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A B S T R A C T

Sensitive and specific detection of DNA is of great significance for clinical diagnosis. In this paper, an effective
cascade signal amplification strategy was introduced into photoelectrochemical (PEC) biosensor for ultra-
sensitive detection of human T-cell lymphotropic virus type I (HTLV-I) DNA. This proposed signal amplification
strategy integrates λ-exonuclease (λ-Exo) aided target recycling with hybridization chain reaction (HCR) and
enzyme catalysis. In the presence of target DNA (tDNA) of HTLV-I, the designed hairpin DNA (h1DNA) hy-
bridized with tDNA, subsequently recognized and cleaved by λ-Exo to set free tDNA. With the λ-Exo aided tDNA
recycling, an increasing number of DNA fragments (output DNA, oDNA) were released from the digestion of
h1DNA. Then, triggered by the hybridization of oDNA with capture DNA (cDNA), numerous biotin-labeled
hairpin DNAs (h2DNA and h3DNA) could be loaded onto the photoelectrode via the HCR. Finally, avidin-labeled
alkaline phosphatase (avidin-ALP) could be introduced onto the electrode by specific interaction between biotin
and avidin. The ALP could catalyze dephosphorylation of phospho-L-ascorbic acid trisodium salt (AAP) to
generate an efficient electron donor of ascorbic acid (AA), and thereby greatly increasing the photocurrent
signal. By utilizing the proposed cascade signal amplification strategy, the fabricated PEC biosensor exhibited an
ultrasensitive and specific detection of HTLV-I DNA down to 11.3 aM, and it also offered an effective strategy to
detect other DNAs at ultralow levels.

1. Introduction

Highly sensitive detection of DNA is of great significance for clinical
diagnosis, gene therapy, mutation analysis and pathogen detection
(Diao et al., 2018; Liu et al., 2009; Hänsel-Hertsch et al., 2017; Shaw
et al., 2017; Wang et al., 2011). Human T-cell lymphotropic virus type I
(HTLV-I) is a human retrovirus, which is associated with the clinical
diagnoses of rare lymphocytic neoplasms, progressive neurodegenera-
tive disease, and adult T-cell lymphoma/leukemia. Nevertheless, HTLV-
I DNA is so fractional that more ingenious analytical strategies were
necessary for detection (Kalyanaraman et al., 1982; Bhagavati et al.,
1988; Poiesz et al., 1980).

Over the past decades, various techniques have been developed for

sensitive detection of the specific DNA sequences, such as microarrays,
colorimetric, electrochemcial, electrochemiluminescence, photoelec-
trochemical (PEC) biosensors, and so on (Schena et al., 1995; Teengam
et al., 2017; Freeman et al., 2011; Low et al., 2017; Zhang et al., 2012;
Zhao et al., 2014). Among these methods, PEC biosensor is a newly
emerged yet vibrantly developing technique for biological sensing. PEC
biosensors inherited the advantages of conventional electrochemical
and optical methods, and offered a potential biosensing platform with
high sensitivity and reduced background signal (Li et al., 2016; Zeng
et al., 2014; Fan et al., 2016; Zhao et al., 2015).

In order to detect ultralow levels of DNA, the most important aspect
of a sensitive PEC biosensor is to employ an excellent signal amplifi-
cation strategy. To date, the signal amplification strategies for
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ultrasensitive DNA detection have attracted more and more attention,
because they can overcome the inherent limitation of target-to-signal
ratio of 1:1 in the traditional hybridization assay and acquire higher
sensitivity (Tao et al., 2015; Wang et al., 2015; Wu et al., 2015; Song
et al., 2015). So far, a number of amplification methods have been
developed, such as rolling circle amplification (RCA) (Song et al., 2015;
Murakami et al., 2008; Wang et al., 2014), polymerase chain reaction
(PCR) (Cheglakov et al., 2006; Du et al., 2013), hybridization chain
reaction (HCR) (Choi et al., 2010; Chen et al., 2011a; Yang et al., 2015),
and enzyme-assisted target recycling (Tao et al., 2015; Zuo et al., 2010;
Bi et al., 2012; Ren et al., 2015). Among them, enzyme-assisted target
recycling amplification has been widely adopted for the development of
DNA biosensor. As one of the exonuclease, λ-exonuclease (λ-Exo) can
catalyze the stepwise digestion of a 5′ phosphorylated strand in the 5′ to
3′ direction in a double-stranded DNA (dsDNA) (Kovall and Matthews,
1997). Thus, λ-Exo provides a universal platform for the target re-
cycling amplified DNA assay. Further development in DNA signal am-
plification technique is the HCR technique. HCR is a complementary
base paring reaction, which is triggered by a single-stranded DNA in-
itiator and propagates a chain reaction of hybridization events to yield
nicked double helices analogous to alternating copolymers, making
HCR a promising strategy in signal amplification (Choi et al., 2010)

Inspired by the works discussed above, we have for the first time
designed a novel ultrasensitive PEC biosensor for HTLV-I DNA detection
by combining λ-Exo aided target recycling, HCR and enzyme catalysis
for cascade signal amplification, as illustrated in Scheme 1. The h1DNA
consists of two regions, including the recognition region which is
complementary to target DNA (tDNA) at the 5′-terminus and the output
region which is partly complementary to capture DNA (cDNA). In the
absence of tDNA, h1DNA remains intact to λ-Exo because the overhang
5′-phosphorylated terminus could not be cleaved by λ-Exo. However,
h1DNA could form a dsDNA with a blunt 5′-phosphorylated terminus in
the presence of tDNA (tDNA). The blunt 5′-phosphorylated terminus
dsDNA could be stepwise digested by λ-Exo, and then releases the tDNA
and output DNA (oDNA). The released tDNA could further take parti-
cipate in the next cycles of hybridization and cleavage process (Cycle I).
The introduction of HCR into the PEC DNA biosensor could further
improve the detection sensitivity. The released oDNA could be captured
by the cDNA on the electrode, and then open h2DNA through hy-
bridization, trigger the subsequent hybridization reaction by the se-
quential introduction of h3DNA, and realize the downstream HCR

amplification (Yang et al., 2015). The formed dsDNA chains on the
electrode with the biotin-tagged h2DNA and h3DNA provide multiplex
biotin sites, which could conjugate with avidin-alkaline phosphatase
(Av-ALP) through the combination between biotin and avidin. The
enzyme of ALP, which exists extensively in mammalian organisms and
catalyzes the hydrolysis and transphosphorylation of diverse phos-
phoryl esters (Zhao et al., 2012a, 2012b), could dephosphorylate the
substrate of 2-phospho-L-ascorbic acid trisodium salt (AAP) and gen-
erate the product of ascorbic acid (AA), a commonly used electron
donor in PEC biosensor (Yin et al., 2015; Zhou et al., 2014). In the
proposed cascade signal amplification strategy, the presence of tDNA
could trigger the cycle I, releasing plenty of oDNA, and then produce
more biotin sites through HCR. With the biotin sites, more Av-ALP
could anchor on the DNA chains. Given the enzyme catalysis amplifi-
cation of ALP, the photocurrent response could be greatly enhanced by
the AA generated from AAP by ALP. The intensity of the photocurrent
signal was proportional to the concentration of tDNA by this cascade
signal amplification strategy. The designed PEC system exhibited ex-
cellent analytical performance, which would have promising perspec-
tive for sensitive and selective DNA detection.

2. Experimental

2.1. Materials and reagents

ITO electrodes (type JH52, ITO coating 30 ± 5 nm, sheet resistance
≤10Ω/square) were ordered from Nanjing Zhongjingkeyi Technology
Co., Ltd. (China). Graphite powder, potassium peroxydisulfate
(K2S2O8), potassium permanganate (KMnO4), sulfuric acid (H2SO4),
hydrochloric acid (HCl), phosphorus pentoxide (P2O5), cadmiumnitrate
(Cd(NO3)2)·4H2O, sodium sulfide(Na2S), zinc nitrate hexahydrate (Zn
(NO3)2·6H2O), sodium hydroxide (NaOH), and sodium chloride (NaCl)
were obtained from Nanjing Chemical Reagent Co. Ltd. (China). 1-
Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), N-hydro-
xysuccinimide (NHS), monoethanolamine (MEA), 3-mercaptopropionic
acid (MPA), and 2-phospho-L-ascorbic acid trisodium salt (AAP) were
received from Sigma-Aldrich (USA). Ascorbic acid (AA) and hydrogen
peroxide (H2O2, 30 wt%) were purchased from Sinopharm Chemical
Reagent Co., Ltd (Shanghai, China). Avidin labeled alkaline phospha-
tase (adivin-ALP) was purchased from Sangon Biotechnology Co. Ltd.
(Shanghai, China). Lambda Exonuclease (λ-Exo) was obtained from

Scheme 1. Fabrication process of the PEC DNA biosensor with cascade signal amplification.
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New England Biolabs. Ltd (Beijng, China). All other chemical reagents
were of analytical grade and used without further purification. The
solvent in each step was deionized water (DI water, 18MΩ/cm) from a
Milli-Q water purification system. Tris-HCl buffer solution (10mM, pH
7.4) containing 10mM NaCl and 2mM MgCl2 was used for preparation
of DNA stocking solutions. 0.1 M PBS buffer solution (0.1M NaH2PO4,
0.1 M Na2HPO4, pH 8.0) was prepared as PEC determination buffer.
Avidin-ALP was diluted by 0.1M PBS buffer (pH 7.4).

All the following DNA sequences used were ordered from Sangon
Biotechnology Co. Ltd. (Shanghai, China):

cDNA, 5′-GAG GGA GTG AAA AGT-NH2–3′;
h1DNA, 5′-phosphorylate-TCC TCC AGG CCA TGC GCA AAA CTT

TTC ACT CCC TCT TAT TTG CGC ATG GC−3′;
tDNA (HTLV-I), 5′-GAG TAT TTG CGC ATG GCC TGG AGG A-3′;
oDNA, 5′-ACT TTT CAC TCC CTC TTA TTT GCG CAT GGC−3′;
biotin-h2DNA, 5′-biotin-GCG CAT GGC TTA GTT GCC ATG CGC

AAA TAA −3′;
biotin-h3DNA, 5′-biotin-AAC TAA GCC ATG CGC TTA TTT GCG CAT

GGC-3′;
one-base mismatch DNA, 5′-GAG TAT CTG CGC ATG GCC TGG AGG

A-3′;
noncomplementary DNA, 5′-GAG TAG CGT ATA AGA CTT ATA GAC

T-3′.

2.2. Apparatus

Field-emission scanning electron microscopy (FE-SEM) was carried
out on a Hitachi S-4800 scanning electron microscope (Hitachi Co.,
Japan) equipped with EX-250 Energy-dispersive X-ray spectroscopy
(EDX, HORIBA Co., Japan). Electrochemical impedance spectroscopy
(EIS) was performed on an Autolab potentiostat/galvanostat (PGSTAT
30, Eco Chemie B.V., Utrecht, Netherlands) with a three-electrode
system in 0.1 M KCl solution containing 2.0mM K3[Fe(CN)6]/K4[Fe
(CN)6] (1:1) mixture as a redox probe, and recorded in the frequency
range of 0.01 Hz-100 kHz with an amplitude of 50mV. PEC measure-
ments were carried out with a home-made PEC system. A 500W Xe
lamp was used as the irradiation source with the light intensity of 400
μWcm−2 estimated by a radiometer (Photoelectric Instrument Factory
of Beijing Normal University). Photocurrent was recorded on a CHI
660D electrochemical workstation (Shanghai Chenhua Apparatus
Corporation, China) with a three-electrode system: a 0.25 cm2 modified
ITO electrode as the working electrode, a Pt wire as the counter elec-
trode, and a saturated Ag/AgCl electrode as the reference electrode.

2.3. Electrodeposition of reduced graphene oxide

First, graphene oxide (GO) solution was prepared according to a
modified Hummers's method (Hummers and Offeman, 1958). For
electrodeposition of reduced graphene oxide (RGO), a dispersion con-
taining 0.8 mg/mL GO was used (Zheng et al., 2013). The cyclic vol-
tammetric reduction was carried out on a CHI 660D electrochemical
workstation using a three-electrode: the bare ITO with fixed area of
0.25 cm2 as the working electrode, Pt wire as the counter electrode, and
Ag/AgCl as the reference electrode. The scan range was between −1.3
and 0.6 V at a rate of 0.1 V/s. When the GO sheets, which directly
contacted with the ITO electrode, accepted electrons to subject to
electrochemical reduction, the resulted insoluble graphene sheets
would directly attach onto the electrode surface (Chen et al., 2011b).
After thirty cycles of scan, the working electrode was rinsed with DI
water.

2.4. Preparation of the ITO/RGO/CdS/ZnS PEC electrode

After electrodeposition of RGO, the modified ITO electrode was then
deposited with CdS nanocrystals by successive ionic layer adsorption
and reaction (SILAR) technique (Li et al., 2012). Specifically, the ITO/

RGO electrode was initially immerged into 0.1 M Cd(NO3)2 methanol
solution for 1min and washed with methanol, then followed by im-
merging into 0.1M Na2S methanol/water mixture (1:1, v/v) for 1min,
and again washed with methanol. This SILAR cycle was repeated for
five times until desired ITO/RGO/CdS electrode was obtained. Subse-
quently, the CdS nanocrystals modified electrode was deposited with
ZnS nanocrystals also by the SILAR method. The electrode was alter-
natively immerged in 0.1 M Zn(NO3)2 methanol solution and 0.1M
Na2S methanol/water mixture (1:1, v/v) for 1min of each with inter-
mediate methanol washing. When the cycle number for ZnS layer was
three, the obtained ITO/RGO/CdS/ZnS PEC electrode was employed to
immobilize DNA sequences in the next process of the DNA biosensor
fabrication.

2.5. λ-Exo aided tDNA recycling

The λ-Exo reaction buffer consisted of 67mM glycine-KOH (pH
9.4), 2.5 mM MgCl2, and 0.01% (v/v) Triton X-100. First, 40 μL of so-
lution containing 20 μL of 1 μMh1DNA and different concentrations of
tDNA was incubated for 2 h at 37 °C. Then, 5 μL of λ-Exo (2 U/μL) and
5 μL of λ-Exo buffer were added in the mixture solution mentioned
above, and kept at 37 °C for 60min followed by terminating the λ-Exo
reaction with 2 μL of 0.5M EDTA solution. The resulting reaction so-
lution containing oDNA was set aside, waiting for use next.

2.6. Fabrication of PEC DNA biosensor

First, the ITO/RGO/CdS/ZnS PEC electrode was immersed into
0.5 mL of 3mM MPA solution for 5 h at 4 °C (Shan et al., 2009). After
the electrode was rinsed with Tris-HCl buffer (10mM, pH=7.4) to re-
move unbound MPA, the carboxy groups of MPA modified on the
electrodes were activated by dropping 25 μL of 10mM EDC and 20mM
NHS solution on the electrode surface for 50min at room temperature.
Then, 20 μL of 1 μM cDNA solution was dropped onto the electrode and
maintained at 4 °C for 12 h. The cDNA sequences were immobilized on
the electrode by classic EDC coupling reaction between carboxy groups
of MPA and the amino group of cDNA. Then, the electrode was washed
with Tris-HCl buffer, blocked with 20 μL of 1mM MEA at room tem-
perature for 1 h and washed with Tris-HCl buffer again. Subsequently,
the electrode was incubated in the solution of oDNA coming from λ-Exo
aided tDNA recycling for 60min at room temperature to immobilize
oDNA on the electrode through the DNA hybridization between cDNA
and oDNA. After being washed with Tris-HCl buffer, the electrode was
immersed in the Tris-HCl buffer solution containing 1 μM biotin-h2DNA
and 1 μM biotin-h3DNA at room temperature for 2 h to carry out the
hybridization chain reaction. Afterwards, the electrode was rinsed with
Tris-HCl buffer and incubated with 20 μL of avidin-ALP (2 µg/mL) at
37 °C for 30min. After being rinsed with Tris-HCl buffer, the electrode
was ready for PEC determination.

2.7. PEC measurement

PEC tests were operated at room temperature in PBS buffer (0.1M,
pH 8.0) containing 10mM AAP, which acted as a substrate of ALP to
produce an efficient electron donor of AA. The electrolyte was deaer-
ated with pure nitrogen for 10min before PEC test. Xenon lamp was
used as irradiation source with a wavelength range of 0.4–2.5 µm,
which was turned on and off every 10 s. The electrochemical method
was current-time curve with 0.0 V applied voltage.

3. Results and discussion

3.1. SEM characterization of the ITO/RGO/CdS/ZnS electrode

The surface morphologies of the ITO/RGO/CdS/ZnS electrodes
during the fabrication process were characterized by SEM. Fig. 1A-D
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shows SEM images of the bare ITO, ITO/RGO, ITO/RGO/CdS, and ITO/
RGO/CdS/ZnS electrode surfaces in order. The bare ITO was fully
carpeted with plenty of indium tin oxide nanoclusters (Fig. 1A). After
RGO electrodeposition, RGO nanosheets with abundant wrinkles were
adhered on the electrode (Fig. 1B), which could offer a larger specific
area to deposit more photoactive nanomaterials. After CdS modifica-
tion, a large number of nanocrystals (with the diameter of 4–10 nm) as
well as pores could be observed (Fig. 1C). After ZnS modification, the
size of the nanocrystals on electrode surface increased to 7–12 nm,
which confirmed that ZnS nanocrystals had been successfully coated on
the surface of CdS nanocrystals (Fig. 1D). Besides, the EDX spectroscopy
of the ITO/RGO/CdS/ZnS electrode during the fabrication process was
also characterized, as shown in Fig. S1, which further confirmed suc-
cessful formation of the electrode.

3.2. PEC property of the ITO/RGO/CdS/ZnS electrode

Graphene with two-dimensional morphology has large surface area
and superior electrical conductivity, and it has been extensively con-
sidered as a promising candidate for electron-acceptor and electron
transport matrices. CdS is a well-known semiconductor with a narrow
band gap (~2.4 eV) used in solar cells, since it can effectively absorb
visible light and generate electron-hole pairs, resulting in high PEC
activity (Shen et al., 2011). ZnS with wide band gap (~3.8 eV) was
commonly used as a passivation layer for photoelectrode. It not only

prohibited the formation of surface defects on CdS, but also blocked the
charge recombination of the narrow band-gap of CdS (Santra and
Kamat, 2012). The conduction band (CB) and valance band (CB) levels
of the ITO/RGO/CdS/ZnS electrode were shown in panel A of Fig. S2.
The cascade energy level of the ITO/RGO/CdS/ZnS electrode boosted
electron transfer between them. In order to examine the PEC property
of the ITO/RGO/CdS/ZnS electrode, the photocurrent responses of the
ITO/RGO/CdS/ZnS electrode during each step of fabrication were
tested. As illustrated in panel B of Fig. S2, after RGO electrodeposition
on the ITO electrode, a very small photocurrent could be observed
(curve a), since the RGO does not have PEC property. After CdS mod-
ification, the photocurrent intensity increased evidently (curve b). It
was because RGO offered large surface area for CdS deposition and the
RGO/CdS nanocomposites could widen the light absorption range, fa-
cilitate the spatial separation of photogenerated electron-hole pairs and
accelerate electron transfer. The photocurrent intensity further in-
creased after ZnS modification (curve c), which was because ZnS could
block the charge recombination and meanwhile act as a passivation
shell to reduce surface defect states of CdS.

3.3. PEC characterization of the DNA biosensor

The fabrication process of the designed PEC DNA biosensor was
characterized by photocurrent response, as shown in Fig. 2A. The ITO/
RGO/CdS/ZnS PEC electrode exhibited an obvious photocurrent

Fig. 1. SEM images of the (A) bare ITO, (B) ITO/RGO, (C) ITO/RGO/CdS, and (D) ITO/RGO/CdS/ZnS electrodes.

Fig. 2. (A) Photocurrent responses and (B) EIS of (a)
the ITO/RGO/CdS/ZnS electrode, (b) cDNA mod-
ification, (c) MEA immobilization, (d) oDNA hy-
bridization with cDNA by λ-Exo aided target re-
cycling, (e) HCR trigged by oDNA, and (f) avidin-ALP
immobilization. Inset of panel B: the applied elec-
trical equivalent circuit; Ret, Zw, Cdl, and Rs denote
electron transfer resistance, Warburg impedance, the
double-layer capacitance, and ohmic resistance of
the electrolyte, respectively.
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response (curve a, I=30.20 μA). After cDNA and MEA immobilization,
the photocurrent intensity decreased moderately (curve b, I=25.34 μA;
curve c, I=24.11 μA), which could be ascribed to the relatively weak
charge transfer of short DNA sequences as well as MEA molecules.
When the cDNA hybridized with oDNA, which produced by λ-Exo aided
tDNA recycling, the decrease of photocurrent intensity could be at-
tributed to the increase of steric hindrance and the poor electron-
transfer efficiency of the DNA doule-helix (curve d, I=21.54 μA). After
HCR was triggered by oDNA, the photocurrent intensity further de-
creased due to the formation of double-strand DNA polymers composed
of biotin-h2DNA and biotin-h3DNA (curve e, I=15.39 μA). As expected,
the electrode showed an evidently increased photocurrent intensity
after avidin-ALP immobilization through the specific interaction be-
tween avidin and biotin (curve f, I=48.64 μA). The increase of pho-
tocurrent could be attributed to the produced electron donor of AA by
ALP catalysis, which could capture photo-generated holes and improve
photocurrent signal effectively. Thus, the trends in photocurrent
changes confirmed the successful construction of the PEC DNA bio-
sensor.

3.4. EIS characterization of the DNA biosensor

The fabrication of the DNA biosensor was also characterized by
electrochemical impedance spectroscopy (EIS). As shown in Fig. 2B,
each impedance spectrum was composed of a semicircle at higher fre-
quencies related to the electron-transfer resistance and a linear part at
lower frequencies associated with the diffusion process. Thereinto, the
semicircle diameter equals the electron-transfer resistance (Ret), which
represents the restricted diffusion of the redox probe accessing the in-
terface layer. The inset of Fig. 2B displays the applied electrical
equivalent circuit fitting to the impedance spectra. For ITO/RGO/CdS/
ZnS PEC electrode, the impedance spectrum exhibited a relatively small
semicircle corresponding to a small Ret (curve a). After cDNA and MEA
immobilization, the gradual increase of Ret was observed due to the low
conductivity of DNA sequence and MEA molecules (curves b and c).
After the hybridization between cDNA and oDNA produced by λ-Exo
aided tDNA recycling, and then the HCR trigged by oDNA, the Ret also
increased gradually (curve d and e) due to poor conductivity of the
double-strand oligonucleotides. As the avidin-ALP was bound on the
electrode via specific interaction between avidin and biotin, the evident
increase in Ret was observed (curve f). It was because the modified
enzyme of ALP formed a barrier layer and prevented the redox probe
from accessing the electrode surface. Therefore, the EIS results also
suggested the successful fabrication of the DNA biosensor.

3.5. Optimal conditions of the ITO/RGO/CdS/ZnS PEC electrode

Fig. 3A shows photocurrent intensity of the ITO/RGO/CdS/ZnS
electrode electrodeposited with different cycles of RGO, with five layers
of CdS fixed. It could be seen the photocurrent intensity gradually

increased with the cycle number increasing to thirty. After that, the
photocurrent decreased, since excessive RGO would have side effect on
the excitation of subsequently modified CdS layers (Zhao et al., 2012a,
2012b). Fig. 3B shows photocurrent intensity of the ITO/RGO/CdS
electrode deposited with different layers of CdS, with thirty cycles of
RGO fixed. With the increase of CdS layer, more CdS nanoparticles led
to higher light absorption and enhanced photocurrent intensity. The
ITO/RGO/CdS electrode with five CdS layers owned the maximum
photocurrent intensity. After further increase in CdS layer, the excessive
CdS would form more surface recombination centers, which increased
the diffusion resistance for electron motion, and therefore, resulting in
the gradual decrease of photocurrent intensity (Vogel et al., 1994).
Fig. 3C shows photocurrent intensity of the ITO/RGO/CdS/ZnS elec-
trode deposited with different layers of ZnS, with thirty cycles of RGO
as well as five layers of CdS fixed. It could be seen that three layers of
ZnS deposition exhibited the maximum photocurrent intensity, and the
explanation was similar to the CdS deposition. Accordingly, the ITO/
RGO/CdS/ZnS electrode deposited with thirty cycles of RGO, five layers
of CdS, and three layers of ZnS was chosen as the optimal condition to
the fabrication of the PEC DNA biosensor.

3.6. Optimal conditions of the DNA biosensor

The enzyme of λ-Exo was used to digest the hybridized h1DNA and
set free tDNA for recycling. As a result, the incubation time of λ-Exo
showed an obvious effect on the photocurrent response. Fig. 4A displays
photocurrent intensity of the biosensor at different incubation time
points in 20 μL of 1 μM tDNA and 2 U λ-Exo. The gradual increase of
photocurrent intensity could be observed with the increment of the
incubation time and then got a flat at 60min, implying achievement of
the λ-Exo aided tDNA recycling. Thus, 60 min was used as the optimal
incubation time. The enzyme of ALP could dephosphorylate AAP to
produce AA, an effective electron donor to increase the intensity of
photocurrent. As the generation of AA was a time-based process, the
time of ALP catalysis had an evident influence on the performance of
the DNA biosensor (Shen et al., 2015). The longer catalysis time was,
the more AA could be generated to capture the photo-generated holes
and the better photocurrent intensity was. Fig. 4B shows the influence
of ALP catalysis time on photocurrent response of the biosensor. The
photocurrent intensity ascended with the increase of catalysis time to
30min. While the catalysis time was postponed to 40min, the intensity
showed a stable trend. Thus, 30 min of ALP catalysis was the appro-
priate experiment condition for the DNA biosensor.

3.7. PEC detection of the tDNA

The photocurrent intensity of PEC DNA biosensor was found to be
directly related the modified amount of the ALP, which was indirectly
associated with the tDNA concentration. Fig. 5A shows the photo-
current responses of the DNA biosensor after being incubated with

Fig. 3. Influences of (A) the cycles of RGO nanosheets, (B) the layers of CdS nanocrystals, and (C) the cycles of ZnS nanocrystals on photocurrent response of the ITO/RGO/CdS/ZnS
electrode.
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different concentrations of tDNA. Along with the increase in the con-
centration of tDNA, more amount of ALP would bind on the electrode
and generate plenty of AA electron donors, and therefore, the photo-
current signal gradually enhanced. As shown in Fig. 5B, the intensity of
photocurrent was proportional to the logarithm of the tDNA con-
centration in the linear range from 50 aM to 100 pM. The linear re-
gression equation was I =40.65+3.0376 log C (pM), with correlation
coefficient of 0.9985. The detection limit (S/N=3) was calculated to
be 11.3 aM. The designed DNA biosensor with cascade signal amplifi-
cation presented a much lower detection limit as well as a wider linear
range than many previously reported results for HTLV-I DNA detection
(Norouzi et al., 2017; Yang et al., 2010, 2011; Zhang et al., 2009).

3.8. Selectivity, reproducibility, and stability of the PEC biosensor

In order to verify the selectivity of the designed DNA biosensor, the
photocurrent signals to different preset hybridizations including tDNA,
one-base mismatch, and noncomplementary DNA sequences were in-
vestigated, where the concentration of each DNA sequence was kept at
10 pM. As shown in Fig. S3, the photocurrent response of HTLV-I DNA
was much higher than those of mismatch DNA or control sample so-
lution, which demonstrated that the designed biosensor could effec-
tively discriminate different DNA sequences. All these comparing re-
sults proved that the photocurrent signal was specifically enhanced by
the presence of tDNA and was further amplified by cascade signal
amplification strategy. Thus, it was demonstrated that the designed PEC
DNA biosensor had a satisfying selectivity.

The reproducibility of the PEC DNA biosensor was assessed by inter-
assay relative standard deviation (RSD) by analyzing five biosensors
prepared separately. After the cDNA modified PEC electrode was in-
cubated with tDNA and meanwhile underwent the cascade signal am-
plification by λ-Exo assisted target recycling, HCR, and ALP catalysis,
the photocurrent signals of the biosensors offered the RSDs of 3.4% and
3.9% toward 10 fM and 100 fM tDNA detection, which indicated an
acceptable reproducibility of this DNA biosensor.

The stability of the PEC DNA biosensor was evaluated by testing the
photocurrent change of the sensing electrode before and after storage.
Two groups of the biosensor were prepared under the same conditions
and each group was composed of five electrodes. The photocurrent
responses of the first electrodes group were tested as preparation, and
their average value served as the original value. After being stored at
4 °C for one month, the average photocurrent response of the second
electrodes group maintained 95.6% of its original value, indicating
good storage stability.

4. Conclusion

In summary, a promising enhanced PEC biosensor for ultrasensitive
detection of HTLV-I DNA was developed based on cascade signal am-
plification. The good performance of the biosensor was ascribed to the
high sensitivity of the PEC technique and the cascade signal amplifi-
cation by λ-Exo assisted target recycling, HCR and multi-ALP enzyme
labels. By employing the cascade signal amplification, the PEC bio-
sensor could offer a low detection limit with a wide detection range of
HTLV-I DNA, which was more sensitive than that previously reported
results. Furthermore, the inherent selectivity of h1DNA and λ-Exo
endow the biosensor with high differentiation of similar DNA. Featured
by its high sensitivity and specificity, the cascade signal amplification
strategy may offer a novel platform to detect DNA with trace levels and
give an effective assessment to early diagnosis of diseases.
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Fig. 5. (A) Photocurrent response and (B) calibration curve of the PEC biosensor to different concentrations of HTLV-I DNA. The error bars represented standard deviations of five
replicate measurements.
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