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Abstract

In this work, a new label-free biosensor based onlyigtiective decomposition
of a branched DNA polymer and target-transitionycdog amplification was
designed for ultrasensitive electrochemical deteation of lead ion (PY). The
branched DNA polymer formed by hybridization chagaction (HCR) was first
immobilized on electrode and served as the caffoerloading abundant silver
nanoparticle (AgNPs) to generate an extremely mgtal current signal output. Then,
the molecular triggers Tand B, which were produced through a target-transition
recycling amplification, could respectively disasdde the backbone and side chain
of the branched DNA polymer with remarkably deceshsurrent for sensitive
detection of PH. Compared with traditional one-trigger inducedadisembly strategy,
the proposed approach exhibited higher decompaséficiency. The experimental
data showed that this developed biosensor had arisupperformance for Bb

detection with a low detection limit down to 0.2MpFurthermore, the established
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strategy set up a new way to achieve the ultrasemsietection of metal ions.
Keywords: branched DNA polymer; dual triggers induced disaddg; high

decomposition efficiency; strand displacement lieact

1. Introduction

Branched DNA polymer, as one of the typical natypsalymer commonly
formed in a “bottom-up” assembly mode through padyase chain reaction (PCR)
[1], rolling circle amplification (RCA) [2], hybridation chain reaction (HCR) etc.
[3-5], has attracted increasing attention owingitsosuperior biocompatibility and
programmable structure, and thus be widely applied the field of
electrochemiluminescent [6], fluorescent [7], pled¢atrochemical [8], especially
electrochemical biosensors [9] for the detectionvafious targets including small
molecules, nucleic acids and proteins. Since thadired DNA polymer composed by
vast DNA strands contains abundant repeat unitge laumber of binding sites can be
provided for assembling signal probes such as nethyblue [10], ferrocene [11] and
[Ru(NHs)e]** [12] with significantly improved sensitivity. Morémportantly, the
branched DNA polymer inherently possesses the al@sirreversibility of forming
and decomposition [13,14], furnishing a possibibfyconstructing a biosensor based
on the decomposition of branched DNA polymer wittr@mely high initial signal.

Up to now, the decomposition of branched DNA polynh@s been mainly
performed by increasing temperature or using DN&%B] Nevertheless, these
methods exhibit a fatal defect of unwinding a dert®NA polymer without
selectivity. By contrast, strand displacement neact(SDR) as a physiological,
selective, and enzyme-free disassembly strategy ctmtrolling DNA polymer

disassembly has been developed to resolve the abemgoned problem. [16-18]
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Therefore, it can be feasible to design a singiesied DNA that disassembles
branched DNA polymer through hybridizing its bott@MNA on electrode surface, but
suffers from relatively weak depolymerization affiecy. [19-21] This may be due to
the steric hindrance between tremendous DNA brahdtmicture and supported
platform, as well as the fact that the limited geg DNA disassembles the branched
DNA polymer with a slow speed. Hence, exploring effective strategy that can
disassemble DNA polymer with high disassembly &dficy is urgently desired.
Compared with above-mentioned traditional one-#rggduced disassembly strategy,
once multichannel dissociations can be simultarlgowshieved during the
depolymerization of branched polymer from outsideirside, which is able to
overcome the aforementioned shortcomings and tbhengigosition efficiency would
be tremendously enhanced. [22]

Inspired by the above-mentioned points, a new pgathultrasensitive PB
detection was established in this work by combinDbijAzyme assisted target
recycling and controllably efficient disassemblybyinched DNA polymer induced
by SDR. As shown in Scheme 1, the branched DNArmehwas first constructed on
electrode through HCR, which could offer an iddatfprm for the immobilization of
outstanding electrochemical signal tag silver nanioges (AgNPs). Meanwhile, the
target PB" circularly activate the cleavage of substrate nstran PB*-specific
DNAzyme with high specificity to generate large gtites of released substrate
fragments (T and T). [23,24] Coincidentally, the released; Bnd T could
respectively decompose the backbone and side c¢hgmmeformed branched DNA
polymer, which largely improved the disassemblinificiency compared with
traditional one-trigger induced disassembly stratég a result, the signal indicator

AgNPs embedded in DNA double-strand was dissociétech electrode surface,
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leading to an obvious decreased current and furtiiematically improving the
detection performance. The established assay oppnan innovative avenue for

sensitive determination of various targets suchmesl ions, protein and DNA.
(Schemel)

2. Experimental section

2.1 Materials and reagents

Chloroauric acid (HAuG) and hexanethiol (HT) were bought from
Sigma-Aldrich Co. (St. Louis, MO, USA). Trisodiuntrate (GHsNagO-2H,0) and
sodium borohydride (NaB# were ordered from Kelong Chemical Co. (Chengdu,
China). Silver nitrate (AgN€) and lead nitrate (Pb(N{2) were commercially
available from Sinopharm Chemical Reagent Ltd. (@hai, China).
Amino-modified magnetic polystyrene microspheresSQP were provided by
Baseline Chrom Tech Research Co. (Tianjin, ChiAdl)involved oligonucleotides
were custom-synthesized by Sangon Inc. (Shanghaal; and their sequences were
given in Table 1. The base sequences marked with dhme color were

complementary with each other.

(Table 1)

2.2. Instruments

All electrochemical measurements including lineaeap voltammetry (LSV),

cyclic voltammetry (CV) and electrochemical impedarspectroscopic (EIS) were
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performed using a CHI 660D electrochemical workstat(Chenhua, Shanghai,
China). LSV measurement was monitored in 1.0 M K@ution with -0.2 ~ 0.2 V
potential scan range. CV and EIS involved in theolhexperiment process was

performed in 2 mL mixture comprising 5 mMs[ke(CN))/K 4J[Fe(CN)).

2.3. Synthesis of DNAzyme-functionalized magnetic composites

First, gold nanoparticles (AuNPs) with 16 nm inrdeter were synthesized on
the basis of previous protocol. [25] Afterward, & MuNPs was subjected to 1 mL
the NH-modified PSC magnetic solution and reacted for ath4 °C via Au-N
bonding for synthesizing AUNPs@PSC magnetic contgmsiFurthermore, in order to
obtain PB*-dependent DNAzyme, 2L AuNPs@PSC magnetic composites were
initially blended with 20uL catalytic strands (2uM), and the resulting mixture
reacted for 12 h at 37 °C. After magnetic sepanat®® uL substrate strands {ZM)
were added into the above magnetic composites gnddized with catalytic strands
in magnetic bead to form a specific DNAzyme for °PbThe DNAzyme

functionalized magnetic composites were then ségéiay magnet.

2.4. Electrochemical detection of Pb?*

Prior to use, four hairpin DNA monomers (%, DMK, DM3S, and DM,)
were annealed at 95 °C for 5 min and subsequeatied to room temperature for 1
h. [26,27] The JuL of 0.25uM DNA initiator (DI) was first pipetted onto theezdned
electrode and incubated overnight at 4 °C. Subsglyyeto reduce nonspecific

adsorption of modified electrode, 1& HT (1.0 mM) was cast onto above electrode
5



111  for 40 min at room temperature. After washing wdtktilled water, the electrode was
112 treated with 2QuL of the DNA monomers mixture including 2181 DM 1S;, DM2K,
113 DMs3S; and DM, (1:1:1:1) for 2 h at 37 °C to form the branchedMpblymer. Then,
114  10puL AgNOs solution (100uM) and 10uL freshly prepared NaBjsolution (1 mM)
115 was coated on electrode for 30 min at room tempegain the dark successively,
116 which could reduce Agto generate numerous AgNPs on the DNA skeleton for
117  electrochemical signal output. At the same timeemthe formative PB-DNAzyme
118 encountered target Phthe substrate strand of DNAzyme was cleavedtintoparts,
119 releasing dual triggers;Tand . After that, the above released triggers &nhd T)
120 was dropped on electrode and incubated at 37 °Qfdw, which leaded to the
121 disassembly of preformed branched DNA polymer, aqumied by the release of the
122  signal indicator. The electrode was finally rinsediltrapure water and then subjected

123  to the LSV measurements in 1.0 M KCI solution.

124 3. Results and discussion

125 3.1. Characterization of the electrochemical sensing platform.

126 Here, the modification procedure of electrode waaracterized by CV in 5 mM
127  [Fe(CNY]*™* solution at a potential range from 0.2 to 0.6 ¥.displayed in Fig. 1A,
128 the pretreated GCE exhibited a couple of reversibtiox peak (curve a). With the
129 electro-deposition of AuNPs, the current respomeeeased owing to the favorable
130 conductivity of AuNPs (curve b). Due to the negatigharge on the phosphate

131 backbone of DNA influenced the movements of [Fe(@Nf", an obviously
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decreased peak current (curve c) was emergedfigas assembled onto electrode.
Then the surface-blocking procedure with HT gemetat decrease of current (curve
d). The peak current further declined after incigmawvith mixture of DMS;, DM2K,
DM3S, and DM, (curve e), demonstrating the successful hybrigimadf the four
DNA hairpin monomers and DI to form branched DNAymaer. Followed by the
incubation of released triggers and b, an apparent increase of the peak current was
detected (curve f), which was ascribed to the dmably of branched DNA and the
release of DNA fragment from electrode surface.

Furthermore, EIS measurement was employed to dease the biosensor
fabrication process in [Fe(CNJ ™ (5 mM) solution containing KCI (0.1 M). As
displayed in Fig. 1B, the bare GCE displayed a ksahicircle (curve a). When the
AuNPs were deposited on the GCE, the value of irapeel decreased significantly,
suggesting the excellent conductivity of AuNPs Yeulb). Afterwards, with the
successive immobilization of DI, HT and four DNAifmn monomers (DMS;,
DMK, DM3S, and DM,), the impedance values increased in order (cu@k ©One
potential reason might be that the DI, HT and DNaAppin monomers significantly
hinder electron transfer. However, after the strdisglacement reaction was triggered
by dual triggers T and T, the decrease of impedance value was caused by the

dissociation of branched DNA polymer on electrocigrye f).

(Fig. 1)

3.2. Optimization of the assay conditions
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To obtain better detection performance of the lniese some experimental
parameters including cleavage time of Pdnd incubation time of triggers {&nd B)
were optimized. In the process of DNAzyme-assistedet recycling, cleaving time
was the crucial factor that influenced the cleawafigct. As shown in Fig 2A, with
the increasing of incubation time, the responseeots for 10 nM P8 tended to a
steady value at 80 min. Therefore, 80 min was sadeas the optimal time for the
cleavage of P.

In addition, the incubation time of triggersi(@&nd §) was also an important
parameter that influenced the signal response.bféseched DNA polymer could be
disassembled into DNA monomer units by triggersaaiid T, and the DNA monomer
thus released from electrode surface. Thereforee Mpand T could depolymerize
more branched DNA polymer, which further resultacthe release of electroactive
material AgNPs for low signal response. As can éensfrom Fig 2B, the current
signal decreased along with the increase of the&biaiton time of triggers and reached
a plateau after 120 min, suggesting that 120 mis wee optimal time for the

dissociation of branched DNA polymer.

(Fig. 2)
3.3. Comparison of different dissociation approach

In order to verify the high decomposition efficignof proposed strategy,
contrast experiments of biosensors were perfortnexnigh the comparison of current

response after incubating different molecule triggen the electrodes. As shown in
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Fig. 3A, there appeared a strong peak current 8242) when the formative
branched polymer was treated withoytahd §. While branched DNA polymer was
treated with only T, a high LSV response (113.2) was obtained, indicating that T
depolymerized the backbone of polymer (Fig. 3B).d&snonstrated in Fig. 3C,»T
merely dissociated the side chain of branched DNWmer, resulting in a relatively
higher signal (155.8A). However, when dual triggers, &nd T, were simultaneously
introduced to disassemble the backbone and side ofigoolymer for realizing the
efficient decomposition, a remarkably decreasedtmlehemical signal intensity
(93.1pA) was observed (Fig. 3D). The reason might beilasdrto the fact that our
proposed strategy could improve decomposition ieficy, resulting in excellent

analytical performance.

(Fig. 3)

3.4. Analytical performance of the biosensor for detection of Pb?*

Under the optimized conditions, different concetivras of target PB were
analyzed by the constructed electrochemical biasewsth LSV measurement. As
shown in Fig. 4A, the LSV current response decrbagigh the increment of Bb
concentrations. A linear dependence between thie pa@ents and the logarithm of
PK** concentrations was acquired in the range from 1t@NI00 nM with a detection
limit of 0.24 pM (S/N = 3). The linear relationshipuld be represented bs -29.159
lgc + 124.151, with the correlation coefficient of = 0.9980, wherel and c

represented the peak current intensity arfd Bincentration, respectively. In addition,
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compared with other published Phbdetection methods (Table 2), the elaborated
electrochemical biosensor provided a more effecipproach with lower detection

limit and wider dynamic concentration response eang

(Fig. 4)

(Table 2)

3.5. Selectivity and reproducibility of the biosensor

The selectivity of the constructed electrochemiakensor was investigated by
using C&*, Mg®*, Cu* and N* (1 uM, respectively) as interfering metal ions under
the same conditions. As shown in Fig. 5, the LS¥pomses were nearly in
accordance with that of the blank sample when fiaitielg metal ions were incubated
alone. However, when 10 nM Plwas coexisted with the interfering substance$ Co
Mg**, Cu#* and NF*, only negligible changes were discovered compaoethat of
only PIF* existed. The satisfactory results revealed thé Isigectivity of this P
detection system. To further examine the reprodiitgilof the established assay, four
repetitive experiments were carried out to meagGreM PE* in 1.0 M KCI on the
same electrode, and a relative standard deviat®D] of 4.3% was obtained,

implying that the protocol was equipped with goegdroducibility.

(Fig. 5)

3.6. Detection of Pb®* in real samples

10
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To further confirm the practicability of this elesthemical biosensor in real
application, the recovery experimental trials weestified by standard addition
methods. The water samples used in the study \aprevater that collected from the
Jialing River (Chongging, China). Afterwards, thater samples spiked with Phat
various concentrations of 1.00 1CF, 1.00, 1.00x 10" and 1.00x 10° nM were
carried out using the established biosensor, amd ctirresponding results were
demonstrated in Table 3. The recoveries varied @& 0% to 103.00%, indicating
potential applicability for the detection of Pbwith acceptable accuracy and

reliability.

(Table 3)

4. Conclusion

In summary, by integrating the DNAzyme-aided targgtlic and in-situ
generating AgNPs as electrochemical signal tagrogrammable DNA structure, a
sensitive branched DNA polymer sensing platform ywasposed for PB detection.
The merits of the biosensor contributed to sevaspects: Firstly, under the cyclic
process of P8 cleavage, low number of target®leould generate abundant trigger
T, and &, which could further participate in the disassefl constructed polymer
with higher sensitivity. Furthermore, in comparistm only one-trigger induced
decomposition assay with inferior disassembly gfficy, the detection performance
of our proposed assay was further improved wittefficient decomposition design,
which was mainly contributed to the elimination afstruction caused by dendritic
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structure on electrode. In view of these advantaties demonstrated method thus

offered new opportunities for ultra-sensitively efgtng other targets.
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Figures caption
Scheme 1. (A) Preparation of DNA triggers (Tand ), (B) schematic illustration of
the triggers induced disassembly of branched DNKmper for the ultrasensitive
determination of PB.
Fig. 1. CV and EIS response of different modified electsid(a) bare GCE; (b)
depAu/GCE; (c) DI/depAu/GCE; (d) HT/DI/depAu/GCE; e)(
DMs/HT/DI/depAu/GCE; (f) incubation of T+ T, /DMs/HT/DI/depAu/GCE in 5.0
mM [Fe(CN)]*"™.
Fig. 2. (A) Optimum time of PB cleavage in PB-dependent DNAzyme. (B)
Optimum incubation time of triggers {&nd T) for inducing branched DNA polymer
disassembly. All the electrochemical signal respomas detected in 1.0 M KCI.
Fig. 3. LSV responses toward different dissociation meag8) without
decomposition, (B) T decomposition, (C) J decomposition and (D) ;Tand T
decomposition.
Fig. 4. (A) The LSV responses of the biosensor for therdgtetion of PB" with a
series of concentrations: (a) 1 pM, (b) 2 pM, (@)dM, (d) 40 pM, (e) 100 pM, (f) 1
nM, (g) 10 nM, and (h) 100 nM. (B) LSV calibrationrve of the biosensor for Pb
detection. The error bars represent the standasidta® of three separate assags(
3).
Fig. 5. Selectivity of the developed biosensor for 10 nM*Rind 1uM other metal
ions including C&', Mg**, CU/**, Ni**, and a mixture of PH and the interference

metal ions.
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Table 1. List of all DNA sequences employed in this study.
Table 2. The performance comparison of present work wittoreg methods for Bb
detection.

Table 3. Results of determination Ptin water sample and recovery test.
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Table 1. List of all DNA sequences employed in this study.

Name Sequence (55 3")
DI AAA AA-SH
DM,S, AR R INeINe CCA AAT CCT CAT CCC
! ACT CCT ACCCAT CTC TTC C
DMK ccAcTc ACT cac cTe Acc TTC AACCTT CAIEE
2 GTA GGA GTG GGA TGA GGA TTT GG
DM.S, CA CTT CCACTC ACT
CAC CTC ACCCTA AATCCAC
DM, COACICACICACICICIACEINEIAN -G T GAG GTG AGT GAG
ACT CAC TAT

Catalytic Strand HS-(CHy)s-CAT CTC TTC TCC GAG CCG GTC GAA ATA GTG AGT

GTG GAT TTA GGG TGA GGT GAG TGA GAC TCA CTA TrA GGA

Substrate Strand '~ AT GGG TAG GAG TGG GAT GAG GAT TTG G
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447 Table 2. The performance comparison of present work wittore methods for Bb
448  detection.

Method for analysis Detection limit Linear range Reference
Fluorescence 50 pM 50 pM - 500 pM [28]
Surface-enhanced
Raman scattering 8.9 pM 10 pM - 1uM [29]
Colorimetry 20 pM 50 pM -5 nM [30]
Electrochemistry 34 pM 50 pM - 200 nM [31]
Electrochemistry 20 pM 30 pM - 1000 nM [32]
Electrochemistry 8 pM 10 pM - 1000 nM [33]
Electrochemistry 0.75 pM 4 pM - 20 nM [34]
Electrochemistry 2pM 5 pM - 1000 nM [35]
Electrochemistry 0.24 pM 1 pM - 100 nM This work
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450 Table 3. Results of determination Phin water sample and recovery test.

Sample Added/(nM) Found/(nM) Recovery/% RSD/%
1 1.00x 10 1.027x 107 102.70 3.4
2 1.00 9.85x 10" 98.50 45
3 1.00x 10* 9.54x 107 95.40 2.1
4 1.00x 10° 1.03x 10° 103.00 3.7
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Table caption
Table 1. List of all DNA sequences employed in this study.

Table 2. The performance comparison of present work witloregal methods for Bb

detection.

Table 3. Results of determination Ptin water sample and recovery test.
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Figures caption
Scheme 1. (A) Preparation of DNA triggers (T and T»), (B) schematic illustration of
the triggers induced disassembly of branched DNA polymer for the ultrasensitive
determination of Pb*".
Fia. 1. CV _and EIS response of different modified electrodes: (a) bare GCE: (b

depAu/GCE; (c) DI/depAu/GCE; (d) HT/DI/depAu/GCE; (e)

DMS/HT/DI/depAwGCE: (f) incubation of T; + T, /DMS/HT/DI/depAu/GCE in 5.0

mM [Fe(CN)e] /.

Fig. 2. (A) Optimum time of Pb®** cleavage in Pb*-dependent DNAzyme. (B)
Optimum incubation time of triggers (T, and T>) for inducing branched DNA polymer
disassembly. All the electrochemical signal response was detected in 1.0 M KCl.

Fig. 3. LSV responses toward different dissociation means. (A) without
decomposition, (B) T, decomposition, (C) T, decomposition and (D) T1 and T,
decomposition.

Fig. 4. (A) The LSV responses of the biosensor for the determination of Pb®* with a
series of concentrations. () 1 pM, (b) 2 pM, (c) 10 pM, (d) 40 pM, (e) 100 pM, (f) 1
nM, (g) 10 nM, and (h) 100 nM. (B) LSV cdlibration curve of the biosensor for Pb?*
detection. The error bars represent the standard deviation of three separate assays (n =
3).

Fig. 5. Selectivity of the developed biosensor for 10 nM Pb** and 1 uM other metal
ions including Co?*, Mg*, Cu®*, Ni**, and a mixture of Pb*" and the interference

metal ions.
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Highlights
A novel label-free and ultrasensitive biosensor based on the dual triggers induced
DNA polymer disassembly was devel oped for Pb?* detection.
The proposed approach exhibited higher decomposition efficiency compared with
conventional one-trigger induced disassembly strategy.
The Pb**-dependent DNAzyme was introduced for target-transition recycling
amplification to promote detection sensitivity.
The fabricated electrochemical biosensor exhibited excellent sensitivity, good

selectivity, and acceptable reproducibility.



