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A B S T R A C T

Herein, by utilizing bipedal DNA walker as booster to adjust the distance of quencher ferrocene (Fc) and sen-
sitizer methylene blue (MB) to photoactive material perylene-3,4,9,10-tetracarboxylic acid (PTCA), a novel “on-
off-super on” photoelectrochemical (PEC) biosensor was proposed for ultrasensitive detection of thrombin (TB).
Firstly, the PTCA matrix on electrode could provide a high initial PEC signal assisted by depAu. Upon the Fc
labeled on hairpin DNA 1 (H1-Fc) proximate to PTCA, the PEC signal could obviously decrease to reduce the
background signal. Interestingly, the target TB-related bipedal DNA walker implemented the opening of H1-Fc
for the departure of Fc toward PTCA, which achieved the recovery of PEC signal and exposed the prelocked
toehold domain for the hybridization with hairpin DNA 2 labeled with MB (H2-MB), thereby making the MB
approach to PTCA for achieving the “super on” signal. As a result, this proposed strategy showed a wide linear
range from 0.5 fM to 100 nM with a low detection limit down to 0.17 fM for TB detection, providing an efficient
and available avenue for sensitive detection of biomolecules in bioanalysis and disease diagnosis.

1. Introduction

Photoelectrochemical (PEC) assay, as a newly emerging and pro-
mising analytical technique, has aroused widespread interest of re-
searchers with the desirable merits of simple equipment, low back-
ground signal, high sensitivity and excellent stability (Chu et al., 2019;
Gill et al., 2008; Lee et al., 2018; Liu et al., 2018; Zhao et al., 2014,
2015). To date, many PEC-based biosensors have been reported to
analyze various targets, such as proteins (Mei et al., 2018; Zhang et al.,
2018a), nucleic acid sequences (Hou et al., 2015; Li et al., 2015; Zhang
et al., 2018b), cells (Li et al., 2017b, 2018a; Wang et al., 2016) and
biomarkers (Liu et al., 2016; Zeng et al., 2019a, 2019b). Nevertheless,
most of them were fabricated in “signal on’’ (Wang et al., 2018a; Yan
et al., 2018; Yu et al., 2019) or ‘‘signal off’’ (Qileng et al., 2018; Wang
et al., 2018b; Yan et al., 2015) modes with photoactive material pre-
viously assembled on electrode, thereby leading to the non-negligible
background for restraining the improvement of detection accuracy and
sensitivity despite the cooperation of multiple sensitizers or quenchers.
Accordingly, our group (Li et al., 2016) and Yu's group (Kong et al.,
2018) thereafter constructed the “on-off-on” PEC modes, in which the
first “on” state with high initial PEC signal offered a precondition for
sensitive detection while the “off” state with low PEC signal reduced the

background signal. However, the enhancement of second “on” signal
reported at present was mainly derived from the departure of quenchers
that enabling only up to 100% signal recovery, which thus became the
bottleneck for further improving the detection range and sensitivity of
PEC biosensor.

To overcome this issue, we proposed a novel “on-off-super on”mode
based on distance-controllable signal quenching and enhancing, in
which both the departure of quencher and approach of sensitizer rea-
lized by the bipedal DNA walker would cooperate on the enhancement
of the second “on” signal for achieving “super on” state, making the
detection range and sensitivity improved effectively. To make this
proposal into a reality, choosing the suitable quencher and sensitizer for
cooperating on photoactive material under the same irradiated wave-
length would be the important key and still a challenge. Coincidentally,
we discovered that the small molecules methylene blue (MB) and fer-
rocene (Fc) showed outstanding sensitizing and quenching effect to the
photoactive material perylene-3,4,9,10-tetracarboxylic acid (PTCA),
respectively, which enabled them to be assembled on signal-DNA
strands for implementing the distance-controllable signal quenching
and enhancing effect via DNA regulator.

Based on the observation mentioned above, herein, by utilizing the
bipedal DNA walker that composed with target thrombin (TB) and two
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aptamers (P1 and P2) as a regulator to adjust the distance of Fc and MB
toward PTCA for controlling the signal quenching and enhancing, we
fabricated a novel “on-off-super on” PEC biosensor for ultrasensitive
detection of TB. As shown in Scheme 1, the initially desirable “signal
on” state was obtained by electrodepositing conductive depAu onto
abundant PTCA decorated electrode. After further self-assembling of Fc
labeled hairpin DNA 1 (H1-Fc) via Au–S bond, an obvious “signal off”
state was thus appeared owing to the valid quenching effect caused by
proximate distance between Fc and PTCA, which obviously reduced the
background signal. Afterwards, the TB-related bipedal DNA walker was
used to open the hairpin H1-Fc for enlarging the distance between Fc
and PTCA, which achieved the recovery of PEC signal. Meanwhile, the
added hairpin DNA 2 labeled with MB (H2-MB) could hybridized with
opened H1-Fc to make the sensitizer MB close enough to PTCA and
release the bipedal DNA walker for next recycling, thereby further en-
hancing the PEC signal to obtain “super on” signal. Such an “on-off-
super on” strategy not only inherited the merits of low background
signal from “on-off-on” mode, but also significantly enhanced the
second “on” signal with improved detection range and sensitivity.
Furthermore, the proposed PEC strategy based on distance-controllable
signal quenching and enhancing provided a promising avenue for the
ultrasensitive analysis of biomolecules in bioanalysis and disease di-
agnosis.

2. Experiment

2.1. Fabrication of PEC biosensor

Photoactive material PTCA was synthesized according to the pre-
vious reported literature (Lei et al., 2018). Prior to modification, we
used 0.3 μm alumina slurry to polish the glass carbon electrode (GCE,
4mm in diameter) for obtaining mirror surface, followed by using an-
hydrous ethanol and distillation to ultrasound washing three times,
respectively. Then 5.0 μL prepared PTCA was dipped onto the surface of
electrode and dried at 37 °C to get thin films. Subsequently, the mod-
ified electrode was immersed in 1% HAuCl4 to deposit Au onto the
electrode surface with deposition time of 15 s (electrodeposition po-
tential of reference electrode Hg/HgCl2 was −0.2 V). Before H1-Fc
immobilizing onto the depAu/PTCA/GCE surface, the 1.0 μΜ H1-Fc was
heated to 95 °C for 5min and slowly cooled down to 25 °C. Then 10 μL
1.0 μΜ H1-Fc was dropped onto the surface of depAu/PTCA/GCE for
incubating 12 h at 4 °C. Afterwards, adding 5 μL 1.0 mM HT onto the
modified electrode surface to incubate 30min at room temperature for
eliminating the nonspecific adsorption sites of sensing interface. Ulti-
mately, 10 μL prepared mixture solution containing 1.2 μM H2-MB,
150 nM P2, 150 nM P1 and various concentrations of TB was incubated
for 30min and then dropped onto the modified electrode to incubate
for 80min at room temperature.

2.2. PEC measurement

The PEC determination was executed in 4mL PBS (pH=7.0)

Scheme 1. Schematic of “On-Off-Super on” Strategy of TB Detection by Using Bipedal DNA Walker to Adjust the Distance of Quencher and Sensitizer for Controlling
the PEC Signals.
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containing 0.01 g electron donor AA. The LED lamp at 460 nm was
served as excitation light source to record the PEC signal according to
switch off-on-off for 10-20-10 s under 0.0 V potential (vs saturated Hg/
HgCl2).

3. Discussion

3.1. Characterization of the different nanomaterials

The scanning electron microscopy (SEM) and atomic force micro-
scopy (AFM) were employed to characterize the size and morphology of
the prepared nanomaterials. As shown in Fig. 1A, the PTCA displayed
the short and rod-like structure with lengths of about 1.0 μm and dia-
meters of around 250 nm resulting from π-π stacking, which was ac-
cording with previous reports (Lei et al., 2016). Simultaneously, the
AFM was also used to characterize the morphology of PTCA. As shown
in the illustration of Fig. 1A, the morphology of PTCA was consistent
with the morphology in Fig. 1A. As illustrated in Fig. 1B, the larger area
of gold seeds and gold nanoflowers were obtained, which manifested
the successful preparation of depAu. As illustrated in Fig. 1C, the depAu
were distributed on the surface of PTCA after electrodeposition, which
showed that the depAu were successfully modified on the surface of
PTCA. Furthermore, the element mapping of Au was also characterized
to demonstrate the Au distribution (Fig. 1D).

3.2. Characterization of the hybridization reaction triggered by bipedal
DNA walker

The polyacrylamide gel electrophoresis (PAGE) was employed to
characterize the hybridization reaction triggered by bipedal DNA
walker. As shown in Fig. S1 in the Supplementary material, the bright
bands of lane 1, lane 2 and lane 3 represented the hairpin DNA of H1-Fc,
the affinity probes of P1 and P2, respectively. A bright band of lane 4
could be seen clearly after the affinity probes P1 and P2 specifically
recognizing TB, which demonstrated that the bipedal DNA walker with
the highest molecular weight was constructed successfully. When the

H1-Fc was added into the bipedal DNA walker, a dual band appeared in
lane 5, where the top band represented the hybridization product of H1-
Fc and bipedal DNA walker, the other band represented the remaining
bipedal DNA walker. The band of lane 6 represented the hairpin DNA of
H2-MB. After adding the H2-MB, the lane 7 showed two bands. The top
band represented the bipedal DNA walker and the remaining band re-
presented the hybridization product of the H1-Fc and H2-MB, indicating
that the bipedal DNA walker successfully triggered the hybridization of
H1-Fc and H2-MB via proximal-dependent hybridization on electrode
surface.

3.3. PEC and EIS characterization of biosensor

The step-by-step construction for the PEC biosensor was character-
ized by PEC measurement. As displayed in Fig. 2A, the PTCA modified
electrode showed an obvious photocurrent (curve b) due to its excellent
photoelectric conversion efficiency in comparison with the photo-
current of bare electrode (curve a). After modifying with depAu, the
electrode also exhibited an enhanced photocurrent (curve c) because
the energetic electrons from the surface plasmons of the depAu were
injected into the LUMO orbit of the PTCA (Li et al., 2014). The pho-
tocurrent decreased significantly after the modification of H1-Fc (curve
d), which may be interpreted that Fc can be treated as the quencher for
effectively decreasing the photocurrent of PTCA. Then, the photo-
current continually decreased (curve e) with the successive modifica-
tion of HT. However, photocurrent increased dramatically after the HT/
H1-Fc/depAu/PTCA/GCE subjecting to the mixture of P1, P2, H2-MB
and TB (curve f), which can be attributed to the prominent photo-
electric activity of MB, the reduced quenching effect of Fc and low
steric hindrance effect caused by the released bipedal DNA walker.
These obtained results demonstrated the bipedal DNA walker could
trigger the hybridization reaction to adjust the distance of quencher and
sensitizer for enhancing PEC signal.

Furthermore, the interface properties of the modified electrode were
also studied by the effective technique of electrochemical impedance
spectroscopy (EIS) during each step modification. Each impedance

Fig. 1. SEM images of (A) PTCA, (B)depAu, (C)depAu/PTCA and (D) the mapping of Au.
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spectra in this strategy was monitored in PBS (pH=7.0) containing
5.0 mM K3[Fe(CN)6]/K4[Fe(CN)6](1:1) and 0.1M KCl. The impedance
spectra were shown in Fig. 2B for each step modification of biosensors.
The impedance spectrum of the bare electrode (curve a) showed a small
semicircle, implying the Ret value was relatively small. After the bare
electrode modified with PTCA, the Ret value of the modified electrode
increased because the PTCA hindered the electron transfer from the
solution of K3[Fe(CN)6]/K4[Fe(CN)6] to electrode (curve b). Never-
theless, with the modification of Au NPs, the semicircle diameter ob-
viously decreased (curve c), which was ascribed to that the outstanding
electron transfer property of Au NPs facilitated the electron transfer.
Then, the H1-Fc was incubated onto the modified electrode surface.
Although the Fc facilitated the electron transfer, the Ret value still in-
creased on account of the electronic repulsion between negatively
charged DNA and K3[Fe(CN)6]/K4[Fe(CN)6] with negative charge
(curve d). After assembling HT on the H1-Fc/depAu/PTCA/GCE sur-
face, a remarkable enhanced Ret value was obtained (curve e) due to
the inaccessibility created by HT. While the mixture of P1, P2, H2-MB
and TB was further incubated onto HT/H1-Fc/depAu/PTCA/GCE sur-
face, the Ret increased again (curve f), which was mainly ascribed to
the steric hindrance effect of TB. Therefore, these results demonstrated
the PEC biosensor was constructed successfully.

3.4. Comparison of PEC response for different electrodes

Four kinds of electrode were fabricated to demonstrate the “on”, the
“off” and the “super on” effect of the proposed strategy. As shown in
Fig. 3A, the photocurrent increased about 1.79 μA when depAu were
deposited onto PTCA/GCE. After the H1-Fc was modified onto the
surface of depAu/PTCA/GCE, the photocurrent reduced by 1.2 μA due
to the efficiently quenching effect of Fc which near the electrode sur-
face (Fig. 3B). Regrettably, the photocurrent increased only 0.04 μA
after adding the bipedal DNA walker (Fig. 3C), which can be explained
by the steric hindrance of the bipedal DNA walker. However, the
photocurrent increased by 1.92 μA when the H2-MB and the bipedal
DNA walker were added together (Fig. 3D), thereby achieving the
“super on” state. The reasons could be list as follows: first, the bipedal
DNA walker opened the H1-Fc to make Fc far away from the electrode
surface for reducing the quenching effect. Second, the H2-MB hy-
bridized with H1-Fc to release the bipedal DNA walker which could
continue to trigger the hybridization reaction of the H1-Fc and the H2-
MB, thereby amount of MB was captured on the electrode surface to
enhance the photocurrent. Third, the steric hindrance on electrode was
obviously reduced when the bipedal DNA walker was released from
electrode.

3.5. Optimization of experiment condition

In order to obtain excellent performance of PEC biosensor, the op-
timization of some vital experimental parameters was quietly neces-
sary. In general, it takes a certain time for a bipedal DNA walker to open

H1-Fc for the hybridization reaction with H2-MB. Thus, the incubation
time of the prepared P1, P2, TB and H2-MB mixture on the HT/H1-Fc/
depAu/PTCA/GCE surface in the range from 20min to 120min was
optimized. As displayed in Fig. S2A in the Supplementary material, in
the presence of 20 nM TB, the PEC signal enhanced with the extension
of time in the range from 20min to 80min and then leveled off after
80min, indicating that the reaction time of 80min was the optimal
incubation time. Then, various concentrations of H2-MB were also in-
vestigated. Since the MB is the sensitizer for PTCA, which can sig-
nificantly affect photocurrent signal due to the excellent photoelectric
conversion efficiency. In the presence of 20 nM TB, the variation of
photocurrent was subtle after the concentration of H2-MB reaching
1.2 μM in Fig. S2B in the Supplementary material. Therefore, the 1.2 μM
of H2-MB was selected as the optimum concentration for obtaining high
analytical performance of the PEC biosensor. Furthermore, in order to
prove the amplified effect of this biosensor, the PEC response in the
absence and presence of 20 nM TB also were investigated. Clearly seen
in Fig. S2C in Supplementary materials, the PEC signal increased sig-
nificantly in the presence of TB.

3.6. PEC analysis of biosensor for TB detection

The analytical performance of this PEC biosensor for detecting
various concentrations of TB was evaluated after optimizing the ex-
perimental conditions. As demonstrated in Fig. 4A, the PEC responses
constantly enhanced with the increment of various concentrations of TB
(the other parameters kept constant: 1.2 μM H2-MB, 150 nM P2 and
150 nM P1) from 0.5 fM to 100 nM. The calibration curve (Fig. 4B)
displayed good linearity with the logarithm (lg) TB concentration and
the liner equation was expressed as I=0.2712 lgcTB + 0.7691
(R2= 0.9981) with the detection of limit was 0.17 fM (S/N=3). Be-
sides, the comparison of the previously reported strategies for TB de-
tection was shown in Table 1. Compared with recently proposed ap-
proaches of TB detection, the PEC biosensor constructed by the
synergistic mechanism of quenching and sensitizing combining with
bipedal DNA walker was more sensitive and possessed a lower detection
limit.

3.7. Selectivity and stability of the PEC biosensor

To demonstrate the specificity of proposed PEC biosensor for TB
detection, Na+ (10 nM), Mg2+ (10 nM), CEA (10 nM), BSA (10 nM),
PSA (10 nM) and HB (10 nM) were selected as possible interferences to
compare with the PEC responses of 100 pM TB. As illustrated in Fig.
S3A in the Supplementary material, we can see that the PEC responses
of interferences were significantly reduced compared with TB, which
similar that of the blank sample. And as shown in Fig. S3B in the
Supplementary material, the PEC responses of interferences also not
increased with the incremental time. These results showed an excellent
selectivity of this proposed strategy for TB determination. Moreover,
PEC response of this biosensor towards 20 nM TB was investigated

Fig. 2. (A) PEC responses and (B) EIS profiles of (a)
bare GCE, (b) PTCA/GCE, (c) depAu/PTCA/GCE, (d)
H1-Fc/depAu/PTCA/GCE, (e) HT/H1-Fc/depAu/
PTCA/GCE, (f) HT/H1-Fc/depAu/PTCA/GCE treated
with mixture of H2-MB, P1, P2 and TB. Photocurrent
was measured in 4mL PBS containing 0.01 g AA at
0.0 V potential (vs saturated Hg/HgCl2). EIS was
performed in PBS (pH=7.0) containing 5.0 mM
K3[Fe(CN)6]/K4[Fe(CN)6] and 0.1M KCl in the fre-
quency range between 0.1 Hz and 100 kHz at the
amplitude of 5mV.
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under continuous off-on-off light for 8 cycles for assessing the stability.
As shown in Fig. S3C in the Supplementary material, the proposed
biosensor exhibited desirable stability along with approving relative
standard deviation (RSD) of 0.86%.

3.8. Analysis of clinical serum samples

Furthermore, we performed the recovery experiments to demon-
strate the reliability and applicability of the proposed PEC biosensor.
Briefly, different concentrations of TB (0.1, 1.0, 10 and 50 nM) were
separately added into 10-folddiluted human serum (obtained from the
Xinqiao Hospital of Chongqing, China) and then monitored by the
fabricated biosensor. Table S2 in the Supplementary material exhibited
the experimental results, the recoveries for TB were from 97.7% to
105% and the relative standard deviations (RSDs) were between 1.7%
and 6.6%. These results indicated that the developed biosensor had
potential applications for monitoring TB in human serum.

4. Conclusions

In summary, we constructed a novel “on-off-super on” PEC bio-
sensor for the ultrasensitive detection of TB in terms of the distance-
controllable signal quenching and enhancing boosted by bipedal DNA
walker. Specifically, the background signal was effectively avoided by
making quencher Fc proximate to PTCA firstly. Then, the bipedal DNA
walker enlarged the distance between photoactive material PTCA and
quencher Fc for recovering PEC signal by opening the hairpin H1-Fc as
well as brought the sensitizer MB close to PTCA via the hybridization
between hairpin H2-MB and H1-Fc, thereby achieving the “super on”
signal. This new “on-off-super on” mode that merely adjusted the dis-
tance of quencher and sensitizer by utilizing the target-related linking
probe not only avoided the background signal but also increased the
detection sensitivity so as to realize the ultrasensitive detection of TB
and make the detection limit down to sub-picomolar level. Moreover,
the distance-controllable PEC “on-off-super on” strategy provided a
promising sensing platform for ultrasensitive detection of various bio-
molecules in bioanalysis and disease diagnosis.

Fig. 3. The PEC response of depAu/PTCA/GCE (A)
before (black line represented photocurrent response
of depAu, red line represented bare electrode) and
(B) after modifying with H1-Fc (black line re-
presented photocurrent response of depAu, red line
represented H1-Fc), and the PEC response of HT/H1-
Fc/depAu/PTCA/GCE treated with mixture of P1, P2
and TB (C) before (black line represented photo-
current response of H1-Fc, red line represented P1, P2
and TB) and (D) after modifying with H2-MB (The
black line represented photocurrent response of H1-
Fc, the red line represented H2-MB). (For inter-
pretation of the references to colour in this figure
legend, the reader is referred to the Web version of
this article.)

Fig. 4. (A) PEC response of this biosensor with different concentrations of TB (0.5 fM, 1.0 fM, 10 fM, 100 fM, 0.5 pM, 10 pM, 100 pM, 1.0 nM, 10 nM, 20 nM and
100 nM). (B) The calibration curve for TB detection. The standard deviation (n=3) was represented by error bars.
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PEC Signal on 150min 0.05 pM 0.1 pM-1.0 nM Wang et al. (2018c)
PEC Signal on 220min 17.3 fM 87.5 fM-8.75 nM Li et al. (2018b)
PEC Signal on 240min 9.6 fM 20 fM-10 pM Li et al. (2017a)
PEC Signal off 40min 0.12 pM 0.5 pM-5.0 nM Fan et al. (2016)
PEC Signal off ― 0.02pM 0.05 pM–110 pM (Xu et al., 2016)
PEC Signal on-off-super on 80min 0.17 fM 0.5 fM-100 nM This work
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