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Abstract

Rapid, sensitive, and user-friendly nucleic acitedgon is of growing importance in
early clinical diagnosis. Here, we construct a $enpne-pot and ultrasensitive DNA
sensor via exonuclease Il (Exo lll)-assisted targeycling amplification (ERA)
combined with 3D DNA walker cascade amplificatiomthe presence of
single-stranded DNA target, the ERA process isvat#id to generate numerous
walker strands (WS). Thereafter, Exo Ill-powered3M8tonomously move along
magnetic bead (MB)-based 3D trackétease numerous AgNCs into the supernatant
as an amplified signal output. This biosensor hemhedetection limit of 18 fM and
an analytical range of 40 fM to 1 pM. Furthermdhe practical application potential
of this biosensor was also confirmed by the spildrgeriments of p53 into human

serum and urine samples.

Keywords: One-pot; Exo lll-assisted target recycling; 3D DWAIlKker;

amplification;



1. Introduction

Cancer is a great threat to human health [1]. Newsdearly cancer diagnosis
through the detection of tumor-related biomarkae|uding cancer-related genes,
MIiRNA, etc., is a promising way to improve the suaVrate of cancer patients [1,2].
However, the low abundance of these biomarkergbrineat challenge to early
cancer diagnosis. Therefore, it is necessary teldpwaccurate and ultrasensitive
detection approaches for cancer-related DNA [3kIBig acids are widely used in the
detection of cancer-related DNA due to their exarglpprogramming ability and
accurate base recognition property [4-7]. As a gtdehdard approach for amplifying
and detecting nucleic acids at low levels, polyreerehain reaction (PCR) requires
large and expensive thermal cyclers, which largjelit the application of PCR in
resource-limited settings and for point-of-care (B@nalysis [4,8,10,15]. In the past
decades, isothermal amplification of nucleic aad bmerged in the field of
biological detection [4,6,12However, single step amplification is limited byvo
signal gain and assay sensitivity [6,16]. To ovaredhese limitations, techniques
integrating two or more amplification methods haeen developed [17-21he key
requirement for cascade amplification is that tradpct of the first step of
amplification can trigger the amplification reactiof the second step. The two steps
can therefore be connected and sequentially prdde@d For instance, Willner et al.
designed a cascade amplification strategy basé&iG# (rolling circle
amplification)/DNAzyme in which a long DNAzyme chawvas synthesized in the

first step to perform a second amplification reat{il1].So far, various isothermal



cascade amplification strategies have been consttand applied to biosensing
[22-29]. Isothermal cascade amplifications candughly divided into enzymatic and
enzyme-free amplification [6]. Enzyme-free isothatmmascade amplification
strategies offer advantages of high stability awd ¢ost, and are therefore
particularly attractive foim vivo applications [14]. However, enzyme-free strategies
suffer from long reaction cycle and non-specificding [15]. Enzyme-assisted
cascade amplification shows high amplification@éincy and hybridization
specificity [10,11,16]. While, some of the enzym&s;h as DNase-I enzyme and
DNAzymes, are sequence-dependent, thus requirpigisccated design, which
largely restricts their applications [10,18]. O ttontrary, exonuclease Il (Exo lll) is
a sequence-independent enzyme, and can be edstlgdnvithout the consideration
of specific enzymatic recognition sites [18-20]eTExo lll-assisted target recycling
amplification (ERA) emerges as a powerful isothdrmuleic acid amplification
technique and has attracted wide attention dus wmple operations and high
amplification efficiency [21-23].

To maximize the sensitivity of biosensors, nuckesa functionalized
nanomaterials were introduced into the nucleic aaiglification systems [24-29].
The large surface area of nanomaterials can sigmifiy improve the loading
efficiency of DNA thus improving the amplificatiarapability. A typical example is
three-dimensional (3D) DNA walker, which is consted on the surface of
nanoparticles and shows higher walking efficienag better signal amplification

capability compared with its one-dimensional orimensional counterparts



[27-30].Generally, DNA walker is mainly composed of thregtp, namely the

driving force, the walking track, and the walkirtgasid [26]. The driving force
activates the DNA walker in the form of energy cersion. When the driving force
breaks the initial balance, it can convert thetligiergy or chemical energy into
mechanical energy, propelling the walking strand/édk along the walking track.
[26]. Then, through the consumption of fuel molesylthe reaction balance is
restored by consuming fuel materials, sequentgaiyerating a signal [26]. The
reaction balance is constantly broken and restenedi finally generates an amplified
output [26]. Due to the excellent signal amplifioatability, DNA walkers have
attracted extensive attention in biosensing inph& decades [26]. Our research
group has recently designed a cascade amplificatrategy based on ERA and DNA
walker with relatively simple DNA design and higénsitivity [29]. However, DNA
walker in that system was powered by chain replacgmvhich potentially prolonged
the reaction time, limited the reaction rate, amteased the probability of
non-specific hybridization.

Herein, a one-pot, ultrasensitive DNA sensor wassttacted on the combination
of the Exo lll-assisted target recycling (ERA) wED DNA walker as a novel
cascade amplification strategy. In this systenrgmaDNA (HP) hybridizes with the
target DNA in the first step of amplification, folked by the digestion of Exo Il to
release the target. The target hybridizes withlaratiP, which triggers the Exo
lll-assisted target recycling amplification (ERA)daproduces massive walking

strands (WS). Thereafter, powered by Exo Ill, WSk&an the surface of AQNCs



conjugated-magnetic beads (AgNCs-MBs) and releaghi€s for fluorescent
measurement. In contrast to our previous desighpttsamplification steps are
powered by Exo lll, the two steps are integratéd an one-pot cascade amplification
reaction, which simplifies the operation while ntains efficient cleavage.
Meanwhile, instead of using fluorophore labeled DNmands, fluorescent AQNCs
prepared by using DNA strands as template are aséloe signal probe, facilitating
sensitive detection without expensive fluorophatseling.

2. Experimental Section
2.1 Reagents and materials

All the oligonucleotides were synthesized by SanBatechnology Co., Ltd.
(Shanghai, Chinagnd their sequences are listed in Table S1. DNApsagared by
dissolving in 50 mM Tris-HCI buffer (containing 6NinMgCl,, 10 mM KCI) at pH
8.0 and stored at - 20 °C. The 200 nm- magnetiddb@dBs) were purchased from
Sangon Biotechnology Co., Ltd. (Shanghai, Chinap H, loading buffer and 4S red
plus nucleic acid gel stain were purchased fromaRé Biotechnology Co., Ltd.
(Dalian, China). 1-Ethyl-3-[3-(dimethylamino)-prdpgarbodiimide hydrochloride
(EDC) and N-hydroxysuccinimide (NHS) were purchasech Aladdin Chemical
Reagent Co., Ltd. (Shanghai, Chirfaijver nitrate (AgNQ) and sodium borohydride
(NaBH,) were obtained from Sigma-Aldrich (St. Louis, M#§A). Other chemicals
used were analytical reagent grade and obtained AMadin (Shanghai, Chinall
agueous solutions were prepared using deionizedw@er with a resistivity of 18.2
MQ cm* from a Millipore system.

2.2 Apparatus.



The size and morphology of MBs were observed hgld-Emission scanning
electron microscope (SEM, SSX-550, Shimadzu, Japdmyrescence spectra of
AgNCs were recorded on an F-7000 fluorescence aitomete(Hitachi High
Technologies, Japan) at excitation wavelength 8fii®. Fluorescence images were
observed using an FV1200 confocal fluorescenceasiape (Olympus, Japan).

2.3 Preparation of DNA@AQgNCs.

AgNCs were prepared according to previously repigtetocol [31]. Briefly,
100 puL DNA (agncs) (the DNA strands used as the template for AQN©svr, 10uM)
was mixed with 2QuL AgNO3 (600uM) and incubated in ice-water bath for 60 min.
Then, 20uL freshly-prepared NaBH600uM) was added into the above mixture
with vigorous shaking for 2 min. The reaction smntwas incubated in the dark at

4 °C for 6 h to produce DNA@AgNCs.
2.4 Preparation of AQNCs conjugated - MBs (AgNCs-MBs).

NH,-terminated anchor strand (AS) was coupled to cgibmagnetic bead
(COOH-MBSs) by a one-step carbodiimide reactionefyj 1 mL COOH-MBs (5 mg
mL™) was washed and resuspended in 1 mL MES buffér g1, pH 5.0), followed
by the reaction with 20GL EDC (1 mg mL*) and 20QuL NHS (1 mg mL*) for 30
min at room temperature. Then, the activated MBewepeatedly washed and
resuspended in 1 mL TE buffer (10 mM Tris, 10 mMGiig 0.1% tween-20 pH 7.4).
100 pL NH-teminated AS strands (M) were added into the activated MBs solution
and incubated overnight at room temperature. Aftembation, the AS -conjugated
MBs (AS-MBs) were suspended in TE buffer (10 mMsTd0 mM MgC}, 0.05%

BSA, 0.1% tween-20, pH 7.4) for 60 min to block tien-specific binding sites and

then resuspended in 1 mL TE buffer. Afterwards, iIQDNA@AgNCs were added
7



to hybridize with AS-MBs at 37 °C for 14 h. Finglthe excessive DNA@AgNCs
was removed by magnetic separation. The resultgig@s-MBs were washed with
200 pL TE buffer (pH 7.4) for three times and resimsled in 500 pL of the same
buffer and stored at 4 °C for further use. As rége@by SEM analysis (Figure S1A),
the diameter of the resulting AQNCs-MBs does na@inge much (~200 nm). The
presence of silver element was confirmed by EDSlie¢Figure S1B). The
fluorescence property of AQNCs-MBs was charactdrizg confocal fluorescence
microscope and fluorescence spectrophotometerhmititn excitation and emission
slits of 10 nm and voltage of 700 V. The fluoresmewas detected at,/Aen=528/641
nm.

2.5 Exo | I1-assisted target cascade amplification.

First, 20 pL hairpin DNA (HP, 1uM), 40 pL AgNCs-MBKO pL Exo Il (9
U/100 pL) were mixed with 20 pL p53 with variousicentrations. The reaction
solution was incubated at 37 °C with gentle shakhy10 rpm for 70 min. Thereatfter,
the reaction was stopped by heating at 70 °C fanR0 After magnetic separation,
the supernatant was monitored at 641 nm by a Hit&a@®00 fluorescence

spectrometer.

2.6 PAGE gel electrophoresis.

Non-denaturating polyacrylamide gel electrophoréRMSGE) was performed to
confirm the feasibility of the cascade amplificatistrategy. The samples were
obtained by mixing 1@L DNA sample (2uM) and 2uL loading buffer. The mixture
was added into 15% polyacrylamide gel. Next, etgtioresis was run at a constant
voltage of 100 V for 45 min inX TBE buffer followed by staining with 4S Red Plus

for 30 min. Gel images were obtained by an UV diginaging system (Shanghai



Furi Science & Technology Co. Ltd.)
2.7 Real sample analysis.

Peripheral venous blood samples were obtained fhenschool hospital of
Northeastern University (Shenyang, China), andaadtibto clot at = for 1 h. After
centrifuged at 3000 rpm for 10 min, the serum wamsated and diluted for 10-fold
by Tris-HCI buffer (pH 7.4). Fresh urine samplegeverovided by healthy volunteers
and centrifuged at 8000 rpm for 10 min to removpunties including crystals, cells,
and cell fragments. The supernatant was then diligie10-fold by Tris-HCI (pH 7.4)
before analysis.

3. Results and discussion

3.1 Principle of the cascade amplification strategy.

The principle of the novel cascade amplificatiaatgtgy is shown in Scheme 1.
First, hairpin DNA (HP) hybridizes with the tard@NA and opens up the stem-loop
of hairpin structure. As the hybridization genesaaeblunt end, which is soon
recognized by Exo lll, the digestion from the e HP strand begins.OIn this way,
the Exo lll-assisted target recycling amplificati@RA) starts, and large amount of
walker strands (WS) are generated for the followMA walker process. In the
second step, the anchor strands (AS) conjugatddBsisurface are designed to be
complementary with AQNCs labeled DNA at g regioridion AgNCs-MBs
hybridization complex, and the c* part of AS isidegd to hybridize with WS. As the
ERA proceeds, WS is generated and soon hybridigdsA8 to form a recessed 3'
end. As Exo Ill can also recognize the recesséet@inus of double-stranded DNA,
the cleavage of AS strand from the 3' terminusiggiéred. As the cleavage proceeds,

WS strand is partially released and the free ga'® hybridizes stochastically with

9



the proximate AS strand on MBs surface. In this wiag WS walks along the surface
of MBs and releases AgNCs into the supernatantn,Tihe fluorescence of the

supernatant is recorded for quantification.

Scheme 1. Schematic illustration of the one-pot&@es amplification strategy for DNA sensing.
The amplification strategy is developed by the coration of ERA and 3D DNA walker, where
the fluorescence of AgQNCs is used as signal output.

3.2 Feasihility of cascade amplification strategy.

The non-denaturating polyacrylamide gel electrophisr(PAGE) experiment
was performed to investigate whether the ERA anéingprocess could proceed
only in the presence of the target. As shown iufédla, when HP is mixed with the
target (the p53 DNA), a new band can be observéahm 5 (p53+HP)ndicating the
successful hybridization between p53 DNA (lanerid HP (lane 2) to form the
p53/HP duplex. In lane 6 (p53+HP+EXxo IIl), when HKas added to the (p53 + HP)
mixture, the band of p53/HP duplex disappearscatdig that Exo Il could

effectively digest p53/HP duplex to generate watlitesinds (WS). Meanwhile, it was
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observed that DN@gnes) (lane 3)could hybridize with AS (lane 4), which was
confirmed by the appearance of a new band in Ia(@ENA agncs) +AS). When Exo

Il is added in lane 8 (DNAgnes) TAS+EXo ), the bands are almost the same ds tha
in lane 7, indicating that the AgNCs-AS duplex aainpe digested by Exo Ill. In lane
9 (p53+HP+ DNAugnes) +AS), the hybridization products of both (p53+ Hipp

(DNA (agncs) +AS) are observed. In lane 10 (p5S3+HP+ QNAcsiFAS+EXo Ill), in

the presence of Exo lll, the hybridization bang58/HP and that of AQNCs-AS
duplex become shallower, whereas the bands of p& D& Axgnes) appear. The
results herein demonstrated the feasibility ofahmplification cascade by combing
ERA with 3D DNA walker for target DNA detection. Vilerther tested the feasibility
of this biosensing system by comparing the fluazase response of a series of
samples with different components. As shown in Fadlb,the control groups of A
(AgNCs-MBs+EXxo Ill), B (AgNCs-MBs+p53+HP), C (AgN@dBs+p53+Exo 1)

and D (AgNCs-MBs+HP+Exo Ill) exhibit weak fluoresme intensity. In column E
(AgNCs-MBs+HP+p53+Exo Ill), when all the elementglos biosensor system are
present, a strong fluorescence intensity is obslefieis indicates that the cascade
amplification strategy produces remarkably ampdifsggnal for the detection of target
DNA. Moreover, confocal fluorescent microscope ies¢CLSM) also evidenced the
feasibility of this system. As shown in Figure SBAthere is no fluorescence
emission in the CLSM image when the solution omgtains COOH-MBSs, whereas
red emission is observed when the DNA@AQgNCs areessfully loaded on the
surface of MBs. Furthermore, upon the additions8 pnd Exo lll, the ERA and

DNA walker cascade amplification process proceezlsasing AgNCs into the
supernatant. Therefore, as can be seen in Figutbelluorescence becomes weaker

and weaker as the amplification reaction proceed2@, 40, 60 min, confirming the

11



feasibility of this strategy.

2001 | |A: AgNCs-MBs+Exo Il

| |B: AgNCs-MBs+p53+HP
8004 [TIC: AgNCs-MBs+p53+Exo Il
I D: AgNCs-MBs+HP+Exo Ill

. E: AgNCs-MBs+HP+p53+Exo Il

p53 + _ - =+ o+ = =+ +

HP lel=lalal==]o +
DNA (agn == - =+ o+ o+ +

Cs)

AS sl=laol=l=] o |o]|o +

EXO!1TIN R N NI I N I (R I I

Figure 1. Characterization of cascade amplificatibthe one-pot cascade amplification system.
(a) PAGE (15%) images. All reactions were run at@@or 45 min. The concentration of each
standard DNA sample was set gsngol L™. Lanes: (1) p53, (2) HP, (3) DN&ncsy (4) AS, (5)
mixture of p53 and HP, (6) mixture of HP, p53 ana BI, (7) mixture of AS and DNfgnces) (8)
mixture of AS, DNAagnes) and Exo ll1, (9) mixture of HP, pS3, AS and Dé\cs), and (10)
mixture of HP, p53, AS, DNAgnes) and Exo lll. (b) Fluorescence intensity of thiesgnsor at
different experimental conditions: (A) AQNCs-MBs+&HhI, (B) AQNCs-MBs+p53+HP, (C)
AgNCs-MBs+p53+Exo lll, (D) AGNCs-MBs+HP+EXxo Ill, AgNCs-MBs+p53+HP+Exo |l
The concentration of p53 was 1 pM. The fluorescantesity was recorded af/Aem =528 nm
/641 nm. Error bars indicate the standard deviatgidniplicated test. (c) Confocal fluorescent
microscope images (CLSM) of AgNCs-MBs reacting vétto 111, p53 and HP for 0 min, 20 min,
40 min, 60 min. Experimental conditions for (c):daX4: 9 U/100 pL, 10 pL; p53: 500 fM, 20 uL;
HP: 20 pL, AgNCs-MBs: 40 L, reacting at 37 °C different times and terminated by 70 °C-
heating for 20 min.

3.3 Optimization of experimental conditions.
In order to achieve optimal analytical performartbe, effects of the
concentration of anchor strands (AS), DiNfycs)and Exo I, as well as the cleavage

time and temperature on the response of the bios&rese thoroughly investigated.
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As the signal probe (AgNCs) is immobilized on thefgce of the MBs by
hybridization with the AS, the concentration of A3 key factor that affecting the
density of AQNCs on the surface of MBs. In ordeoptimize the concentration of AS
used in the preparation step of AQNCs-MBs, FAM Vedeled at the 3' end of AS and
conjugated with COOH-MBs at different concentrasiods shown in Figure 2A, the
fluorescence intensity of FAM at 517 nm increasasioly with an increasing
concentration of FAM-AS and reaches a plateau whertoncentration is about 7
uM. Thus, 7uM was selected as the optimal AS concentratiorsigisal probe, the
concentration of DNfgncs) iS another important parameter affecting the bisse
performance. In this system, the density of DNA@ A&gNmmobilized on the surface
of MBs was optimized by optimizing the concentrataf DNAgncs) from 0.05 to
5.3uM. As shown in Figure 2B, the fluorescence intgneftAgNCs at 641nm
increases with the increase of the concentratiddMA agnes) and reaches a plateau
when the concentration exceeds 2\0. Therefore, the concentration of 21M was

used in this experiment.

~ 15001 A —~1600{ B
=) S
8 1200 @
12004
2 >
®» 9001 =
< c
2 @ 800+
6001 1=
1 1
LL 300- LL 4001
0 0.
0.05 0.1 02 1 3 5 7 10 0.050.080.2 04 0.6 1.2 2.0 35 5.3
AS DNA (M) DNA agnes) (HM)
1000 ¢ _ 15001 p
5 3
8. 8001 &, 12001
2 2
‘B 6001 ‘w9004
c c
2 2
S 4001 6004
1 1
L 200 T 3004
0+ 0-
0 3 6 9 12 15 0 15 30 45 60 75 90

Figure 2. The effect of (A) concentration of AS DNB) concentration of DNAgncs), (C)
concentration of Exo Il and (D) cleavage time ba performance of the biosensor. p53
13



concentration: 1 pM; For A: FAM labeled AS DNA wased instead of AS DNA, and the
fluorescence intensity of FAM at 517 nm was meabswigh A= 480 nm; for B-D: the
fluorescence intensity of AQNCs at 641 nm was meabwithA,=528 nm.

Exo Il is the driving force for this cascade arfipition system, thus its

concentration affects the performance of the bisgerrigure 2C reveals that as the
concentration of Exo Ill increases from 0 to 15Q04LL, the fluorescenceesponse
gradually increases and reaches a maximum whegaxiéll concentration is about 9
U/100uL. As both ERA and walking is powered by Exo IHettwo amplification
steps can be integrated into one-step, i.e., ohégruogeneous amplification
reaction was adopted. Sufficient digestion timeuess maximum signal amplification.
As can be seen in Figure 2D, the fluorescence sitieimcreases along with the
digestion time and reaches plateau at 70 min. Tthespptimal digestion time was
chosen at 70 min. Enzyme activity limits the reactiate of the biosensing system
[28], and the temperature is an important factteciiihg enzyme activity. Therefore,
the reaction temperature was also optimized andethdts are shown in Figure S3.
When reacted at 37 °C, the biosensor performsebke bherefore, 37 °C was chosen
as the reaction temperature. In summary, the bgamsas constructed by conjugating
MBs with AS DNA (7uM) and DNAagnes) (2.0 uM); the cascade amplification
system of ERA and DNA walker is proceeded at 37wWith Exo Il concentration of

9 U/100 pL for 70 min.

3.4 Analytical performance and practical application.

Under optimized conditions, the sensitivity of freposed biosensor was
evaluated by adding different concentrations of pbtBie range of 0 to 1 pM. As
shown in Figure 3, the fluorescence intensity exfid good linear correlation with
the logarithm of the concentration of p53 in thega of 40-1000 fM with a

correlation coefficient of 0.9848. The fitting eqjoa is F= 509.6 log 5-327. Based

14



on the equation gp = 39k (where k is defined as the slope of regressionterua
CLop refers to the limit of detection (LOD), astefers to the standard deviation of
the blank (N =9)), the LOD is calculated to be I8 This detection limit is lower or
comparable to previously reported methods for gitection (Table 1 Although
ERA-based signal amplification methods have prestipheen reported for the
sensitive detection of gene, our ERA+DNA walkerraggh employs one type of
enzyme in both ERA and walking, which facilitateseepot detection and largely
simplifies the operation procedure. Besides, irstdaising fluorophore labeled DNA
strands, fluorescent AQNCs were synthesized usig Birands as template,

facilitating sensitive cascade amplification datatiof nucleic acid analytes at

relatively low cost.

1500
A 1200{ B
5 1200 3 1000
8 < -
2 9001 2 800- ~ 120 loanan
'z, ® :-1000 Linear range:40-1000fM
2 S 6004 £
£ 6001 € @ 800
o = £
e T 4001 S
3001 N I
15 18 21 24 27 3.0
. 200 Log Cyss (M)
600 620 640 660 680 0 200 400 600 800 1000

Wavelength (nm) Cos3 (M)

Figure 3. (A) Fluorescence spectra of the bioseimsthre presence of various concentrations of
p53 (0-1000 fM). (B) Calibration curve corresporglio the fluorescence signals with different
concentrations of p53. Inset: Linear calibrationveubetween fluorescence intensity and the
logarithm of p53 concentration within a range of DO fM. For (B), the fluorescence intensity

of AgNCs at 641 nm was recorded with= 528 nm;

Table 1. Comparison of different amplification madls for nucleic acid detection.
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Detection Detection

Target Amplification strategy Detection range o Ref.
method limit
DNA CHA colorimetric 20 _1><1o3 pM 20 pM 15
Exo lll-assisted target recycling
DNA o fluorescent 0.1-1pM 0.52 pM 16
amplification
mMiRNA DNA walker + RCA fluorescent 0.1 .1><1o3 pM 0.58 pM 17
mMiRNA DNase I-assisted target recycling fluorescent 10 -1 ><1o3 pM 2.3 pM 18
o Nt.BbvCl-assisted nicking cyclic+ electrochemis 3
antibiotics ] . o 0.1-1x10 pM 0.83 pM 19
Exo lll-aided cyclic amplification try

Exo lll-assisted target recycling electrochemis

3
DNA - 0.92 pM 20
+CHA try 0.1-5x10 pM p
Exo lll-assisted target recycling + This
DNA fluorescent 0.40 -1 pM 0.18 pM
3D DNA walker work

High specificity is a necessary property of biogensherefore, the specificity of
the biosensor was also investigated by measurmgeponse of four kinds of DNA
counterparts, including target DNA (p53), singless®danismatched DNA (M-1, M-2),
two-base mismatched DNA (M-3, M-4), three-base naigmed DNA (M-5, M-6) and
randomly mismatched sequence (MS) at the same etvaten. As shown in Figure
4, an obvious fluorescence signal was observeespanse to the target, and the
fluorescence signal of the target was about 1r@é4gj 2.06 times, 2.45 times, 3.34
times, 5.67 times, 6.15 times, 8.65 times, 15.@sims that of M-1, M-2, M-3 M-4,
M-5, M-6, MS and Blank, respectively. As shown igite S4, the biosensor also has
certain specific recognition ability in differerdraple matrix including human serum
and urineThese results all indicateatthe ERA and DNA walker-based cascade

amplification biosensor enables specific detectibp53.
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Figure 4. Specificity investigation of the biosensor for p&ection. The fluorescence intensity
of AgNCs at 641 nm was recorded with= 528 nm; error bars are the standard deviatideenta

from three independent experiments. p53 and misnial¢A concentration: 1pM.

To explore the potential application in biologisaimple, the biosensor was
employed to detect p53 in human serum and uringkesmAs the level of p53 in
serum from a healthy volunteer was low and notaalde with our approach,
different concentrations of p53 were spiked intausesamples for the evaluation of
recoveries. According to the analysis results offga 1~ 4 in Table S2, the recovery
of the p53 analysis was ranging from 96% to 1088a@Mith relative standard
deviation (RSD) of 2.1-5.1%. The analysis resultsrme samples 1~ 3 are shown in
Table S3, with the recoveries ranging from 94%Q08% and the RSD within
2.3-6.2%. These results suggested that the propmssensor holds the practical
potential in the detection of cancer-related sirggtanded DNA fragment. It should
be pointed out that the suitable analyte of thisénsor is short single-stranded DNA,
whereas the cancer-related gene exists in the ddouble-stranded DNA in human
serums. Therefore, for the application of this biwor in cancer diagnosis, DNA
extraction from clinical samples and PCR amplifmatstep are required to get

single-stranded cancer-related gene copies fdrdudquantification.
4. Conclusion

In conclusion, a simple, one-pot and ultrasensiBe¢thermal cascade

amplification strategy was proposed for the cortsion of highly sensitive and
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selective DNA sensor. This DNA sensor has sevehad@tages. Firsgne-step
reaction avoids complicated operation procedurs fadilitates simple and fast
nucleic acid detection. Second, compared with drogtion cascade driven by
multiple enzymes, the single-enzyme driven caseadgification is simpler and
cheaper. Meanwhile, it is also more efficient wigspect to enzyme-free system.
Under optimal conditions, this biosensor showedh lsignsitivity andgpecificity
for p53 detection with the LOD down to 18 fM. Mox&w, it could be expanded
easily to other targets by simply changing the gatton sequence of the hairpin
probe. Thus, this new methodology can be expectedavide a highly sensitive

platform for the amplified analysis of various targnolecules.
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Highlight
® An Exo lll-assisted target recycling amplification (ERA) and 3D DNA walker

cascade amplification system was constructed.

® Two-step amplification was integrated into one-pot cascade amplification which

Ismuch simpler in operation.



Declaration of interests

The authors declare that they have no known competing financial interests or personal

relationships that could have appeared to influence the work reported in this paper.



