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ARTICLE INFO ABSTRACT

Keywords: Taking advantage of the homogeneous and heterogeneous electrochemical biosensors, a simple, sensitive, and
Entropy-driven amplification selective electrochemical biosensor is constructed by combining entropy-driven amplification (EDA) with DNA
DNA walker

walker. This electrochemical biosensor realizes the biorecognition and EDA operation in homogeneous solution,
which is beneficial to improve the recognition and amplification efficiency. A two-leg DNA walker generated by
EDA can walk on the surface of gold electrode for cleaving the immobilized substrate DNA and releasing the
electroactive labels, giving rise to a significant decrease of the electrochemical signal. The immobilization of the
electroactive labels ensures the reproducibility and reliability of the biosensor. The present cascade amplifica-
tion assay can be applied to detect target DNA with a detection limit of 0.29 fM, and base mutations can be easily
distinguished. Moreover, the proposed electrochemical biosensor shows a satisfactory performance for the de-
tection of target DNA in human serum. Thus, the novel electrochemical biosensor holds promising potential for a

Cascade amplification
DNAzyme motor
Biosensor

future application in disease diagnosis.

1. Introduction

The amplified biosensors have drawn gradual attention over the
past decade for the application in disease diagnosis [1-3], environ-
mental monitoring [4,5], and food security [6-8]. Up until now, nu-
merous amplified biosensors have been reported, including fluores-
cence [9,10], electrochemical [11,12], surface enhancement Raman
[13,14], photoelectric [15,16], and colorimetric aptasensors [17-20].
Among these approaches, electrochemical biosensors have significant
advantages, such as high sensitivity, simple instrumentation, and signal
stability [21,22]. Hence, electrochemical biosensors attract widespread
attentions, and many electrochemical biosensors are developed. To
improve the sensitivity of electrochemical biosensors, many signal
amplification strategies are constructed on the surface of electrode,
such as rolling circle amplifications (RCA) [23,24], nuclease-assisted
target recycling, catalytic hairpin assembly (CHA) [25,26], and hy-
bridization chain reaction (HCR) [27,28]. Despite the development of
those strategies, they also encounter some weaknesses. First, the en-
vironmental interference makes the nuclease-assisted target recycling
strategy difficult to apply in complex biosystems [29]. The conventional
enzyme-free based hairpin-assemblies, such as CHA and HCR, also have
some issues. The temperature, pH, and biomolecules may lead to circuit
leakage, giving rise to relatively false-positive signals and high
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background [30]. Therefore, the exploration of amplification strategy
with both favorable performance and reliability will potentially pro-
mote the development of electrochemical biosensors.

Recently, an entropy-driven amplification (EDA) system has drawn
attention as a milestone report in the DNA amplification circuits
[31,32]. As a hairpin- and enzyme-free amplification strategy, the EDA
can overcome the weakness of CHA and HCR. Inspired by the novel
design, Xiang's group proposed an electrochemical biosensor for elec-
tronic detection of microRNA [33]. However, those heterogeneous
biosensors suffer from the complex interface operation and washing
procedures, which increase the assay time and influence the reprodu-
cibility of biosensors. Moreover, the amplification efficiency and bior-
ecognition may be influenced by the electrode surface. The conven-
tional homogeneous electrochemical biosensors mostly operate based
on the aggregation or diffusion of electroactive labels, which may in-
fluence the reproducibility and reliability of biosensors [34,35]. Thus, it
is still a challenge to fabricate an electrochemical biosensor with the
features of specificity, sensitivity, reliability and simplicity. Taking into
account the strengths and weaknesses of homogeneous and hetero-
geneous electrochemical biosensors, the construction of a novel bio-
sensor with both heterogeneous interface and homogeneous solution
may offer a way to approach the challenge. In other words, the bior-
ecognition and the amplification reaction should occur in homogeneous
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solution to guarantee the amplification efficiency and biorecognition.
Meanwhile, the electroactive labels are immobilized on the surface of
electrode to make sure the reproducibility and reliability of the bio-
sensor [36].

Recently, the cascade amplification strategies have been well de-
veloped for constructing the amplification biosensors [37,38]. The key
operation for those strategies relies on the integration of different am-
plification circuitries [39]. Inspired by the concept of the cascade am-
plification strategies, herein, a novel electrochemical biosensor is con-
structed by combination of the EDA and DNA walker. In this strategy,
the biorecognition and EDA are conducted in homogeneous solution,
which is beneficial to improve the recognition and amplification effi-
ciency. After the EDA, a two-leg DNA walker is generated to walk on the
surface of electrode. During the walking process, the substrate DNA is
cleaved and the immobilized electroactive labels are released, resulting
in a significant decrease of the electrochemical signal. The im-
mobilization of the electroactive labels ensures the reproducibility and
reliability of the biosensor. Moreover, the DNA walker makes it possible
to realize the sensitive detection and minimize the operational diffi-
culty. The present cascade amplification assay can be applied for the
detection of target DNA with a detection limit of 0.29 fM, and base
mutations can be easily distinguished. Thus, the novel electrochemical
biosensor holds great potential for point-of-care applications.

2. Experimental
2.1. Chemicals and materials

The tris (2-carboxyethyl) phosphine (TCEP), 4S red plus nucleic acid
stain, glycerol gel loading buffer, and HPLC-purified DNA oligonu-
cleotides were purchased from Shanghai Sangon Biotechnology Co
(Shanghai, China). The 6-mercaptohexanol (MCH) was purchased from
Sigma-Aldrich (St. Louis, MO, U.S.A.). The DNA was dissolved in
25 mM Tris-HCl buffer containing 200 mM NaCl (pH 7.4), and quanti-
fied by measuring UV-visible absorption spectroscopy (Varian, USA) at
260 nm. The DNA sequences are listed in Table S1. All other chemicals
not mentioned here were analytical reagent grade and used as received.
Milli-Q ultrapure water (18.2MQ) was used throughout the experi-
ment.

2.2. Modification of gold electrode

The gold electrode (GE) (3 mm diameter) was pretreated according
to the previous procedures [35]. The pretreated GE was immersed into
the 25 mM Tris-HCI buffer (200 mM NaCl, 10 mM TCEP, pH 7.4) con-
taining 1 uM substrate DNA (SD) for 12h at room temperature. After
washing with phosphate buffer solution (PBS) and drying with ni-
trogen, the GE was immersed into 1 mM MCH for 30 min to remove the
nonspecific adsorption.

2.3. Cascaded isothermal amplification strategy

The mixture of template stand (TS), assistant probe (AP), and block
probe (BP) was heated at 90 °C for 10 min, and then allowed to cool
down to room temperature to form three-strand complex. Upon opti-
mizing conditions, various concentrations of target DNA (TD) were
added in 5nM three-strand complex containing 10 nM fuel strand (FS)
to maintain for 1 h. Afterward, the SD modified GE were immersed into
the mixture, and 1 mM Pb?* was added to initiate the cleavage reac-
tion. After incubation at 37 °C for 80 min, the GE was washed with
buffer to remove any remaining physi-sorbed methylene or Pb?*. For
human serum samples, the human serum was 50-fold diluted with
buffer, and then various concentrations of TD were added to the diluted
serum sample and detected with the same procedure. Electrochemical
measurements were performed by using CHI660C electrochemistry
workstation (Co. Chenhua, China) with the modified GE as working
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electrode, Ag/AgCl electrode as reference electrode, and platinum
electrode as counter electrode. The electrochemical impedance spec-
troscopy (EIS) was recorded in 5 mM Fe(CN)>"* solution containing
0.1 M KCl. The square wave voltammetry (SWV) was carried out in Tris-
HCI buffer with potential window from 0 to 0.45V.

2.4. Native polyacrylamide gel electrophoresis

Polyacrylamide gel (15%) was prepared with 1 X Tris-borate-EDTA
buffer (89 mM Tris, 89 mM boric acid, 2mM EDTA, pH 8.3). Each
sample was prepared with 1 X Tris-borate-EDTA buffer containing
12mM Mg?*, and the concentration of each DNA strand was 1 pM.
10 puL of each sample was mixed with 1.5 uL of 6 X glycerol gel loading
buffer before loading into the gel. The gel electrophoresis was con-
ducted under a constant voltage of 100 V over a period of ~ 2.5 h. After
4 S Red Plus staining, photographs were taken under UV light by using a
fluorescence imaging system (Life Science Research Products and
System Engineering, China).

3. Results and discussion
3.1. Principle of cascade amplification strategy

The cascade amplification strategy is constructed by the combina-
tion of EDA and DNA walker, as illustrated in Scheme 1. The EDA
system consists of four strands, i.e., template stand (TS), assistant probe
(AP), block probe (BP), and fuel strand (FS). The three-strand complex
is prepared by the hybridization of TS, AP, and BP. TS and FS are en-
gineered with a protruding metal-depended DNAzyme tail sequence,
which is designed to be complementary to the substrate strand (SD)
with a predesigned low melting temperature. In the presence of target
DNA (TD), TD could hybridize with the toehold (yellow region) of TS to
form an intermediate four-strand structure. Then, AP is dissociated
from the four-strand structure, because the complementary fragment
between AP and TS is too short to keep AP attached. After the dis-
sociation of AP, the red region is exposed to facilitate the binding of FS
to form a four-strand structure. As a result, FS is completely hybridized
with TS by branch migration, giving rise to the release of TD and BP.
The released TD would initiate a new successive recycling process. The
product of TS/FS complex brings the DNAzyme sequence into close
proximity with the increase of their local concentration, making the
DNAzyme hybridize with the surface-tethered SD. Then, the TS/FS
complex could autonomously walk on the surface of GE, which is fueled
by DNAzyme-catalyzed substrate cleavage. Scheme 1 depicts the con-
cept of the DNAzyme walker. For the purpose of electrochemical de-
tection, SD is labelled with methylene blue (MB). When the DNAzyme
walker is activated by the EDA, the DNAzyme cleaves the SD into two
fragments with the help of Pb®*, resulting in the release of MB-labelled
segment and the decrease of the electrochemical signal. After cleavage,
the DNAzyme would quickly hybridize to the neighboring SD by strand-
displacement reaction. Thus, the cleavage of SD ensures the DNA
walker autonomously walks on the surface of GE and continuously re-
lease the redox labels, leading to a significant signal amplification. TD is
detected by monitoring the amplified electrochemistry signal. In the
absence of TD, the EDA is blocked by AP and BP, without the hy-
bridization of FS and TS. The DNAzyme sequence, whether in TS or FS,
could not associate with SD, because the complementary fragment is
too short to promote an effective annealing.

3.2. Feasibility and optimizations

To test the feasibility of the cascade amplification strategy, the
electrochemical signals in the presence of various components are
measured by SWV. As shown in Fig. S1, a maximal electrochemical
response of MB (curve a) is observed for the solution containing three-
strand complex, because the complementary fragment of TS/SD is too
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Fig. 1. (A) Electrochemical impedance spectra (EIS) of gold electrode (GE) after each step of surface modification: (a) bare GE; (b) SD modified GE; (c) SD modified
GE incubated with 5nM three-strand complex (TS/AP/BP), 10 nM FS, and 2 pM TD for 1h; (d) further incubated with 1 mM Pb%*. (B) Polyacrylamide gel elec-
trophoresis (PAGE) analysis of EDA: (a) TD; (b) TS; (c) BP; (d) AP; (e) FS; (f) TS/AP/BP; (g) TS/FS; (h) TS/AP/BP/FS; (i) TS/AP/BP/FS /TD.

short to promote an effective annealing. Upon the addition of the FS,
the electrochemical signal exhibits a negligible change, because the
EDA is blocked by AP and BP (curve b). When the TD is added into the
solution, the visible electrochemical signal change of MB (curve c) is
obtained. It is because that the product of EDA (TS/FS complex) brings
the DNAzyme sequence into close proximity with the increase of their
local concentrations, making the DNAzyme hybridize with the surface-
tethered SD. The electrochemical signal dramatically decreases after
incubation with Pb2™, indicating the cleavage of SD (curve d). The
electrochemistry impedance spectroscopy (EIS) is also employed to

characterize the surface of GE. As shown in Fig. 1A, the bare GE exhibits
an almost straight line, indicating that its charge transfer resistance
(Rct) is very low. The Rct increases significantly after conjugation of SD,
because the negatively charged DNA on the surface of GE blocks the
electron transfer. The Rct further increases after incubation of TD, in-
dicating that the hybridization between TS/FS complex and SD occurs.
After incubation of Pb?*, the Rct dramatically decreases, thereby de-
monstrating the cleavage of SD and the release of DNA fragments. To
further confirm the EDA, polyacrylamide gel electrophoresis (PAGE) is
employed to verify the strand displacement reaction in the EDA. As
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Fig. 2. (A) Dependence of the ratio of (Io-I)/I, on FS concentration in the presence of 2 pM target DNA; (B) Current changes at different base pairing sequences of

DNAzyme/substrate.

shown in Fig. 1B, the line a, b, ¢, d, e, f, and g correspond to strand TD,
TS, BP, AP, FS, TS/AP/BP, and TS/FS, respectively. In the lane h, the
presence of two strong bands corresponding to the complexes of TS/
AP/BP and FS indicates that the EDA is silent in the absence of TD. In
the presence of TD, almost all TS/AP/BP complexes are converted to
TS/FS with obvious bands of AP and BP (lane i). The results of PAGE
demonstrate the feasibility of EDA.

In order to ensure the performance of the biosensor, the influence of
FS concentration is examined and optimized. The concentration of FS
could influence the amplification efficiency of EDA and the detection
sensitivity. As shown in Fig. 2A, the ratio of (Ip-)/I, (I and I represent
the peak current in the absence and presence of TD) increases with the
increase in concentration of FS, and reaches the maximum at 10 nM.
Excess FS concentration, e.g., more than 10nM, would restrain the
catalytic reaction. Thus, 10 nM FS is employed for the EDA. To ensure
the high mobility of DNA walker and low background signal, DNAzyme
and substrate are designed with different numbers of base pairs. In this
strategy, a short hybrid domain between DNAzyme and substrate could
significantly reduce the nonspecific cleavage, resulting in a low back-
ground signal. However, too short binding domain is not beneficial to
form a stable complex between substrate and DNAzyme, which may fail
to obtain an electrochemical signal change. As shown in Fig. 2B, when
the hybridized base number of the DNAzyme/substrate complex is 11,
the ratio of (Io-I)/I, is bigger than those at the hybridized base numbers
of 9, 13, and 15. Therefore, the DNAzyme with 11 base pairs com-
plementary to the substrate is chosen for the ensuing experiment. In
order to gain the maximal signal response and guarantee the cleavage
efficiency of SD, the immobilization concentration of SD is optimized.
As shown in Fig. S2, the ratio of (Ip-I)/I increases with the increased SD
concentration up to 1 uM, and then decreases as further increasing the
SD concentration due to the electrostatic repulsion and steric hin-
drances. Thus, the maximal signal change could be obtained at the SD
concentration of 1 pM.

Further investigations on the influences of Pb?* concentration, in-
cubation time, and temperature are performed. The concentration of
Pb2* could directly influence the catalytic activity of DNAzyme. As
shown in Fig. 3A, the cascade amplification biosensor operates reliably
in the presence of 1-2mM Pb?*. Therefore, Pb*>* concentration of
1 mM is recommended for the determination of TD in the following
experiment. As shown in Fig. 3B, the progress curve of the sensing
system is also recorded by using electrochemical monitor. In the ab-
sence of TD, the signal response is almost stable. Upon the addition of
TD, the electrochemical response increases along with time, and
reaches the saturation at 80 min. Therefore, 80 min is selected as the
optimal incubation time to ensure the best analysis capability.
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3.3. Analytical performance of the electrochemical biosensor

Under the optimal operating conditions, the analytical performance
of the biosensor is evaluated by detecting various concentrations of TD.
As shown in Fig. 4A, the SWV curve shows a sharp reduction peak at
— 0.244V, and the SWV peak current dynamically decreases with in-
creasing the TD concentration. As shown in Fig. 4B, a good linear re-
lationship is observed between the ratio of (Iy-I)/I, and the con-
centration of TD within a range from 0.3 to 500 fM. The regression
equation is (Ip-)/Ip = 0.135-0.21Cqp (Crp represents the concentration
of TD). A detection limit of 0.29 fM is obtained based on the calculation
of 3o/slope. Such a detection limit is comparable to the previously
reported biosensors for DNA detection (Table S2). The ultrahigh sen-
sitivity may be attributed to three aspects. First, the target initiated EDA
could produce abundant DNA walkers. Second, the DNAzyme on the
tail sequence of the DNA walker would autonomously cleave the sub-
strate on the surface of GE, which is the fundamental guarantee of
sensitivity. Moreover, the surface-tethered DNA walker can obtain a
certain extent signal change even without the cleavage of the substrate,
because the duplex structure of DNAzyme/substrate makes the MB far
away from the GE. The linear response range and LOD obtained by the
present electrochemical biosensor are much better than those reported
in our previous electrochemical biosensor based on DNA nanomachine
modified on the surface of GE [40], which could be attributed to the
unique design by combining the advantages of homogeneous and het-
erogeneous electrochemical biosensors.

3.4. Selectivity and real sample analysis of the electrochemical biosensor
towards target DNA

The selectivity of the present electrochemical biosensor is in-
vestigated by monitoring the electrochemical response towards various
mutants of TD. As illustrated in Fig. 5A, the single-base mismatched
mutants could only result in 10.7% (M1a) and 18.4% (M1b) of the peak
current change ratio to TD, while the two-base and three-base mis-
matched mutants could result in lower peak current change ratios, in-
dicating the remarkable specificity of the electrochemical biosensor for
DNA detection. The high selectivity obtained is attributed to the spe-
cificity of EDA and the advantage of biorecognition in homogeneous
solutions.

In order to investigate the applicability of the electrochemical bio-
sensor in real biological samples, the target DNA is detected in the 50-
fold diluted healthy human serum by using the same procedure. As
shown in Fig. 5B, the target DNA could cause a significant electro-
chemical signal change in serum. Notably, the electrochemical signal of
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the target DNA obtained from serum is close to that obtained from

4. Conclusions

buffer solution. The results indicate that the present electrochemical

biosensor holds great potential for a future application in clinical di-

agnoses.

In this work, a novel DNA nanomachine is proposed for the devel-
opment of sensitive, selective, and reliable electrochemical biosensor.
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EDA and DNA walker are operated in homogeneous solution and het-
erogeneous interface, respectively. The target DNA triggers the EDA to
generate abundant two-leg DNA walkers in the homogeneous solution,
which make sure the recognition and amplification efficiency. The
cleavage of DNAzyme powers the walking process of two-leg DNA
walkers on the surface of GE. Massive substrate DNAs are cleaved and
the immobilized electroactive probes are released from GE, which is
beneficial for the reproducibility and reliability of the biosensor. Taking
advantage of the homogeneous and heterogeneous electrochemical
biosensors, the developed biosensor presents a competitive detection
limit of 0.29 fM, and single base mismatches are easily distinguished by
the reported strategy. Moreover, it can be applied for the quantitative
detection of DNA in human serum samples, which shows potential
application in bioanalysis and clinical diagnosis.
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