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ABSTRACT

The traditional sensitive electrochemical biosensors are commonly
confronted with the cumbersome interface operation and washing
procedures and/or the inclusion of extra exogenous reagents, which
impose the challenge on the detection simplicity, reliability and
reusability. Herein, we present the proof-of-principle of a unique
biosensor architecture based on dynamic DNA assembly-programmed
surface hybridization, which confers the single-step, reusable and
enzyme-free amplified electrochemical nucleic acid analysis. To
demonstrate the fabrication universality three dynamic DNA assembly
strategies including DN A-fueled target recycling, catalytic hairpin DNA
assembly and hybridization chain reaction were flexibly harnessed to
convey the homogenous target recognition and amplification events
into various DNA scaffolds for the autonomous proximity-based surface
hybridization. @ The current biosensor architecture features
generalizability, simplicity, low cost, high sensitivity and specificity
over the traditional nucleic acid-related amplified biosensors. The
lowest detection limit of 50 aM toward target DNA could be achieved
by hybridization chain reaction-programmed surface hybridization. The
reliable working ability for both homogenous solution and
heterogenous inteface facilitates the target analysis with a robust
reliability and reproducibility, also making it to be readily extended for
the integration with the kinds of detecting platforms. Thus it may hold
great potential for the biosensor fabrication served for the point-of-care

applications in resource constrained regions.

Keywords: Dynamic DNA assembly; Electrochemical biosensor; Nucleic

acid; Target recycling; Hybridization chain reaction
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INTRODUCTION

During the past decades, the development of amplified nucleic acid
biosensors has drawn gradual attentions for the applications in
molecular recognition, medical diagnosis and environmental
monitoring.* The electrochemical detection features prominently
because it confers great signal stability, simple instrumentation and ease
of calibration.57 To fulfill the demands for the profiling of trace amounts
of nucleic acid, the combination of signal amplification step during the
biosensor fabrication process is almost an inevitable option.810
However, the relatively complex interface operation and washing
procedures and/or the inclusion of extra exogenous reagents for the
most available heterogenous biosensors not only increase the assay time
and cost, but also would not be beneficial for the reproducibility and
stability of the fabricated biosensor. Also, the biorecognition and
amplification efficiency would be easily influenced by the electrode
surface. In this context, the advance of homogenous or
immobilization-free electrochemical biosensor could address the above
issues to some extent in terms of operational simplicity and improved
recognition or amplification efficiency.1-* However, the homogenous
biosensor is usually operated by virtue of various nucleases, which
increases the risk of false-positive signal output toward target detection.
Also, the detection mechanism mostly relies on the diffusion or
aggregation difference of electroactive labels before and after
target-triggered nuclease operation, which might be more easily
interfered by the complex sample matrix. Moreover, the lack of solid
connection between signal reporter unit and electrode surface would be
often plagued with the reduced detection reliability and reproducibility
toward analytes. Thus, it has been emerged as a great challenge for the
electrochemical biosensor fabrication that can display the striking
detection sensitivity and specificity but not at the expense of simplicity,

reliability and reproducibility. The biphasic operation mode with the
3
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reliable working ability for both homogenous solution and
heterogenous inteface would be conceived to offer a promising avenue
to address the above issues.

Recently, the proximity-dependent immunoassays or aptasensors
have been well developed for the simple-to-use and sensitive protein
assays.1>18 The key operation for these biosensors relies on
simultaneous recognition of a target protein by a pair of affinity probes,
which induces the oligonucleotide tails of the bound probes into close
proximity for the promotion of ligation or hybridization.1®?0 Inspired by
the concept of proximity-dependent immunosensor or aptasensor,
herein, the dynamic DNA assembly-programmed surface hybridization
effect was proposed for the development of single-step, reusable and
enzyme-free amplified electrochemical nucleic acid biosensor. The
dynamic DNA assembly strategies, most of which are driven by
toehold-mediated strand displacement reaction (TSDR), have been
widely applied for the fabrication of DNA nanostructures and
biosensors.?1-26 In current study, three diverse dynamic DNA assembly
strategies including DN A-fueled target recycling, catalytic hairpin DNA
assembly (CHA) and hybridization chain reaction (HCR) were flexibly
harnessed to convey the homogenous recognition and amplification
events into various DNA scaffolds, which simultaneously created the
proximate DNA motifs with their local concentration increased
substantially in contrast to the isolated DNA motif for the successive
proximity-based surface hybridization. The proposed dynamic DNA
assembly-programmed surface hybridization strategy shows the
following distinctive advantages. Firstly, it entirely inherits the inherent
advantages of dynamic DNA assembly strategies including enzyme-free
signal amplification, simplicity in sequence design and operational
flexibility. Secondly, the homogenous operation for dynamic DNA
assembly would be beneficial for the bio-recognition and amplification
efficiency compared with the available heterogenous electrochemical

4
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biosensors. Thirdly, autonomous execution of proximity-based surface
hybridization makes it possible to realize single-step detection and

minimize the operational difficulty.
Experimental section

Materials and chemicals. 6-Mercaptohexanol (MCH) and
tris(2-carboxyethyl)phosphine = (TCEP) were  purchased from
Sigma-Aldrich (St. Louis, MO, USA). Fetal calf serum was obtained
from Sangon Biotech. Co., Ltd. (Shanghai, China). The HPLC-purified
oligonucleotide sequences are purchased from Sangon Biotech. Co., Ltd.
(Shanghai, China) and listed in Table S-1 to S-3. All other reagents were
of analytical grade without further purification.

DNA immobilization. The electrode pretreatment was according to the
previous procedures.?” The pretreated gold electrode was immersed in a
solution containing 1 pM thiolated oligonuleotide in 10 mM PBS buffer
(0.2 M NaCl, 10mM TCEP, pH 7.4) for 12 h at room temperature.
Afterward, the electrode was immersed into 1 mM MCH for 20 min to
remove the nonspecific DNA adsorption.

DNA-fueled target recycling-programmed surface hybridization. The
mixture of 1 pM protector DNA strand (PS), 1 pM assistant DNA strand
(AS), and 1 pM template DNA strand (TS) in 10 mM PBS buffer (pH 7.4,
0.2 M NaCl) was heated to 90 °C for 10 min and then allowed to cool
down to room temperature for at least 2 h to form the three-strand DNA
duplex. The thiolated oligonucleotide immobilized electrode was
incubated into 50 pL 10 mM PBS buffer (pH 7.4, 0.2 M NaCl) containing
0.1 pM above three-strand DNA duplex, 0.12 pM fuel DNA strand (FS)
and various concentrations of target DNA (TD1) at 45 °C for 2 h. For
hepatits B virus (HBV) DNA detection, 50 nM hairpin DNA transducer
was added to the above three-strand DNA duplex mixture.

Catalytic hairpin DNA assembly (CHA)-programmed surface

hybridization. The thiolated oligonucleotide immobilized electrode was

5
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incubated into 50 pL 10 mM PBS buffer (pH 7.4, 0.2 M NaCl) containing
0.1 pM hairpin-like DNA-1 (HP1), 0.1 pM hairpin-like DNA-2 (HP2) and
various concentrations of target DNA (TD2) at 45 °C for 2 h.
Hybridization  chain  reaction @ (HCR)-programmed  surface
hybridization. The thiolated oligonucleotide immobilized electrode was
incubated into 50 pL 10 mM Tris-HCI (pH 7.4, 0.3 M NaCl, 1 mM
MgCly) containing 0.1 pM hairpin-like DNA3 (HP3), 0.1 pM hairpin-like
DNA4 (HP4) and various concentrations of target DNA (TD3) at 45 oC
for 2 h.

Polyacrylamide gel electrophoresis. The dynamic DNA assembly
products were analyzed by 17.5% polyacrylamide gel electrophoresis
(PAGE) operated in 1xTAE buffer at 180 V for 3 min and then 135V for
90 min, followed by staining in ethidium bromide (EB) dye solution.
The gels were scanned using the FR-980A gel image analysis system
(Shanghai, China).

Electrochemical characterization. The electrochemical experiments
were performed with a CHI 660D electrochemical workstation (CH
Instruments, Shanghai, China). For DNA-fueled target recycling or
CHA-programmed surface hybridization, the cyclic voltammetry (CV)
and differential pulse voltammetry (DPV) were obtained in 10 mM PBS
solution (pH 7.4, 02 M KNOs). For HCR-programmed surface
hybridization, the CV and square wave voltammetry (SWV)
experiments were conducted in 20 mM Tris-HCl buffer (pH 7.4, 0.1 M
NaCl).

RESULTS AND DISCUSSIONS

Principle of DNA-fueled target recycling-programmed surface
hybridization. Herein, the DNA-fueled target recycling strategy was
firstly used as a model for dynamic DNA assembly to program surface
hybridization  for single-step, enzyme-free, and amplified

electrochemical nucleic acid detection, which was schematically

6
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illustrated in Figure 1A. The DNA-fueled target recycling is
autonomously operated by two cascaded toehold-mediated strand
displacement amplification reactions (TSDR)?%-30. The three-strand DNA
duplex is firstly prepared by annealing the mixture of the template
DNA strand (TS), assistant DNA strand (AS) and protector DNA strand
(PS). The TS strand in the three-strand DNA duplex is engineered with a
protruding 3'-ferrocene-labeled tail sequence that is complementary to
the surface-tethered strand with a predesigned low melting temperature
(Tm<37 °C). Also, the fuel DNA strand (FS) possesses the same tail
sequence with TS at 3’-terminus. The target DNA (TD1) can hybridize
with the first toehold region at the 5'-terminus of the TS and displace PS
through the first TSDR. The displacement of PS by TD1 leads to the
exposure of the initially blocked second toehold region in the middle of
the TS, which subsequently hybridizes with the FS and triggers the
second TSDR, resulting in the displacement of both TD1 and AS by the
FS. The released TD1 would trigger the successive cascaded TSDR
process, leading to the association of plenty of FS with TS. The tail
sequences at both the 3’-terminus of TS and FS are thus brought into
close proximity with their local concentration increased substantially to
allow the pair of tail sequences to hybridize together with the
surface-tethered DNA strands. Then the ferrocene labels of the tail
sequence are drawn close to the electrode surface, producing a readily
detectable redox current. In the absence of TD1, the TS and FS could not
be initiated for the association together. Then, the tail sequence whether
in the TS or FS does not autonomously associate with the
surface-tethered strand because the complementary fragment is too
short to promote effective annealing. Thus, the nucleic acid could be
readily analyzed by current DNA-fueled target recycling-programmed
surface hybridization. The CHA or HCR-programmed surface

hybridization strategies would be discussed later in this work.
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Electrochemical characterization of DNA-fueled target
recycling-programmed surface hybridization. The Figure 1B shows the
corresponding cyclic voltammetric (CV) responses in the presence and
absence of TD1. A well-defined redox peak of ferrocene with the anodic
and cathodic potential located at 308 mV and 202 mV, respectively, was
obtained in the presence of TD1 (curve b in Figure 1B). Almost no
evident electrochemical response could be observed in the absence of
target DNA (curve a in Figure 1B). The CV peak current increased in
linear correlation to the scan rates, featuring a typical surface-controlled
electrochemical process (Figure S-1). The DPV responses were in well
accordance with the results of CV (Figure 1C). In order to further verify
that the electrochemical response was indeed aroused by the close
proximity of two tail sequences at both the 3’-terminus of TS and FS
after DNA-fueled target recycling, we attempted to explore the
electrochemical responses by separately changing the tail sequence of
TS or FS. Both the TS-2 and FS-2 are designed with the alternative polyT
tail sequences at the 3’-terminus, which are not complementary with the
surface-tethered strand. It could be seen from Figure 1D that, when the
TS-2 or FS-2 was separately used as the substitute of TS or FS, no
evident electrochemical responses were obtained after DNA-fueled
target recycling operation. In these cases, only one tail sequence from TS
or FS could be complementary with the surface-tethered strand after
DNA-fueled target recycling process, which could not support the
efficient association with the surface-tethered strands. Furthermore,
when the TS-3 or FS-3 was individually employed for the substitute, the
difference of which from TS or FS was that the ferrocene label was
removed, respectively, approximate half of the electrochemical response
could be only achieved, which strongly verified the proximity-based
surface hybridization principle programmed by DNA-fueled target
recycling. The DNA-fueled target recycling process was also verified by
gel electrophoresis images (Figure 1E). It could be seen that a bright

8

ACS Paragon Plus Environment

Page 8 of 26



Page 9 of 26

©CoO~NOUTA,WNPE

Analytical Chemistry

band with obviously decreased migration shift was observed (Lane 6),
indicating the formation of three-strand DNA duplex by the strands of
TS, PS and AS. In the presence of TD1 and FS strand, a new band could
be obtained (Lane 7), which could be attributed to the triggered
assembly hybrids between TS and FS by TD1. Also, in the absence of
TD1, such new band could not appear (Lane 8), verifying the
DNA-fueled target recycling process for the association of TS and FS

strands.
<<Herein For Figure 1>>

The electrode modification and biosensor fabrication process was
further verified by electrochemical impedance spectroscopy (EIS) and
CV characterization in Fe(CN)e*~/4~ solution (Figure S-2). The charge
transfer resistance (Rct) increased continually during the biosensor
fabrication process (Figure S-2A). Also, the redox peak current of
Fe(CN)e>/4~ decreased and the peak to peak potential separation
increased following each step of the biosensor fabrication process
(Figure S-2B). The EIS and CV results could consistently provide
beneficial supports for the proximity-based surface hybridization
programmed by DNA-fueled target recycling.

Optimization of experimental conditions. The numbers of hybridized
base pairs between the surface-tethered strand and the tail sequence of
TS or FS strand were firstly optimized (Figure 2A). The hybridized base
number of 8 could achieve the better signal to background (S/B) ratio
than that at number of 6 and 10. The less hybridized base number of 6
would not facilitate proximity-based surface hybridization programmed
by DNA-fueled target recycling. More hybridized base number of 10
would induce a relatively increased background response. The
immobilization concentration for surface-tethered oligonucleotide was
also optimized (Figure 2B). The best electrochemical response could be

obtained at the immobilization concentration of 1 pM based on the
9
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obtained Al value (AI=I-lo, the I and Io represents the electrochemical
response in the presence of or not target DNA, respectively). The
reaction temperature for the DNA assay was also investigated (Figure
2C). The background signal decreased with the reaction temperature,
indicating that increased temperature weakened the possible
recognition between the sole tail sequence of TS or FS and the
surface-tethered strand. The response signal toward target DNA
increased firstly and then decreased with the investigated rection
temperature, which might be explained that the initially elevated
temperature could accelerate the target recognition and the following
DNA-fueled target recycling process for the generation of duplex DNA.
The further elevated temperature would be not beneficial for the
stability of the hybrids between two tail sequences of generated duplex
DNA and surface-tethered strand. The optimized electrochemical
response could be determined at 45 °C. It should be noted that the
temperature effect on the electrochemical response might be adjusted to
some extent by moderately adjusting the incubation time and the
hybridized base numbers between the tail sequence of TS or FS and
surface-tethered strand. The time response for the DNA-fueled target
recycling-programmed surface hybridization process was also
electrochemically monitored (Figure 2D). The background signal was
only very slightly increased with the studied incubation time. The
electrochemical response increased evidently with time at all three
investigated target DNA concentrations. The electrochemical intensity
almost reached the saturation value at 120 min when using a 1 nM
target DNA. In the following experiment, the reaction time of 120 min
was recommended for performance determination of the DNA

biosensor.
<<Herein For Figure 2>>
Detection performance of DNA-fueled target recycling-programmed
10
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surface hybridization strategy. Under the optimized experimental conditions,
the detection performance of the fabricated electrochemical DNA sensor was
investigated by using a series of different concentrations of target DNA
ranged from 0 to 10 nM. As shown in Figure 3A, the dynamically increased
DPV peak current with increasing target DNA concentration indicated that
the DNA-fueled target recycling-programmed surface hybridization process
was highly dependent on the concentration of target DNA. A good linear
relationship between the electrochemical intensity and the logarithm value of
target DNA concentration ranged from 0.5 fM to 1 nM could be obtained
(Figure 3B). The regression equation was Y = 170.6 + 10.6 logX (Y and X
represented the DPV peak current and target DNA concentration,
respectively; unit of X was M) with the correlation coefficient of 0.9948. The
detection limit, which was defined as 3 times the standard deviation of the
background, was about 0.29 fM, which was superior or comparable with that
of many reported electrochemical nucleic acid biosensors (Table S-4). Also,
the relative standard deviations (RSDs) toward three different target DNA
concentrations of 1 fM, 1 pM and 1 nM were obtained as 7.6%, 4.9% and 5.8%,
respectively, based on six repetitive measurements, indicating a good
reproducibility of our proposed strategy for target DNA detection. The
specificity of the developed DNA sensing system was further investigated
(Figure 3C). The electrochemical response toward single-base mismatched
DNA (IMT) was about 25.6% of that for perfect target DNA. Three-bases
mismatched DNA (BMT) showed only slightly increased electrochemical
response compared with that for the blank solution. The developed biosensor
should be readily regenerated since only a surface-tethered oligonucleotide
monolayer with no preferred conformation is involved for sensor interface
fabrication. It was found from Figure 3D that the proposed electrochemical
nucleic acid biosensor could be regenerated over six times without significant
signal loss via washing with 1 M NaOH for 10 min at 60 °C. Furthermore, the
versatile sensing platform could be designed for the detection of virtually any
DNA sequences by introducing an additional hairpin transducer (Figure

11
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S-3A). This was exemplified with the detection of a hepatitis B virus (HBV)
DNA fragment. A detection limit toward HBV DNA in the buffer system
could be estimated as about 0.83 fM (Figure S-3B and C). Also, the
electrochemical detection toward the spiked HBV DNA in the diluted healthy
human serum sample was conducted (Figure S-3D and E). A detection limit of
about 3.6 fM toward HBV DNA in the diluted human serum could be
achieved, indicating the potentiality of the developed sensing platform for

DNA detection in real biological samples.
<<Herein For Figure 3>>

Catalytic hairpin assembly-programmed surface hybridization. The
dynamic DNA assembly-programmed surface hybridization was
further demonstrated by using the catalytic hairpin assembly (CHA)
technique, which could be considered as another typical enzyme-free
target recycling strategy.3132 The fabrication principle is schematically
illustrated in Figure S-4A. Both the hairpin-like DNAs (HP1 and HP2)
contain the ferocene-labeled tail sequences at 3’-terminus, which are
complementary to the surface-tethered DNA strands. Similar with the
above DNA-fueled target recycling-programmed surface hybridization,
the individual HP1 or HP2 could not associate with the surface-tethered
strands. In the presence of target DNA (TD2), it could hybridize with
and open the HP1 by means of a TSDR. The opened HP1 could further
hybridize with the HP2 based on the TSDR again, accompanied with the
release of target DNA to further propagate the assembly of HP1 and
HP2. The formed HP1-HP2 hybrids after CHA bring the tail sequences
at both 3’-terminus of HP1 and HP2 into close proximity to allow them
to hybridize together with the surface-tethered DNA strands, resulting
into the electrochemical response toward target DNA. The
electrochemical responses toward different concentrations of target
DNA were shown in Figure S-4B and C. The detection limit toward
target DNA was estimated to be about 1.12 fM, which was higher than

12
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that by DNA-fueled target recycling-programmed surface hybridization
strategy. The weaken detection performance for CHA might be
attributed to the relatively high background signal owing to the possible
nonspecific reaction between two hairpin substrates.

Hybridization chain reaction-programmed surface hybridization.
Hybridization chain reaction (HCR) could be regarded as another
effective dynamic DNA assembly technique for post-amplification
toward the biorecognition events.?*33-3% [ts validity to program surface
hybridization for single-step and amplified biosensor fabrication is
schematically illustrated in Figure 4A. Two hairpin-like DNAs (HP3 and
HP4) are designed and the HP4 contains the methylene blue
(MB)-labled tail sequence at 5’ -terminus, which is complementary to the
surface-tethered DNA strand. Again, HP4 itself could not associate with
the surface-tethered strand. In the presence of target DNA (TD3), the
alternate assembly between HP3 and HP4 by the sequential TSDRs
leads to the formation of linear DNA concatamer, which accordingly
brings the dangling tail sequence of HP4 into close proximity to endow
the association together with the surface-tethered DNA strands for the
electrochemical response toward target. The CV and square wave
voltammetric (SWV) responses are shown in Figure 4B and C. A
well-defined redox peak of MB with the anodic and cathodic potential
located at -238 mV and -265mV, respectively, was only obtained in the
presence of TD3 (curve b in Figure 4B). Also, the very well linear plots
of anodic or cathodic peak currents with the scan rates verified that the
MB has been confined on the electrode surface (Figure S-5). The SWV
responses were in well accordance with the results of CV (Figure 4C).
The target-triggered HCR process was also monitored by gel
electrophoresis (Figure 4D). In the absence of TD3, only the bands
related to the HP3 and HP4 could be observed (Lane 1). In the presence
of TD3 (Lanes 2 to 5), the new bands with the slower migration rates

could be observed, which could be attributed to the HCR products
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between HP3 and HP4. Also, the average molecular weight of the
product was inversely related to the amount of target, which was
consistent with previous study.’¢ The dynamic assembly process for
target-triggered HCR could be also easily monitored by current
proximity-based surface hybridization strategy (Figure 4E). At a high
concentration of TD3 (1 nM), the electrochemical response increased
rapidly and almost reached the plateau value after 2 h, indicating the
rapid depletion of hairpin-like assembly unit. The electrochemical
response increased slowly at the low concentration of target DNA.
Especially for 1 fM TD3, the continually and sluggish electrochemical
response increase could be observed during the whole monitoring
process. The hybridized base number between the tail sequence of HP4
and the surface-tethered oligonucleotide was also optimized (Figure
S-6). Similar with the DN A-fueled target recycling-programmed surface
hybridization, the hybridized base number of 8 could also achieve the

better S/ B ratio than that at number of 6 and 10.
<<Herein For Figure 4>>

The detection performance of the HCR-programmed surface
hybridization strategy was also investigated by using different
concentrations of target DNA. The electrochemical intensity increased
continually with the increase of TD3 concentration from 0 to 1 nM
(Figure 5A). Figure 5B shows the calibration curve between the
electrochemical intensity and the logarithm of the TD3 concentration
ranging from 0.05 fM to 1 nM. A very low detection limit of 50 aM could
be achieved, which was evidently lower than that by DNA-fueled target
recycling and CHA. It might be tentatively explained that the
electrochemical response would be more easily achieved at a relatively
low concentration of target DNA owing to the target-triggered
formation of DNA concatamer for the promotion of proximity-based

surface hybridization. The electrochemical responses of the fabricated
14
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biosensor toward 1IMT and 2MT were about 28.2% and 18.5% of that for
the perfect target DNA at the same concentration, respectively,
indicating also a good performance to discriminate the perfect target
from the base mismatched targets (Figure 5C). The electrochemical
intensity increased also continually with the increase of the spiked
target DNA concentration in the diluted fetal bovine serum (Figure 5D),
verifying the detection feasibility of the fabricated biosensor in the
relatively complex sample matrix. Also, the fabricated biosensor could
be regenerated over six times via washing with 1 M NaOH for 10 min at
60 °oC (Figure S-7). It seems that the HCR-programmed surface
hybridization strategy shows a more favorable prospect for the
point-of-care applications owing to its easier to operate, cost-effective

and high sensititivty.
<<Herein For Figure 5>>

CONCLUSIONS

In summary, a versatile and unique dynamic DNA
assembly-programmed surface hybridization strategy was proposed for
the development of single-step, reusable and enzyme-free amplified
electrochemical biosensor. Three dynamic DNA assembly strategies
including DNA-fueled target recycling, CHA and HCR were flexibly
engineered to create the proximate DNA motifs for the autonomous
execution of proximity-based surface hybridization. The current
biosensor architecture presented considerable advantages over the
traditional nucleic acid-related biosensors, particularly in terms of assay
simplicity, low cost and high sensitivity. Also, the reliable working
ability for both homogenous solution and heterogenous interface
endows the target detection with a robust reliability and reproducibility.
Furthermore, it would be easily extended for the detection of a broad
spectrum of targets owing to the growing trend for the detection
universality of dynamic DNA assembly strategies. Thus, it holds great
15
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potential for the development of sensitive biosensing platform for the
applications in bioanalysis, disease diagnostics, and clinical

biomedicine.
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Figure Captions

Figure 1. (A) Schematic illustration of DNA-fueled target
recycling-programmed surface hybridization strategy for nucleic acid
biosensor fabrication. (B) and (C) show the CV and DPV responses for the
fabricated biosensor toward blank (a) and 1 nM target DNA (TD1) (b) in 10
mM PBS (pH 7.4, 02 M KNOs), respectively. (D) The bar chart of the
electrochemical response toward blank and 1 nM TD1 when the TS and FS
strands were replaced by their respective substitutes. The tail sequences in
TS-2 and FS-2 could not be complementary with the surface-tethered
oligonucleotide. Both TS-3 and FS-3 contain no ferrocene label at the
3’-terminus. (E) Non-denaturing PAGE analysis: lane 1, 5 pM TS; lane 2, 10
M AS; lane 3, 10 pM PS; lane 4, 10 uM TD1; lane 5, 5 pM FS; lane 6, 1 pM TS,
1 pM AS and 1 pM PS; lane 7, 0.1 pM three-strand duplex, 0.12 pM FS and 1
nM TD1; lane 8, 0.1 pM three-strand duplex and 0.12 uM FS.

Figure 2. (A) The optimization of the hybridized base numbers between
surface-tethered oligonucleotide and tail sequence of TS or FS. (B) The
immobilization concentration optimization for the surface-tethered
oligonucleotide. Five different oligonucleotide concentrations including 0.1,
0.5, 1.0, 1.5 and 2.0 pM were studied. (C) The optimization of reaction
temperature. The reaction temperatures from 25 °C to 55 °C were used for the
electrochemical responses toward 1 nM TD1 (triangle) and blank solution
(circle). (D) The time dependency of the electrochemical responses toward
blank and three different TD1 concentrations (1 fM, 1 pM, and 1 nM).

Figure 3. (A) DPV responses corresponding to the analysis of different
concentrations of TD1 ranged from 0 to 10 nM. (B) The linear relationship
between the DPV peak current and the logarithm value of the TD1
concentration. Error bars represent standard deviations of measurements
(n=3). (C) Selectivity tests of the fabricated DNA biosensor toward 10 nM of
complementary target DNA (TD1), single-base mismatched DNA (1IMT),
three-bases mismatched DNA (3MT), non-complementary DNA (NC), and

the absence of DNA (Blank). Error bars represent standard deviations of
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measurements (n=3). (D) The regeneration experiments of the fabricated
biosensor by DNA-fueled target recycling-programmed surface hybridization.
The concentrations of target DNA was 10 nM. The regeneration experiments
were conducted via washing with 1 M NaOH for 10 min at 60 °C.

Figure 4. (A) The schematic illustration for the HCR-programmed surface
hybridization strategy. (B) and (C) shows the CV and SWV responses toward
blank (a) and 1 nM TD3 (b) in the 20 mM Tris-HCI (pH 7.4, 0.1 M NaCl) buffer,
respectively. (D) Non-denaturing PAGE analysis. Lanes 1 to 5 were obtained
in the presence of 1 pM HP3 and 1 puM HP4 with the TD3 concentrations of 0,
51, 01 and 0.01 pM, respectively. (E) The time dependency of the
electrochemical responses toward blank and three different TD3
concentrations (1fM, 1 pM, and 1 nM).

Figure 5. (A) SWV responses corresponding to the analysis of different
concentrations of TD3 ranged from 0 to 1 nM. (B) The calibration curve
between the SWV peak current and the logarithm value of the TD3
concentration. Error bars represent standard deviations of measurements
(n=3). (C) Bar chart of SWV peak currents obtained at 1 nM of complementary
target DNA (TD3), single-base mismatched DNA (1IMT), two-bases
mismatched DNA (2MT), noncomplementary DNA (NC) and blank solution.
The inset shows the corresponding SWV curves. (D) SWV responses obtained

at different concentrations of TD3 spiked in 10% diluted fetal calf serum.
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