode surface via
an S-Cd bond. After rinsing with washing buffer (10 mM Tris-
HCI, pH 7.4), the electrode was blocked by 20 pL MCH (2 mM)
for 1 h to block the free electrode surface as well as to obtain a
well-aligned C-DNA monolayer,’>®® and rinsed thoroughly
with washing buffer. Finally, the prepared electrode (ITO/TiO,/
CdS:Mn/C-DNA/MCH) was kept at 4 °C for subsequent
experiments.

Before CHA reaction, CHA-HP1 and CHA-HP2 (20 mM Tris-
HCI solution, 5 mM MgCl,, 100 mM NaCl, pH 7.4) were
annealed separately at 90 °C for 5 min and slowly cooled down
to room temperature. Then, a mixture of CHA-HP1 (1 pM),
CHA-HP2 (1 pM) and T-DNA (different concentrations) was
incubated for 2.5 h at 37 °C to conduct the CHA reaction.
Subsequently, the mixture solution was transferred to the
surface of the prepared electrode and incubation was carried
out at 37 °C for 2 h to obtain the ITO/TiO,/CdS : Mn/C-DNA/
MCH/CHA-HP1 : HP2 electrode. After that, 20 pL of 10 mM
Tris-HCl solution (1 mM MgCl,, 500 mM NaCl, pH 7.4) con-
taining 3 pM HCR-HP1-Bio and 3 pM HCR-HP2-Bio was
dropped on the electrode surface and incubated at 37 °C for
2 h to perform the HCR process. After rinsing with washing
buffer, 20 puL of 1% BSA solution was dropped onto the elec-
trode surface for 30 min to eliminate the possible nonspecific
adsorption of protein.®* Subsequently, 20 pL of 0.1 mg mL™"
SA-ALP solution (10 mM Tris-HCl, pH 7.4, 1% BSA) was
dripped onto the electrode surface and incubated for 1 h at
37 °C, and then rinsed with washing buffer three times.
Finally, the obtained electrode (the ITO/TiO,/CdS : Mn/C-DNA/
MCH/CHA-HP1 : HP2/HCR-HP1-Bio : HP2-Bio/BSA/SA-ALP elec-
trode, termed FPEC electrode) was incubated in 10 mM Tris-
HCI (pH 9.8) containing 0.1 mM Mg(NO;), and 10 mM AAP
for 1.5 h at 37 °C, and the PEC responses were recorded at the
bias potential of —0.3 V.*>%¢

Results and discussion

Characterization of the photoactive materials

The morphologies of the bare ITO, ITO/TiO,, and ITO/TiO,/
CdS : Mn slices were investigated by SEM and TEM. Compared
with the bare ITO slice (Fig. 1a), there are a larger number of
TiO, particles on the ITO/TiO, slice (Fig. 1b) with an average
size of about 25 nm based on the TEM image shown in

100 nm

Fig. 1 SEM images of (a) bare ITO, (b) ITO/TiO,, and (c) ITO/TiO,/CdS : Mn.
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Fig. Sla (see the ESIf). When CdS:Mn is deposited on the
ITO/TiO, slice via the SILAR method, the surface of the ITO/
TiO, slice is changed obviously (Fig. 1c).

To further verify the successful deposition of CdS : Mn onto
the ITO/TiO, electrode surface, TEM and high-resolution TEM
(HR-TEM) images of TiO,/CdS:Mn peeled off from the ITO/
TiO,/CdS : Mn slice are shown in Fig. S1b and Sic (see the
ESIT). It can be observed that some small nanoparticles exist
on the surface of TiO, nanoparticles (Fig. S1b, see the ESIf).
Furthermore, in Fig. Sic (see the ESI}), the lattice spacing of
0.353 nm belongs to the (101) plane of anatase TiO, (JCPDS
no. 21-1272), and the lattice spacing of 0.338 nm can be
assigned to the (111) plane of the cubic CdS (JCPDS no. 80-
0019). These indicate that CdS is successfully deposited on the
surface of TiO,.

Elemental compositions of ITO/TiO, and ITO/TiO,/
CdS:Mn samples were analysed by energy dispersive X-ray
spectroscopy (EDS) equipped on a SEM (Fig. 2a). Ti, O, Sn, In,
and Si elements exist on both ITO/TiO, and ITO/TiO,/CdS : Mn
samples and should come from the ITO substrate and TiO,
nanoparticles. However, compared with the ITO/TiO, slice
(Fig. 2a, curve a), the ITO/TiO,/CdS:Mn sample has target
elements Cd, S, and Mn (curve b), implying that Mn-doped
CdS is successfully deposited on the ITO/TiO, slice. In
addition, based on the EDS elemental mappings shown in
Fig. S2 (see the ESIf), the elemental distributions of Ti, Cd,
and Mn in the ITO/TiO,/CdS : Mn sample are acceptable.

The XRD patterns of pure TiO,, TiO,/CdS, and TiO,/
CdS: Mn samples are shown in Fig. 2b (the enlarged Fig. 2b is
shown in Fig. S3, see the ESIt). From Fig. S3,t all of these pat-
terns show the same peaks of anatase TiO, and rutile TiO,.
Most importantly, three characteristic peaks are observed at
26.51°, 44.08°, and 52.22° in curves b and c (Fig. 2b) and
Fig. S3b and S3c (see the ESI{), which correspond to the diffr-
actions of the (111), (220), and (311) planes of the CdS cubic
structure (JCPDS no. 80-0019). Furthermore, the XRD pattern
of CdS:Mn is almost similar to that of CdS. These results
further indicate the successful doping of Mn** into CdS nano-
particles and the fabrication of CdS:Mn on the ITO/TiO,
sample.

The UV-vis spectra of pure TiO,, TiO,/CdS and TiO,/
CdS : Mn samples are shown in Fig. 2c. It is worth noting that
TiO,/CdS (curve b) has a much higher absorption intensity
than pure TiO, (curve a) in the visible light region, revealing

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 (a) EDS spectra of (curve a) ITO/TiO, and (curve b) ITO/TiO,/CdS : Mn electrodes, (b) XRD patterns and (c) UV-vis spectra of (curve a) pure

TiO,, (curve b) TiO,/CdS, and (curve c) TiO,/CdS : Mn.

that the adsorption properties of TiO, are enhanced by CdS in
the visible light region. In addition, the absorption intensity
further increases after the doping of Mn** into CdS (curve c).
Therefore, CdS:Mn can act as the visible light sensitizer of
TiO, and TiO,/CdS : Mn should be quite suitable as the photo-
active material in the PEC assay in this work.

EIS and PEC characterization of the electrode

Electrochemical impedance spectroscopy (EIS) measurements
were employed to characterize the interfacial properties and
the stepwise modification of the electrode with a redox probe
of [Fe(CN)s]*"*". In a typical Nyquist plot of the EIS result, the
semicircle section at high-frequency corresponds to the charge
transfer limited process, and an increase in the related dia-
meter suggests the increase in the interfacial charge transfer
resistance (R.).®” From curve a in Fig. 3a, a small semicircle
domain is observed (R, = 25 Q), demonstrating that the
charge-transfer process of [Fe(CN)¢]*”*~ on the bare ITO elec-
trode is fast. After the modification of TiO,/CdS:Mn, the R
value of the electrode increases, which can be explained as the
TiO,/CdS:Mn layer hinders the electron transfer process of
[Fe(CN)s*~™*~ at the electrode surface due to the low electric
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Fig. 3 (a) EIS results of the different electrodes in 0.1 M KCl solution
with 5 mM [Fe(CN)el*~/4~ (1:1 mixture). Scan rate, 100 mV s%; ampli-
tude, 5 mV; frequency range, from 0.01 Hz to 100 kHz. Inset plot shows
the equivalent electrical circuit. (b) PEC responses of the different elec-
trodes in 10 mM Tris-HCI solution (pH 9.8) containing 20 nM T-DNA,
10 mM AAP and 0.1 mM Mg(NO3), at —0.3 V. (a) Bare ITO, (b) ITO/TiO,/
CdS: Mn, (c) ITO/TiO,/CdS : Mn/C-DNA, (d) ITO/TiO,/CdS : Mn/C-DNA/
MCH, (e) ITO/TiO,/CdS : Mn/C-DNA/MCH/CHA-HP1: HP2, (f) ITO/TiO,/
CdS : Mn/C-DNA/MCH/CHA-HP1: HP2/HCR-HP1-Bio : HP2-Bio, (g) ITO/
TiO,/CdS : Mn/C-DNA/MCH/CHA-HP1 : HP2/HCR-HP1-Bio : HP2-Bio/BSA,
(h) ITO/TiO,/CdS : Mn/C-DNA/MCH/CHA-HP1 : HP2/HCR-HP1-Bio : HP2-
Bio/BSA/SA-ALP.
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conductivity of the TiO,/CdS:Mn material (curve b). When
C-DNA, MCH, CHA-HP1: HP2 (the concentration of T-DNA in
the CHA reaction is 20 nM), HCR-HP1-Bio : HP2-Bio, BSA, and
SA-ALP are successively introduced onto the electrode surface,
the R.. values of the electrode successively increase due to
their blocking effect on the electron transfer process of the
redox probe at the electrode (from curves c to h).

The fabrication process of the “signal-on” PEC biosensor
was also monitored by photocurrent response in 10 mM Tris-
HCl solution (pH 9.8) containing 0.1 mM Mg(NO;), and
10 mM AAP at —0.3 V with the catalysis reaction time of 1.5 h.
As shown in Fig. 3b, for the bare ITO electrode, no photo-
current response is observed (curve a). After the coating of
TiO,/CdS : Mn nanocomposite onto the ITO surface, a strong
photocurrent is observed (curve b, —0.98 pA), indicating that
CdS:Mn/TiO, is a promising photoelectric conversion
material. After that, with the successive introduction of
C-DNA, MCH, CHA-HP1:HP2, HCR-HP1-Bio: HP2-Bio, and
BSA onto the surface of the ITO/TiO,/CdS : Mn electrode, the
photocurrents successively decrease (from curves ¢ to g),
which corresponds to the EIS results. However, when SA-ALP is
further introduced onto the electrode surface and incubated
for 1.5 h at 37 °C for in situ catalytic generation of AA from
AAP, the photocurrent response of the electrode largely
increases (curve h). The obvious increase of the photocurrent
should be due to the excellent electron donor (AA), which is
confirmed by the results shown in Fig. S4 (see the ESI}). From
Fig. S4,F the photocurrent of the FPEC electrode in 1 mM AA
solution is about ten times larger than that in the same solu-
tion without AA. On the other hand, it is noted that the photo-
current decays with the increase in the illumination time due
to the consumption of AA. In light of all these results, the
developed “signal-on” PEC biosensor should be feasible for
T-DNA assay. All of the results demonstrate the successful fab-
rication of the developed PEC biosensor based on the three-
stage cascade signal amplification strategy according to the
procedure shown in Scheme 1b.

Optimization of the experimental conditions

The incubation time for CHA, applied potential, the concen-
trations of C-DNA, SA-ALP and AAP, and the catalysis reaction
time between ALP and AAP are the important factors which
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may affect the analysis capability and optimum state of the
proposed “signal-on” PEC biosensor. Therefore, a series of
control experiments were carried out.

The incubation time for CHA influences the amount of the
CHA-HP1 : HP2 duplex immobilized on the electrode surface,
and indirectly influences the amount of the ALP enzyme.
Therefore, the optimal incubation time for CHA was investi-
gated by recording the photocurrent intensity of the FPEC elec-
trode with a series of different incubation times. As shown in
Fig. S5 (see the ESIT), the photocurrent intensity increases and
reaches a platform at 2.5 h, revealing that the reaction equili-
brium for the CHA process is achieved. Therefore, 2.5 h is the
appropriate incubation time for CHA in the following
experiments.

As another important factor, the effect of the applied poten-
tial on the photocurrent intensity of the FPEC electrode was
investigated and the results are shown in Fig. S6 (see the ESIT).
The anodic photocurrents are very small from —0.1 to 0.3 V.
However, the cathodic photocurrents are much larger than the
anodic photocurrents and increase obviously from —0.2 to
—0.4 V. It is noted that the photocurrent at —0.3 V is about
76.8% of that at —0.4 V and the sensitivity of the developed
PEC sensor at —0.3 V is acceptable. Considering the bad effects
of the high applied potential (either anodic or cathodic poten-
tial) on the biomolecules and the surface state of the photo-
electrodes,®® —0.3 V is selected as the optimal applied poten-
tial for T-DNA assay.

The effect of the C-DNA concentration on the photocurrent
intensity of the FPEC electrode was also evaluated. With the
increase of the C-DNA concentration, the photocurrent inten-
sity increases and a maximum value is obtained at 1.5 uM
C-DNA (Fig. S7, see the ESIt). When the C-DNA concentration
is more than 1.5 pM, the photocurrent intensity of the FPEC
electrode decreases due to the possible reason that the exces-
sive amount of C-DNA decreases the hybridization efficiency
between C-DNA and the CHA-HP1/CHA-HP2 complex.
Therefore, 1.5 uM is selected as the optimum concentration of
C-DNA.

Based on Scheme 1a and the results shown in Fig. 3b, the
amount of the in situ generated AA is the key factor affecting
the assay performance of the developed PEC biosensor.
Therefore, the related parameters (the concentrations of ALP
enzyme and its substrate AAP, the reaction time between ALP
and AAP) should be optimized. From Fig. S8 to S10 (see the
ESIT), the optimal values of these parameters (ALP concen-
tration, 0.1 mg mL™"; AAP concentration, 10 mM; the reaction
time between ALP and AAP, 1.5 h) are obtained. When the
values of these parameters are larger than their optimal
values, plateaus are reached due to the related saturated states.

PEC assay of T-DNA

Under the optimized experimental conditions, photocurrent
responses of the “signal-on” PEC biosensor to different T-DNA
concentrations have been investigated in 10 mM Tris-HCI solu-
tion (pH 9.8) containing 10 mM AAP and 0.1 mM Mg(NO;),
and the related results are shown in Fig. 4a. It is noted that the
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Fig. 4 (a) Photocurrent responses of the “signal-on” PEC biosensor in
10 mM Tris-HCIL solution (pH 9.8) containing 10 mM AAP and different
concentrations of T-DNA (from a to 1): 0 fM, 0.1 fM, 0.5 fM, 1 fM, 10 fM,
100 fM, 1 pM, 10 pM, 100 pM, 1 nM, 10 nM, and 20 nM. (b) The linear
calibration curve of the “signal-on” PEC biosensor for T-DNA detection.
Error bars represent the standard deviation of three parallel
experiments.
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photocurrent increases with the increase of the T-DNA concen-
tration in the range from 0 to 20 nM. Fig. 4b shows the
relationship between the photocurrent and the logarithm of
the T-DNA concentration. The photocurrent is linear with the
T-DNA concentration ranging from 0.1 fM to 100 pM with the
linear regression equation of I (pA) = —0.3536log Cy (fM) —
2.2472 (R* = 0.9963). According to the signal-to-noise ratio of 3
and the photocurrent in blank solution (—1.775 pA), the detec-
tion limit is calculated to be 0.052 fM. It is worth noting that
the developed “signal-on” PEC biosensor based on the three-
stage cascade signal amplification strategy exhibits a wider
linear range and a lower detection limit than most of the
reported methods (Table S2, see the ESI).

Stability, reproducibility, and selectivity of the PEC biosensor

Stability is an important parameter for the PEC biosensor.
After the ITO/TiO,/CdS : Mn/C-DNA/MCH electrode is stored in
a refrigerator at 4 °C for two weeks, the PEC response still
remains at 96.1% of the initial intensity for 1 pM T-DNA detec-
tion. The result reveals that the stability of the developed PEC
system is acceptable. Moreover, the reproducibility of the pro-
posed “signal-on” PEC biosensor was evaluated, and the rela-
tive standard deviation (RSD) for T-DNA (1 pM) assay on five
modified electrodes is 5.12%. This indicates that the proposed
“signal-on” PEC biosensor has a good reproducibility for
T-DNA detection.

The selectivity of the developed “signal-on” PEC biosensor
was also evaluated. Four kinds of DNA sequences (T-DNA, Sm-
DNA (single-base mismatched DNA), Tm-DNA (three-base mis-
matched DNA), and N-DNA (noncomplementary DNA)) were
designed and detected with the same concentration (1 pM). As
shown in Fig. 5, the photocurrent responses |AI| (AI =1 — Iy, I,
and I stand for the photocurrents of the developed PEC bio-
sensor in the absence and presence of different DNA
sequences) for N-DNA, Tm-DNA, Sm-DNA and T-DNA are
0.093 pA, 0.463 pA, 0.667 pA and 1.537 pA, respectively. It is
noted that the photocurrent response for Tm-DNA (Sm-DNA) is
only about 30.1% (43.4%) of that for T-DNA. These results are

basically consistent with those reported in previous

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Selectivity of the developed PEC biosensor toward 1 pM of
N-DNA, Tm-DNA, Sm-DNA, and T-DNA in 10 mM Tris-HCLl solution
(10 mM AAP, 0.1 mM Mg(NOs),, pH 9.8). Error bars represent the stan-
dard deviation of three parallel experiments.

Table 1 Recovery tests for T-DNA in 10-fold diluted human serum
samples?

Sample Added (fM) Found (fM) RSD Recovery (%)
1 100 94.9+6.0 4.62% 94.9
2 500 530.9 £ 31.5 4.32% 106.2
3 1000 964.7 +70.1 5.31% 96.5
4 5000 5214.8 £ 126 4.92% 104.0

¢ Abbreviation: relative standard deviation (RSD).

papers,'>® indicating that the developed “signal-on” PEC bio-

sensor exhibits an acceptable selectivity to distinguish the
perfect complementary DNA and the base mismatched DNA.

Recovery test

In order to verify the applicability and reliability of the devel-
oped PEC biosensor, different concentrations of T-DNA (100
fM, 500 fM, 1000 fM, and 5000 fM) were added into the 10-fold
diluted human blood serum samples which were diluted by
10 mM Tris-HCl buffer (pH 7.4), and the photocurrent
measurement was performed in 10 mM Tris-HCl solution
(10 mM AAP, 0.1 mM Mg(NOj3),, pH 9.8). The average recov-
eries for the added T-DNA with 100 fM, 500 fM, 1000 fM, and
5000 fM are 94.9%, 106.2%, 96.5%, and 104.0%, respectively
(Table 1), indicating that the recovery of the developed “signal-
on” PEC biosensor is acceptable and the proposed method
may have potential application in T-DNA assay in real samples.

Conclusions

A novel and ultrasensitive “signal-on” PEC biosensor has been
developed for T-DNA assay based on a three-stage cascade
signal amplification strategy by combining CHA, HCR and
enzyme catalytic amplification methods. Due to the signal
amplification elements, the methods of CHA and HCR provide
plenty of biotins to anchor sufficient SA-ALP molecules which
catalyze AAP to in situ generate AA (electron donor), resulting
in an enhanced photocurrent response. The developed “signal-
on” PEC biosensor shows superior analytical performance for
sensitive determination of T-DNA with a detection limit as low

This journal is © The Royal Society of Chemistry 2018
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as 0.052 fM, and could be an attractive candidate in bioanaly-
sis, clinical biomedicine, and disease diagnostics.
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