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Abstract

A novel “off-On” electrogenerated chemiluminescer(&CL) biosensor has been developed for the
detection of mercury(ll) based on molecular rectignitechnology. The ECL mercury(ll) biosensor
comprises two main parts: an ECL substrate andGlin iBtensity switch. The ECL substrate was made
by modifying the complex of Ruthenium(ll) tris-(lyipdine)(Ru(bpy)’")/Cyclodextrins-Au
nanoparticles(CD-AuNps)/Nafion on the surface afsglcarbon electrode (GCE), and the ECL intensity
switch is the single hairpin DNA probe designedaadmng to the “molecular recognition” strategy whic
was functionalized with ferrocene tag at one endl @tached to Cyclodextrins (CD) on modified GCE
through supramolecular noncovalent interaction. d&monstrated that, in the absence of Hggh) the
probe keeps single hairpin structure and resutieal quenching of ECL of Ru(bpgj. Whereas, in the
presence of Hg(llpn, the probe prefers to form the T-Hg(Il)-T coempland lead to an obvious recovery
of ECL of Ru(bpy)®*, which provided a sensing platform for the detmctdf Hg(ll)ion. Using this
sensing platform, a simple, rapid and selectivé-Qii” ECL biosensor for the detection of mercury(ll
with a detection limit of 0.1 nM has been develaped

Keywords:Electrochemiluminescence, biosensor, nmg(ty, molecular recognition technology, Switch.

al. [17] designed an electrochemical biosensor Feg(ll)
determination based on target-induced hybridizateord the
Mercury has been widely recognized as one of thestmas detection limit of 0.6 nM was observed. A most réaeport by
hazardous pollutants and highly dangerous elemdumsto its Zhuang et al. [18] presented an Hg(ll) electrocleatnbiosensor,
accumulative and toxic properties in the environthesnd which used DNA hairpins as recognition elements extuibited
long-term exposure to high levels of Hg(llpn based toxins a detection limit of 2.5 nM. It is indicated thatl ahese
leads to serious and permanent damage of the tewmreous electrochemical DNA (E-DNA) biosensors could mest EPA
system and other organs [1-2]. Thus, the developofemethods 50 criterion of Hg(ll) detection in drinking water. However, the
for the highly sensitive and selective determinmatxd Hg(ll) ion Hg(ll) tends to bio-accumulate in the mammals' body which
is therefore of significant importance for the eowiment and  could gradually accumulate to higher concentratiomsd
10 human health and is the subject of current analytthemical eventually cause serious health damage. Therefioeee is an

1. Introduction

wv

research. urgent demand to design and develop novel electroifal
Various methods, including gas chromatography-atondis biosensors to achieve higher sensitivity for Hg{#ijection.
fluorescence spectrometry [3], atomic absorptioacgpmetry Electrochemiluminescence (ECL), the generationrobjtical

[4-6], fluorescence oligonucleotide beacons [7]d aBotope signal triggered by an electrochemical reactiondtracte much

15 dilution cold vapor inductively coupled plasma mass attention during the past several decades duestedhsitive,
spectrometry [8-9] have been reported for monitprig(l). simplified optical setup, very low background sigrend good
However, these methods have several disadvantages as 60 temporal and spatial control, and it has becomemgortant and
costly instrumentation, complicated sample prepamatnd the valuable detection method in biosensors [IRiithenium(ll)
need for well-trained operators. Therefore, thesenigrowing  tris-(bipyridine) (Ru(bpyy*) with the advantages of chemical

20 need for developing a low-cost and portable sensirsgem for stability, reversible electrochemical behavior,thigminescence
analysis of trace mercury. efficiency, and high sensitivity under moderate ditans”® has

Since Ono et al. reported that the Hg(ll) ion pesed a 65 been widely utilized in a number of bioanalyticeg@as, such as
unique property to bind specifically to two DNA thine bases  immunoassays, DNA analyses, chemical sensing, ingagind
(T) and could form stable thymine Hg(thymine (T-Hg(ll)-T) PCR product detection [21-27].

25 base pairs [10], various methods for the deteatforg(ll) ion, Here, we utilized molecular recognition techniquel apecific
based on this property of T-Hg(ll)-T coordinatidmeemistry, have ~ T-Hg(ll)-T interaction to construct “off-on”"ECL bsensor for
been developed in recent years [12-IHetail, T-T mismatches 70 mercury(ll) detection. The molecular recognitiorctieology,
in DNA duplexes selectively and strongly captureg(lHdon (a defined as the supramolecular noncovalent intemadtietween
binding constant higher than that of AT), and thetatmediated  the"host’and“guest’molecules, has played an impurtale in

30 T-Hg(I)-T forms stable DNA duplexes. the chemical sensing field, such as the supramislegensor

In contrast, other metal ions, such as ?'CuNi%, chip for the metal ion detection and the fluoresc&NA
PR*,Co* Mn?*,zr?* P+, Cf* Mg?*,C&*,F&* and SA*, do not 75 detection [28-29]. Cyclodextrins (CDs) are one kofdspecial
show any notable effect on the stability of T-Hp{ll DNA oligosaccharides which consist of six, seven, ghteiglucose
duplex . This strategy could provide a high selectivityvéod units (named, B or y-CD, respectively), and characterized by a

35 environmental Hg(ll) detection over other relategavy metal  toroidal form with a hydrophobic inner cavity andhgdrophilic
ions. More recently, a series of Hg(ll) DNA bioserssbased on  outer side.

T-Hg(I)-T are developed. Kong et al. [15] fabriedt an 80 This biosensor employs a ferrocene-labeled haipii# as
electrochemical label-free biosensor for Hg(ll) eteion with probe DNA, in which the ferrocene (Fc) moleculat ooly can
AuNPs-functionalized rDNA as a signal amplifier, ialinshowed interaction with cyclodextrins [30jut also quench the ECL of

40 a detection limit of 0.5 nM. Park et al. [16] implented an the Ru(bpyg2+ molecule [31-32]. Gold nanoparticles were used
electrochemical detection of Hg(ll) using grapheméde as the  as the amplification platform because of their ueigproperties
active indicator with a detection limit of 1 nM. &ddition, Niu et 85 such as fascinating electrocatalytic activity, &argurface area,
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excellent conductivity, and stability [33]. As figul showed, the  The SH-CD modified gold nanoparticles were studigth The
sensing platform was developed by modifying the posite of trans-mission electron microscopy (TEM) (JEOL,20R0F
and followed by immobilizing probe DNA through hagiest 65 Japan).The diameters ofi-cyclodextrin-Functionalized Au
recognition between Fc with CD modified on Au naadizles. Nanoparticles were about 16 nm. (see Supportirgyimdition (SI)

In the absence of Hg(ll), retained the single skeop structure  for details).

and Fc quenched the ECL of the Ru(bfy)molecule. After 2.4 Fabrication of the ECL-Hg(ll) ion Biosensor

incubated with Hg(ll), the linear-shaped part ablpe DNA folds A glassy carbon electrode (GCE, 2.0 mm diametery wa
into the T-Hg(ll)-T mediated hairpin structure anthis 70 polished successively with 0.3, 0.Q& alumina slurry, followed
conformational change leading the quencher to letwe by rinsing thoroughly with water. The CD-AuNPs-Nafi
electrode and resulting in the remarkable increzfsthe ECL mixture was prepared by mixing 0.5% Nafion and the
intensity obtained from the resulted electrode.lh phosphate =~ CD-AuNPs suspension prepared above (v/v = 1:2)sanétating
buffer saline ( PBS, pH 7.4) containing tri-n-prégyine (TPA). for 30 min. Then, 1QL of this mixture was spincoated onto the
Thus, the change of ECL intensity indirectly refégt the 75 surface of the cleaned GCE with a microsyringe alfmlved to
concentration of Hg(lljon. This new approach would be a dry at room temperature to obtain CD-AuNPs/Nafioadified

promising Hg(ll)ion detection procedure performed directly in GCE (CD-AuNPs/Nafion/GCE). After that,
the solution. CD-AuNPs/Nafion/GCE was dipped into 1 mL of 1 mM
Figure 1 Ru(bpy)?* for 30 min and then thoroughly rinsed with 10 mM

80 phosphate buffer (PBS, pH 7.4) to form an ECL layér

2. Experimental section Ru(bpy)?"/CD-AuNPs/Nafion/GCE. The ECL Hg(Ibiosensor

2 1 Material was fabricated by dipping Ru(bp§yCD-AuNPs/Nafion/GCE in
- Matenais 0.3 mL of 0.1 mM Fc-Probe DNA solution for 60 mindathen

Ferrocene-Labeled DNA oligonucleotides(Fc-Prob&Ap washed with 10 mM PBS (pH 7.4) thoroughly. The Hism
were purchased from Shenggong Bioengineering LAMGANY oo . oo e/Ry(bpyf /CD-AUNPS/Nafion/GCE ~ was  then

leilfgghaléj Chllna) alnd .\(/jvere ?urlrle? Vlﬁ Cl? relﬁigzase thoroughly washed with 10 mM PBS(pH 7.4) and usedhe
and polyacrylamide gel electrophoresis ( he ECL Hg(ll) ion biosensor.

sequences of these oligonucleotides employed ses dielow. 2.5 ECL sensing performance

zigt?l'rCEIFTmC?rdlltl'ﬁ'lq Hgg&g?&i&f@fggcﬂ TGTC The fabricated ECL-Hg(ll) biosensor was immersed00 pL

A vl . Q(i of 10 mM PBS (pH 7.4) containing a fixed concenratof

The ﬁ-f:yclodextrlns. were purchased from Wacker Chemica Hg(ll) for 40 min, followed by a thorough washingtlv10 mM
'\C/Iorparztgn. T:e iOdlum hydroxide, sodium gcitif;; (O'E PBS (pH 7.4). A commercial cylindroid glass cellsngsed as an
f’ P | : ) lan ot (:r reggegti V,\\/Ileri corEmterE;% Palgs ECL cell, which contained a conventional three-eetete system

oHar;az/nca rtee_lg_en gtr_a e o | P OSDT?)AE ne (ad ' consisting of a GCE, or a modified electrode orEaL-Hg(ll)
pH 7.4) containing tri-n-propylamine (TPA) was uses a ., piosensor as the working electrode, a platirplate as the
detecting buffer solution. All of the solutions egorepared with counter electrode, and an Ag/AgC! (saturated KGi) the
ultrapure water from a Millipore Milli-Q system. reference electrode, respectively. All potentialshis work were

Z.ZTﬁppgéaLtus L i ducted codal referred to the reference electrode. The ECL measemt was
N emiSsion measurements were Congusied ooggim performed using a triangular potential scan with tate of 100

MPI-A  electrochemiluminescence analyzer - (X'An Rema,, v/c'in 2.0 mL of 0.1 M PBS (pH 7.4) containing 504 TPA.
Electronic Science and Technology Co. Ltd., Xi'ABhina) at

; i Th lectrochemical The concentration of Hg(ll) ion was quantified by imcreased
room § Zmpi[]a ”r‘i'l b € | efc rﬁc e.m'fa ”I’(e‘?stf‘(;ﬁm“‘mh ECL intensity (A | = |5 — Ip), where § and & were the ECL
Irector N tWIC ausog eAel-Ic roc ?mlci wor Se;'. (te@thm intensity of the ECL-PB biosensor before and afteubation
nstruments 0., WISS). SXperimariSgyere carott with a with Hg(ll), respectively. All experiments were dead out at
conventional three-electrode system. The workimgtebde was

. ; . 105 room temperature.
a 2 mm diameter GCE; Pt wire and an Ag/AgCI elatdravith
saturated KCI solution served as the counter arfdremce
electrodes, respectively. The trans-mission electrocroscopy

=
wv

3. Results and Discussion

(TEM) (JEOL,2000FX Japan) and Nuclear Magnetic Rasoe 3.1 Characterization of Controllable Solid-State
Spectrometer-Bruker 400MHZ(Swiss). Ru(bpy)s*-ECL Film

2.3 Preparation of the p-cyclodextrin-Functionalized Au The corresponding ECL intensity-potential curves tbe
Nanoparticles 110 various electrodes in 0.1 M PBS containing 50 mMAT&e

Per-6-thiof-cyclodextrin (SHB-CD) is synthesized according presented in Figure 2(A). No ECL signal is obtaimeda bare
to the literature [34], but step slightly improvéske supporting  electrode (Figure 2(A) curve a). A strong ECL sigappears
information). Thep-cyclodextrin-Au Nanoparticles (CD-AuNps) when the ECL substrate of Ru(bgyJCD-AuNPs was
were synthesized according to previous literateggort with a immobilized on the electrode (Figure 2(A) curve khile a
modification [35]. Generally, 20 mL HAugl (0.6 mM) 115 sharp decrease of the ECL signal is observed wieguenching
aqueousdimethyl sulfoxide (@:DMSO=1:4) solution was monolayer of  ferrocene was  formed on the
quickly mixed with another 16 mL of DMSO containiBg) mg Ru(bpy)?"/CD-AuNPs/Nafion electrode (Figure 2(A) curve c).
SH-CD and 60.4 mg NaBfith stirring. The reaction mixture  The results verify that the ECL of the Ru(bg$)CD-AuNPs can
was allowed to continue stirring for 24 h at rooemperature.  be efficiently quenched by the Fc molecule.

Then, 32 mL CHCN was added to the reaction mixture and tt®® The mechanism for quenching ECL has been expglaa®
precipitate was collected by centrifugation. Thea precipitate  bimolecular energy or electron transfer betweenbByk** and
was washed with 50 mL of GBN:DMSO (1:1, v/v) and 50 mL  ferrocerium (F¢), the oxidized species of Fc, along with
of ethanol by centrifugation, respectively. The plmwas dried suppression of radical reactions [36].

under vacuum at 6€C overnight, and stored at room temperature. Obviously, the quenching efficiency of the ECLRii(bpy)?*

3



is dependent on the coverage of the Fc-Probe DNAthen To demonstrate the applicability of this new E&#nsor for
electrode surface. According to the method sugddsyeSteel et 65 the analysis of Hg(ll) ions in traditional chinasedicinal plant
al. [37-38] the coverage of the DNA on electrod€ae can be  samples, a lily sample was collected on the WanZai
calculated by measuring the number of cationic xedolecules, (JiangXi,China). The sample was prepared and thsted by the
5 such as tris(2,2,-bipyridyl)cobalt(lll) perchloratdectrostatically  proposed technigisee supporting information). No ECL change
associated with the anionic DNA backbone. The nektisoused was observed in this sample,which indicates thafliHgons
to estimate the average of surface coverage df¢Herobe DNA 70 were not detected. The lily sample was then spikid Hg(ll)
on the Ru(bpyf*/CD-AuNPs/Nafion/GCE . Figure 2(B) shows ion at different levels, and the recoveries of 8000, and 50
the average of surface coverage of the Fc-Probe DNA ng/mL Hg(ll) ion were 104.1+10.22%, 101.2 + 8.12%nd
10 self-assembly time for the Ru(bg$yCD-AuNPs/Nafion/GCE. 99.1+2.28%, respectively. Therefore, the proposesthod is
The results indicate that the average of surfacerege of the  particularly attractive for monitoring very low lels of Hg(ll)
Fc-Probe DNA increases steeply during the firstrd@ and then 75 ion in traditional chinese medicinal plant samples.
gently on the Ru(bpyj"/CD-AuNPs/Nafion/GCE (Figure 2(B) 3.3 Sensor Regeneration
curve a). As shown in Figure 2(B) curve b, the E@inals of the The prepared ECL-Hg(ll) biosensor with Fc-Proké/Dwere
15 Fc-Probe DNA/Ru(bpyf/CD-AuNPs/Nafion/GCE electrode are easily regenerated, because the Fc-Probe DNA weteosed to
synchronously decreased with the increment of sarfaoverage  the electrode though molecular-recognition and #imple
of the Fc-Probe DNA. It means that the quenchirigiehcy of 8o operation immersing electrode in which containing-Hfobe
ECL of Ru(bpy)*" is dependent on the surface coverage of the DNA solution (0.1 mM) for 60 min could make regester the
Fc-Probe DNA on the electrode surface. Greater tBa%o sensors easily. As shown in Figure 6, after behmgjlenged with
20 quenching efficiency of ECL of Ru(bpyj has been obtained Hg(ll) ion and regenerated for at least 6 cyclee, gensor signal
when the Ru(bpy}f/CD-AuNPs/Nafion/GCE was assembled in was almost recovered to the original value, sugugsthe

the 1.0 mM Fc-MB for about 1 h. 85 prepared ECL-Hg(Il) biosensor were reuseable.
Figure 2 Figure 6
3.2 Optimization of detection condition
25 A series of experimental was performed to estabbgtimal 4. Conclusion
conditions for the ECL detection of Hg(ll) ion, Ioding
hydrogen ion concentration (pH) and incubation time In summary, we completed a “off-on” electrogenetate

As shown in Figure 3A, the incubation time of EGénsor ~ chemiluminescence (ECL) biosensor for the detectioh
with Hg(ll) plays an important role in the detectidn the first 90 mercury(ll) based on molecular recognition techggloThis
30 40 min, the ECL intensity increased rapidly. Aftard, the ECL  sensor achieves impressive sensitivity and selggtiwith a
signal increased slowlgnd arrived a platform. Thus, we chose detection limit of 0.1 nM and negligible responseother metal
40 min as the incubation time. (Figure 3A). For RHg CL ions. It also offers simple operational convenienaad
intensity increased over the range of 6.5-7.4 deth tdecreased  cost-effectiveness. In addition, the electrochemsemsor could
(Figure 3B). Hence, PH 7.4 was selected for sub®quos be easily and rapidly regenerated and could besee-without
experiments. any discernible loss in activity.
Figure 3
3.3 Analytical Performance of the EC L-Hg(ll) ion Biosensor. ACKNOWLEDGMENT
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The effect of 11 foreign ions including %n Ccf*, B&*, Med. 347 (2002) 1755-1760.
PE* N2t ,CU#*, zr?* Md?, Fe”, Li* and SA* on this new  [3] H. Xu, L. Zeng, S. Xing, G. Shi, J. Chen, Y.axi, and L. Jin,
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intensity was not observed with the addition oLanber of metal determination of trace arsenic(lll), Electrochemon@nun. 10
ions at a concentration 2 orders of magnitude highan the 115 (2008) 1893-1896.
Hg(ll) concentrations (Figure 5). These results destrate this [4] M.K. Rofouei, A. Sabouri, A. Ahmadalinezhad, dart.
method has excellent SeleCtiVity for Hg(di\)er alkali, alkaline Ferdowsi7 Solid phase extraction of ultra tracesrcony (||)
earth, and heavy transition-metal ions, owing ® high affinity using octadecyl silica membrane disks modified by
60 and specificity of T-Hg(I)-T .Among the various taéions 1 3.pjs(2-ethoxyphenyl)triazene (EPT) ligand antedwination
studied, Hg(ll) shows the highest signal gain clangmpared,, py cold vapor atomic absorption spectrometry, Xadd Mater.
with the other metal ions. _ 192 (2011) 1358-1363.
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Figure

Figure 1,Schematic diagram of the fabrication process of ECL-biosensor for the
determination of Hg(ll).

Figure 2. (A) ECL intensity-potential profiles obtained at different electrodes in 0.1 M
PBS (pH 7.4) containing 50 mM TPA. (a) GCE, (b)
Ru(bpy)s**/CD-AuNPs/Nafion/GCE,(c)Fc-Probe/Ru(bpy)s**/CD-AuNPs/Nafion/GCE. (B)
The average of surface coverage of the Fc-Probe DNA on (a)
Ru(bpy)s**/CD-AuNPs/Nafion/GCE with self-assembled time, (b) ECL signals of the
Fc-Probe/Ru(bpy)s**/CD-AuNPs/Nafion/GCE with self-assembled time.

Figure 3. (A) ECL responses to 200 ng/ml Hg(ll) ion with different incubation time. (B)
ECL responses to 200 ng Hg(ll) ion with different PH.

Figure 4. (A) ECL responses to different concentrations of Hg(ll) ion. (B) Calibration
curve of Hg(ll) ion.

Figure 5. Selectivity of the analysis of Hg(ll) ion by the method depicted in Scheme 1
with the following metal ions: 1, blank 2, Sn**; 3, Cd*'; 4, Ba®"; 5, Pb*; 6, Ni*"; 7, Cu®*;



8,Zn**; 9, Mg*" ; 10, Fe*; 11, Li*; 12, Sn**; 13, Hg(ll). The concentration of Hg(ll) was
100 ng/ml. The concentrations of the other metal ions were 10 yg/ml. The illustrated
error bars represent the standard deviations of measurements taken from at least
three independent experiments.

Figure 6. Graphics for the regeneration of the ECL-biosensor with the stepwise
challenge with the 200 ng/ml Hg(Il) then incubated with the Fc-Probe DNA (0.1 mM).
N represents the times for the sensor regeneration.

Table 1. Comparison of Sensitivity for Different Hg(ll) lon Assay Methods
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analytical method
colorimetry

colorimetry

colorimetry

resonance scattering
colorimetry
fluorescence detection
fluorescence detection
fluorescence detection
fluorescence detection
electrochemical
electrochemical
electrochemical
electrochemical
hyper-Rayleigh Scattering
fluorescence detection
fluorescent/colorimetric

Electrochemiluminescence

Table 1

label
Au NPs
ruthenium complexes
metal NPs
Au NPs
hemin
quantum dot/Au NPs
phthalocyanine-T conjugate
Au clusters
Molecular Beacon
Au NPs
Au NPs
glucose oxidase
nanoelectrode
Au NPs
seminaphthofluorescein

rhodamine derivative

FC-RU(b[Z)y)_:;ZJr system

detection limit

1.3nM
50 nM
0.4 ppb
32nM
10 nM
19 nM
0.5nM
0.5nM
100 pM
0.02 ppb
5 ppb
50 nM

1 ppb
0.1nM
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