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Abstract

Nonmetallic plasmonic MagSnanosheets were synthesized by hydrothermal
top-down method. MoSnanosheets had shown strong surface plasmon ogupli
(SPC) light absorption in the visible and nearanéd region. Herein, the nonmetallic
plasmonic Mo hanosheets were employed to enhance the electndah@nescence
(ECL) signal of sulfur doped boron nitrogen QDsBEBS-QDs) in this work. It is
important to regulate the distance between ECL tepihore and plasmonic
nanoparticles. On one hand, too closed distanceaase energy or electron transfer,
which could quench the ECL intensity of nano-lunpihore. On the other hand,
plasmonic nanostructure cannot significantly afféoé luminescence in the far
distance. Therefore, we discussed the distanceadepé plasmon-enhanced ECL in
detail with different length DNA chains. Furtherrapmwe constructed a hybridization
chain reaction (HCR) amplification ECL sensing madiéh the SPC-ECL strategy.
The proposed DNA sensor can quantify hepatitis fisviHCV) gene from 0.5
pmol/L to 1 nmol/L with a limit of detection (LODYf 0.17 pmol/L.

Keywords: Mo$ nanosheets, surface plasmon coupling ECL, ECLggnessonance

transfer, biosensor, HCV gene, distance-dependesirgy,



I ntroduction

Hepatitis C virus (HCV) was single-stranded vird€V have been proved to be
the most common case of hepatitis in the worldaddition, about 200 million people
worldwide suffer from chronic hepatitis and aboumillion die from chronic viral
hepatitis. Furthermore, the infection rate of HG\rcreasing in China (Weinbaum et
al., 2009; Welzel et al., 2017; Hrift et al., 201Tpng-time chronic hepatitis can
eventually lead to serious liver diseases such iafiosis and hepatocellular
carcinoma (HCC) (Brody et al., 2011). HCV infectioamains a serious health
problem worldwide. Therefore, early diagnosis afoectic hepatitis plays an important
role in hepatitis and some liver diseases, andeffaatively control the spread of the
disease (Welzel et al., 2017; Eguchi et al., 20ThAgrefore, some detection methods
have been developed for HCV, including ELISIorescence detection. Despite
these methods display excellent sensitivity andecsiity, time-consuming and
simple operation is required. Thus, it is stillessal to develop a simple and rapid
method for the detection of HCV gene.

Electrochemiluminescence (ECL) detection for bicsgn and medical
examination has the characteristics of simple egam, fast response, high
sensitivity, good reproducibility and low backgraumoise (Li et al., 2017; Miao et al.,
2008; Qing et al., 2017; Richter et al., 2004; Delaet al., 2011; Jiang et al., 2007).
Recently, ECL technology has been widely used asdmsor construction. Zhu et al.
has designed a sandwich-type immunosensor basedREJLto detect prostate
specific antigen (PSA) (Zhu et al., 2018). Ge ethas constructed a paper-based
closed bipolar electrode (BPE) ECL biosensor teeaehuman breast cancer cells
(MCF-7) (Ge et al.,, 2018). Nie et al. has desigaed ECL signal amplification
strategy based onP5FIn/erGO to detect carcinoemlaryantigen (CEA) (Nie et al.,
2018). Peng et al. has based quenching effectrmfciene-labeled DNA (Fc-DNA) to
design an ECL biosensor to detect miRNA-21 (Pengalet 2019). ECL is an
electrically generated light emission process, Wwhiocludesthe excited state

luminescence of the luminophores due to the inglattrochemical reaction on the



electrode surface (Piriaud et al., 2003)e most traditional ECL luminescence was
ruthenium(IN)tris(2,2-bipyridyl) (Ru(bpyf") and it attracted many attentions because
of its high luminescence efficiency and chemicabsity (Ege et al., 1984). Since the
Si quantum dots (QDs) were reported in 2002, QDsaasew type of ECL
luminescence have been developed (Ding et al.,)2602vever, ECL luminophore,
especially QDs and other nanopatrticles, suffermftbe defect of low brightness,
which limits the potential ECL sensing applicatiqixa et al., 2014)So, during the
fabrication of ECL biosensors, enhancement of tin@rious efficiency is vital for the
biological detection (Liu et al., 2015). So, the LEEnhancement based on plasma
nanoparticles attracted more and more attentiamétal., 2019; Liu et al., 2018).
When two nanoparticles are close to each othemglesplasmon exciton is
coupled to form dimers (Weller et al., 2016), whiasults in localized surface
plasmons transfer in extinction spectrum (Halaslgt2011; Qian et al., 2017) and
electromagnetic field enhancement (Kessentini et28l14; Shao et al., 2010). The
integration of semiconductor nanomaterials and Ines@oparticles realized light
emission modulation by surface plasmons and previde opportunity to modify the
emission response of nanomaterials through theaictien between the external
magnetic field and surface plasmons (Shan et @L6R Localized surface plasmons
have been used not only in surface Raman specpgsbat also in the field of the
plasmon-enhanced fluorescence and ECL. It provalgzhthway to overcome the
intrinsic defects of low emission intensities fortime nano-fluorescence or ECL
luminophore (e,g, QDs, NIR dyes, and up-converdigninescent material). The
surface plasmon coupling ECL phenomenon was camgéte resonant interaction of
the light with the electron oscillations in the aletZhang et al., 2004; Deiss et al.,
2009; Aslan et al., 2009; Lakouwicz et al., 2008ntil now, there are still two
problems in the plasmon-enhanced ECL research.thyrirsnost plasmonic
nanostructures are based on the noble metals (§uaid Pt). The surface plasmon
coupling characteristics were closely related taemal carrier concentration. Only a
sufficiently high carrier concentration on the rebtetals can generate strong surface

plasmon resonance in the corresponding wave bartdhB low storage and high cost



of these noble metals limited the practical appiocain plasmon-enhanced ECL
sensors. Secondly, the distance between luminophiode plasmonic nanoparticles
played a key role in the ECL sensing process. Atnpiessmonic nanoparticles can
also work as energy or electron acceptor, whicletiag strong quenching ability. So,
when the luminophore is closed to plasmonic nanmbes, the ECL signal could be
guenched easily instead of the enhancement. Marnyse@sors use DNA or adaptors
to control the distance between the luminescenceth@ nanoparticles to achieve
ECL-resonant energy transfer (ECL-RET) or surfackasmpa coupling-ECL
(SPC-ECL). Gai et al. has designed a distance-adigm¢rDNA sensor through the
opening and closing of hairpin DNA, realizing ECIER and SPC-ECL effects
between Au NPs and Ru(bg}) (Gai et al., 2018)Feng et al. realized the
enhancement of the localized surface plasmon reseraCL (LSPR-ECL) of Ag
NCs by using the catalytical hairpin assembly afigalion (CHA) technology to
design a sensor that regulated the distance bettue®iPs and Ag NCs through DNA
(Feng et al., 2019). Lu et al. has achieved ECL-REdct of Au nanocages on Rusi
NPs by tetrahedron DNA and hairpin DNA (Lu et 2D]18).

In recent years, some low-cost non-metallic mdter{enetal oxides/sulfides)
with SPC phenomenon have attracted attention asnfalt substitutes for plasma
precious metals. The free carrier density on ne@tales/sulfides can be improved by
heavy doping. As a kind of low-cost non-metallic temals, self-doped
semiconductors such as WCXLou et al., 2015; Lou et al., 2016; Ishii et &018),
MoOs_« (Kuwahara et al., 2018; Cheng et al., 2016),_(31(Wang et al., 2015; Alam
et al., 2016), and MaSanosheets had the advantages of easy synthessidace
plasmons effect in the visible light and near irdcaregion, and have been applied to
catalysis and tumor therapy based on the plasmanéhesffect (Kaur et al., 2018,
Huang et al., 2015; Zhu et al., 2017; Wen et &16). Sulfur doped BN QDs with
high electro-optic activity and good ECL propertiegere employed as ECL
luminophore in this work. As shown in Scheme 1,diszussed the distance relation
between Mo% nanosheets plasmonic effects and the ECL lumimescef sulfur

doped boron nitrogen QDs (S-BN QDs). And the hykation chain reaction (HCR)



sensing process was employed to sensitively deteggt HCV gene. HCR is a simple
and efficient isothermal enzyme-free DNA amplifioat method. HCR can
effectively avoid unstable enzyme activity in othdetection methods, harsh
experimental conditions and other factors. HCR wasiggered self-assembly and
enzyme-free process (Dirks et al., 2004). The tegln can realize cascade
hybridization events with high amplification abylitand eventually form long

double-stranded DNA (dsDNA).
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Scheme 1. The HCR-based sensing process and dislapendent

plasmon-enhanced ECL

2. Experiment Section
2.1 Materials

Boric acid (HBOs), melamine (GHgNg), L-cysteine (GH;/NO,S), sodium
dihydrogen phosphate (NaPiQ,), disodium hydrogen phosphate (N®O;) and
sodium phosphate (MAO;) were purchased from Sigma Co. (Shanghai, China).
Ammonium molybdate (NEJsM07024 . 4H,0, thiourea, and
Nethyl-N‘-(3-dimethylaminopropyl) carbodiimide hyatrhloride (EDC),
N-hydroxysulfosuccinimide (NHS) were obtained fr&mopharm Chemical Reagent

Co.Ltd. The oligonucleotides used were synthesaetipurified by Qingke Co., Ltd.



(Tianjin, China) (Table S1). All reagent solutionsre prepared using ultrapure water
(resistivity as 18 M cm-1 at 28C). Human serum samples were obtained from the

China-Japan union hospital of Jilin university.
2.2 Apparatus

TEM images of the nanomaterials were obtained wvatiHitachi electron
microscope operating at 200 kV acceleration vokadel-IR, Photoluminescence
(PL), and UV-vis absorption spectra were acquirgdlbermo Nicolet 360 FTIR
spectrometer, Shimadzu RF-5301 PC spectrofluoropheter and Hitachi UH5300
UV-vis spectrometer, respectively. The CV and E&fadvere acquired with a CHI
660B electrochemical workstation with the glassyboa electrode (GCE) as the
working electrode. In the all electrochemical as&\yprocess, a platinum wire and an
Ag/AgCI (saturated KCI) electrode was employed las ¢ounter electrode and the

reference electrode, respectively.
2.3 Synthesis of M 0S, nanosheets and S-BN QDs

MoS, nanosheets were synthesized by a hydrothermal ochet?O mg of
ammonium molybdate and 40 mg of thiourea were Hissoin 12 mL of HO at
room temperature. After the mixtures were stirredS min, they were poured into a
20 mL Teflon-lined autoclave and subjected to mgp#t a temperature of 200 °C for
12 h, followed by natural cooling to room temperatu

The S-BN QDs were prepared according to our prevaiudy (Liu et al., 2019).
S-BN QDs were synthesized by a microwave-assisyeilothermal method. Boric
acid (1.6 mmol), melamine (0.27 mmol), and a cer@inount of L-cysteine were
dissolved in ultrapure water (10 mL). S-BN QDs wel#ained under the 1000 Hz
reflection frequency of microwave, 70 min and £20 To remove excess precursors,

the solution was centrifuged at 5000 rpm for 5 amd washed two times.
2.4 Synthesis of S-BN QDs -hairpin DNA2 (H2)

S-BN QDs and hairpin-DNA were connected by covalemk carboxyl and
amino. 30uL 10 mmol/L EDC and 10uL 10 mmol/L NHS were added into



as-prepared 2 mL S-BN QDs to activate carboxyl-®&NsQDs with stirring for 15
min. Then, 15uL 10 umol/L H2 was added and stirred for 2 h. Finallye solution

was dialysed for 3 h to remove the unreacted smalécules.
2.5 ECL detection

Before ECL detection, GCE was polished with 1.0 @b um Al,O3 powder,
and then ultrasonically processed in ethanol anderweespectively. GCE was
immersed in PDDA solution to cover the surface @fEGwith a PDDA film. Then 6
uL MoS; nanosheets and 1 hairpin DNA 1 (H1) were dropped on the PDDA/GCE,
respectively. After reacting for 5 h at room tengtere, the H1/ MoSnanosheets/
PDDA/GCE electrode was dried undep Htmosphere. The above electrode was
immersed with H2-QDs and different concentrationH&V gene for 2 h at 3T.
Then, the electrode was dried underatmosphere. Finally, the ECL intensity of the
resulting functionalized electrode was recordeghosphate buffer solution (0.1 mol,
pH 7.4) containing 0.1 M ¥5,0g from -2 to OV (versus Ag/AgClI) at the scan rate of
100 mV/s. The voltage of the photomultiplier tudeMT) was set at 900 V in

theprocess of detection.

3. Results and discussion

3.1 Characterizations of M 0S; nanosheetsand S-BN QDs

The morphology and microstructure of the Mo@nosheets were shown in Fig 1
(A). The morphology and microstructure of the M@@nosheets were investigated by
the field emission scanning electron microscopeM).BMo0S, nanosheets presented a
regular sheet structure. Fig 1C displayed the Xp®tsa of Mos nanosheets, which
showed that the MgShanosheets contained C, N, O, S, Mo elements.hégis in
Fig S1A, the Mo 3d XPS spectrum exhibited two peak233 eV and 236 eV,
respectively. The two peaks corresponded to the3d@p and Mo 3d,; orbitals,
respectively (Yu et al., 2015; Long et al., 2016 ¥t al., 2013). The two peaks at 163
eV and 168 eV of S 2p XPS spectrum (Fig S1B) cporded to S 2y and S 2p.

orbitals, respectively, which was due to Mo-S boagdin MoS nanosheets (Long et



al., 2016; Xie et al., 2013). And UV-vis spectruhowed the absorption peaks at 455
nm (Fig S3). As shown in Fig 1(B), S-BN QDs hadfamn size distribution and the
size of QDs was 7 nm. And the XPS spectra (Fig didplayed that S-BN QDs
contained C, N, O, B, S elements. UV-vis (Fig S2Apwed that the absorption peaks
at 206 nm and 233 nm were attributed te*ntransitions in C-N bonds angd-n*
transition of C=C bonds, respectively. FT-IR spac(Fig S2B) can be used to
characterize and identify chemical species. The&pea 3195cm™* and 3338 cm
were due to the stretching vibration of O—H and NwHich suggesting there were
lots of amino and hydroxyl groups on the surfaceSeBN QDs. The peaks were
observed at 1184 c¢h 1575 cnt and 2373 c, which represented to —N-B-O-,
-N=N= and S-H, respectively. And S-BN QDs also pgssed the B-N stretching and
B-N bending vibration peaks at 1280 ¢mnd 1575 ci, respectively.
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Fig 1. (A)&[B) TEM image of Mo% nanosheets and S-BN QDs. (C)&(D) XPS

spectrum of Mognanosheets and S-BN QDs.

3.2 ECL behavior of S-BN QDs



As shown in Fig 2A and B, the PL peak and ECL pef&-BN QDs were 400
nm and 535 nm, respectively. The significant reift € the ECL peak from the PL
peak was due to the narrower band gaps of QDsceusi@te (Sun et al., 2009). Fig
2C showed the relation of ECL intensity and excpetential. The excited potential
of S-BN QDs was -1.75 V. The cyclic voltammetry weesformed with a supporting
electrolyte of PBS containing 0.1 mol'LK,S,0s. The wide reduction peak was at

-0.72 V (Fig 2D).
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Fig 2. (A) PL spectrum and (B) ECL spectrum of S-BPDs. (C) Cyclic
voltammograms of S-BN QDs/GCE in PBS containing ®dl/L K,S,0g. (versus
Ag/AgCl reference electrode) (D) ECL behavior oBN-QDs.

In order to obtain the best ECL intensity of S-BNDEQ the amount of sulfur
precursor was optimized (Fig S4he mechanism of ECL emission was due to the
surface defect state of S-BN QDs. The electronsteanprocess can produce the
excited state of QDs. Therefore, more electronsteanon the surface of QDs can
enhance the ECL signals. The increase of sulfutddtie decrease of surface defects
of S-BN QDs and the more intense electron transfecess on the surface of QDs,

which improved the ECL luminous efficiency. So, whihe content of sulfur was



equal to the total amount of boron and nitroger, BCL signal of S-BN QDs had
greatly increased. When the content of sulfur wasenthan the total amount of boron
and nitrogen, excessive sulfur precursor (L-cyseimas coated on the outside of the
QDs, which resulted in the emission site on théaserof the QDs covered. Therefore,
ECL luminescence efficiency of the QDs was affectaedl decreased. The ECL
luminescence mechanism of S-BN QDs was the formaifothe excited state QDs
under the action of free radicals decomposed b%,®;. The specific ECL

luminescence process can be described by the foljpaquations:

S-BN QDs +é— S-BN QDs (1)
S,05" +€ > SO + SO )
S-BN QDs+ SQ —S-BN QDs + SQ* (3)
S-BN QDs —S-BN QDs + I (4)

3.3 The SPC effect of M 0S, nanosheets

In order to explore the distance-dependent plaseifatt of MoS nanosheets,
different lengths of DNA strands were selecteddnrnect Mo$ nanosheets and S-BN
QDs. To avoid the inner filter effect interferenoé MoS, nanosheets, it was
assembled on electrode surface. After bound witbAZNain, QDs were connected
on the electrode/MaSnanosheet /DNA outside. Then, the effect of thstadice
between QDs and electrode should be noticed. After modification of Mo%
nanosheets on the electrode, there were the jatmbnaof the energy resonance
transfer and plasma coupling effect of Matnosheets in the ECL process (Fig 3).
When S-BN QDs were closed to the surface of Mo&hosheets, the ECL signal of
S-BN QDs was completely quenched by the Mo&@nosheets. When the distance
between S-BN QDs and the MpSanosheets was 2 nm, the ECL signal of S-BN QDs
decreased by 52% due to the ECL energy resonancsfér effect. S-BN QDs
worked as ECL energy donor, and Ma&nosheets worked as energy acceptor and
ECL quencher. Similarly, when the distance was 5 tima ECL signal dropped by

21%. With the increase of distance between Mop&hosheets and S-BN QDs, the



energy transfer effect was limited. And at the saime, the surface plasma coupling
effect was strengthened. When the distance inaletsea. 8 nm, the quenching
effect from energy transfer and the enhancemem &orface plasma coupling were
at equilibrium. As a result, the ECL intensity oD® returned to its original state.
When the distance increased by 10 nm, the surfesgnp coupling effect of M@S
nanosheets had a primary role to play in the EChléication, which resulted in the
increase of ECL signal by 14%. When the distance regulated at 12 nm, the ECL
intensity increased by 62%. Similarly, when thaatise was increased to 15 nm and
19 nm, the ECL signal increased by 96% and 120%etely. With the increase of
distance, surface plasma coupling effect domintdtedCL signal change. It is found
that the maximum ECL intensity of QDs reached &0anm distance from MgS
nanosheets modified electrode. We also verified thstance-dependent ECL effect
by Raman spectroscopy. The Raman signals of MaBosheets can be observed in
Fig S5. As the distance increased, the energy fearsetween QDs and M@S
nanosheets was reduced. The recovered strong Isoeimee signal of QDs caused the

decrease of Moshanosheets Raman signal.
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3.4 The SPC-ECL DNA biosensor applications

As shown in Scheme 1, in the plasmon-enhanced EGked HCR sensor for
HCV gene detection, a mixture of two DNA hairpin$l(and H2) was compatible
and stable in the absence of an initiator (targdAp The added initiator opened a
hairpin (H1) after hybridization in the complemantaegion, exposing a new
single-stranded region capable of opening anothairpin (H2). Then a
single-stranded region was produced, which hadahnge sequence as the target DNA,
causing more hairpin DNA (H1) to open. Each indratan propagate a cascade
hybridization event between alternate hairpins donf a long-nicked dsDNA with
repeating units. The growth of HCR product did simp until the hairpin supply was
exhaustedChoi et al., 2014)n order to achieve the amplification of the QDsLEC

signal, QDs were tagged on H2; Ma&nosheets were connected to H1 on electrodes.



Due to the distance-dependent plasmon couplingcteftee excited QDs near the
MoS, nanosheets can also undergo resonant interactmas result in ECL
enhancement. As is shown in Fig 4A, when Mo8nosheets were decorated on the
electrode, the impedance value increased to(1L3After H1 connected with MaS
nanosheets, the electron-transfer resistance swde® 425.3). When target DNA
and H2-QDs conjugate connected on the electro@ee tvas an obvious increase at
730.2Q. When the distance between S-BN QDs and Mahosheets was 0 nm, the
electron-tranfer resistance was 1@7 when the distance increased to 19 nm, the
impedance result increased to 332The ECL intensity of QDs was ca. 27000 in the
absence of MoSnanosheets. When Mg8&anosheets was introduced the system, the
ECL intensity increased to ca. 76000, which incedaby 2.8 times (Fig 4B). The
binding time of the hairpin DNA were optimized ingFS6 as 2 hours. Fig 4C
displayed the relationship between the concentratad HCV gene and ECL intensity.
The ECL intensity (I) has a linear relationship twibgarithm (Ig) of HCV gene
concentration in the range of 0.5 pM-1 nM (curve &ig 4D). The limit of detection
(LOD, SIN = 3) was 0.17 pM. To further investigdtee reproducibility, intra and
inter-assays were performed (Fig S7); the relataedard deviations were 0.64% and
4.51%, respectively, which demonstrated an acceptaipeatability of the proposed
biosensor for the detection of HCV gene. To evaluhe specificity of the HCR
sensor, the ECL signals of 0.1 nmol target DNA aridnmol one-base-mismatched
DNA were investigated (as shown in Fig S8). Différeoncentrations of HCV DNA
were selected to measure the ECL intensity in huseamm. The results were listed in
Table S2. The range of recoveries was from 90.0085-00% and the RSD was less

than 3.13%. The proposed DNA sensor has good ancaral feasible in the sample.
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ECL traces of Mognanosheets-H1-target DNA-H2-QDs of different cortcations

of target DNA. (D) Calibration curve for quantifican of target DNA.

4. Conclusion

In conclusion, we have synthesized MoBanosheets as novel nonmetallic
plasmonic nanomaterial. In order to explore thesmplan effect of Mognanosheets,
different lengths of DNA strands were employed e¢gulate the distance between
MoS, nanosheets and S-BN QDs. With the increase ofnlist between MgS
nanosheets and S-BN QDs, the energy transfer effastlimited and the surface
plasma coupling effect was strengthened. The maxireCL intensity of QDs was
observed in the 20 nm distance with Mo8anosheets. Then, an available

distance-dependent plasmon enhanced ECL bioseasdrden designed successfully.



Based on the hybridization chain reaction amplifag the proposed biosensor can
guantify hepatitis C virus. The new sensing modsatly improved the sensitivity of
the sensor and had great potential applicatioherhighly sensitive clinical detection.
It should be notice that the surface enhanced He&ctealso has close relationship
with the absorption peak of plasmonic materials, ®oorder to further improve
SPC-ECL sensing performance, the regulation ofatbsorption peak of plasmonic

materials is an important issue to study in tharkit
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Captions

Scheme 1. The HCR-based sensing process and dislapendent

plasmon-enhanced ECL

Fig 1. (A)&([B) TEM image of Mo$% nanosheets and S-BN QDs. (C)&(D) XPS

spectrum of Mognanosheets and S-BN QDs.

Fig 2. (A) PL spectrum and (B) ECL spectrum of S-BBDs. (C) Cyclic
voltammograms of S-BN QDs/GCE in PBS containing ®dl/L K,S,0Os. (versus
Ag/AgCl reference electrode) (D) ECL behavior oBS-QDs.

Fig 3 (A) The relation of ECL intensity of the disce between Mg®anosheets and

S-BN QDs. (B) The relation of SPC enhanced efficieand the distance between
MoS, nanosheets and S-BN QDs. (C)The relation of EGknsity the distance

between GCE and S-BN QDs.

Fig 4 (A) EIS spectrum of different electrodes i @nol/L KCI solution containing
2.5 mmol/L K[Fe(CN)]/K4[Fe(CN)]. The impedance spectra were recorded in the
frequency range of 0.01 Hz to 100 kHz with the atage of 5 mV. (B) ECL curves

of H1-target DNA-H2-QDs (a) and Mg®anosheets-H1-target DNA-H2-Q[y. (C)
ECL traces of MogSnanosheets-H1-target DNA-H2-QDs of different coricions

of target DNA. (D) Calibration curve for quantifioan of target DNA.



(i)

(ii)

(iii)

Because MoS, nanosheets had obvious optical absorption and scat-tering
properties in the visible and near-infrared region, there is a strong resonant
coupling between the ECL emission of BN QDs and MoS;, nanosheets..

Our results clearly exhibit the distinct distance-dependent effect, with a great
ECL enhancement for distance between 12.5 and 20 nm.

A hybridization chain reaction (HCR) amplification ECL sensing mode with

the plasmon-enhanced ECL strategy was constructed.
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