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Abstract: The development of high-performance biosensiagfq@im is heavily dependent
on the recognition property of the sensing layet @@ output intensity of the signal probe.
Herein, we present a simple and highly sensitiosdmsing interface for DNA detection on
the basis of graphene oxide nanosheets (GONSs)teliten-situ deposition of silver
nanoparticles (AgNPs). The fabrication process afettrochemical properties of the
biosensing interface were probed by electrochentieahniques and scanning electron
microscopy. The results indicate that GONs caniBpalty adsorb at the single-stranded
DNA probe surface, and induces the deposition ghli electroactive AgNPs. Upon
hybridization with complementary oligonucleotides generate the duplex DNA on the
electrode surface, the GONs with the deposited AgWH be liberated from the sensing
interface due to the inferior affinity of GONs addplex DNA, resulting in the reduction of
the electrochemical signal. Such a strategy consbthe superior recognition of GONs
toward single-stranded DNA and double-stranded DEAJ the strong electrochemical
response ofn-situ deposited AgNPs. Under optimal conditions, the dénms®r can detect
target DNA over a wide range from 10 fM to 10 nMlwa detection limit of 7.6 fM. Also,
the developed biosensor shows outstanding discaiimig ability toward oligonucleotides
with different mismatching degrees.
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1. Introduction

High-performance DNA analysis through rapid and @enstrategy has attracted
extensive attention over the past decade in lotreds, such as molecular test system [1],
environmental regulation [2], disease diagnosis §Bjd forensic human identification [4].
Up to date, diverse strategies have been expldiedDNA analysis, which includes
surface-enhanced Raman scattering [5], quartz arysicrobalance [6], luminescent
spectroscopy [7], polymerase chain reaction [8{ electrochemistry [9,10]. Of them, the
electrochemistry-based sensing approaches recailesmvead concerns due to their merits
of simple operation process, fast signal outpuly mst, and easy to miniaturization.
Nowadays, in order to meet the higher requiremé&miNA analysis in different fields, the
electrochemical DNA biosensors have been coupldgd wther technologies to enhance
their analytical ability. For example, numerous ostructured materials have been
employed to construct the novel sensing platforonsrprove the recognition property of
the sensing layer and the signal output intengith® sensing event [11, 12].

Silver, as an important precious metal, has atchcbnsiderable research interest for
its distinct physicochemical propertiaad relatively low toxicity [13]In recent years,
silver nanoparticles (AgNPs) that combine the festwf both silver and nanomaterials,
show exponential increasing production in varide&ls. For example, based on their size
and shape-depending optical, electrical, and magpstperties, the application of AgNPs
can be extended to antibacterial agents, sensocd#ibn, composite fibers, cosmetics, and
electronic components [14]. In the electrochemiedd, AQNPs also show great potential
since they have excellent electrocatalytic propéstyard many molecules such asCH
[15], gallic acid [16], azathioprine [17] and nim@matic compounds [18]. In addition,
AgNPs have also been utilized as electrochemigal far the biosensing analysis owing to
their excellent electronic conductivity and eleattbvity. Li et al. [19] have developed an
approach  for  multiplexed DNA electrochemical deatett based on
oligonucleotide-functionalized AgNP tags aggregatiorhe result showed that the
biosensor presented an ultralow detection limi% @M for Hepatitis B virus (HBV) DNA
fragments, contributing from the excellent eleattoee property of the AgNPs aggregates.
Similarly, another signal-amplified electrochemicgbtamer sensing strategy based on

3



hybridization-inducing aggregates of DNA-AgNPs Ihe@en designed by Song et al. [20],
through which multi-analytes determination with doanalytical performance in clinical
diagnostics was obtained. More recently, Yang efzd] have constructed a label-free
electrochemical biosensor for miRNA-199a detectwa direct synthesis of AgNPs on
cytosine (C)-rich loop-structured oligonucleotidesll these studies demonstrate that
AgNPs own great potential in the electrochemicatbnsing analysis.

Graphene oxide nanosheets (GONs), as a novel cammirrial, have received
considerable interests from both the theoreticdl twe experimental scientists in the past
decade [22]. Their excellent water-solubility, ricHunctional groups, large
surface-to-volume ratio, easy preparation routej antstanding fluorescence property
offer them widespread applications in biomolecidassng [23], protein assay [24], drug
delivery and release [25], and living cells prob[2¢]. It has also been reported that the
GONs can specifically interact with oligonucleosdéhrough the uniquer-stacking
interaction [27]. However, when the oligonucleotideere hybridized with complementary
sequences to form the double-helix structure, nberaction between the GONs and DNA
will be greatly inhibited. Based on this fact, maakectrochemical and spectroscopic
GONs-based DNA biosensors have been developed]P8r3addition, the AQNPs-GONs
composite has also attracted numerous attentionsdearchers [32-34]. This, on one hand,
is because the composites combine the propertibotbf AQNPs and GONs, and on the
other hand, the stability and loading amount of RgN\can be significantly enhanced by
GONSs due to the unique interaction between thedpexies [33]. More importantly, it is
recently reported that the GONSs can effectivelalyae the deposition of AQNPs due to the
intrinsic reduction characteristic and rich actiweups of GONs [34].

Inspired by these fantastic discoveries mentiorEn/@, a new electrochemical DNA
sensing strategy was established using GONs asna-stale functional supporting
platform to direct and catalyze thesitu deposition of AgNPs for the first time. First, the
thiolated specific probe DNA was assembled on thiéase of a gold electrode (AuE), and
then the prepared GONs were attached on the eliectsarface by unique-stacking
interaction with the DNA probe. Followed by, theed&lode was immersed into
Ag()/hydroquinone (HQ) mixture solution, from whi¢he AgNPs was directlgeposited
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on the surface of GONs. Then when the probe DNWylwidized with target sequences,
the pre-adsorbed GONs with the deposited AgNPslivélate from the biosensor surface,

due to the strong interaction of GONs with freeglrstranded DNA rather than duplex

DNA. As a result, the electrochemical signal fradra AgNPs on the biosensor is decreased,
achieving the purpose for the target DNA monitoramgl analysis. As a whole, this strategy
ingeniously combines multiple characteristics of &3such as unique binding selectivity
with single-stranded DNA, special catalyzing adjivioward the reduction of Ag(l) to
electroactive AgNPs, and its nanosized effect fignal enhancement, to improve the
analytical performance of the biosensor. The patatso presents great potentials in the

construction of highly sensitive and selective aptesors and immunosensors.

2. Experimental
2.1 Reagents

GONs were synthesized according to the metepdrted by Hummers with minor
modification using graphite as the raw material] [35/droquinone (HQ) and silver nitrate
(AgNO3) were purchased from Guangdong Xilong Chemical Cwml. (China). Tris
(2-chloroethyl) phosphate (TCEP) was supplied bgnfi-Aldrich Reagent Co. Ltd.
(China). 6-Mercapto-1-Hexanol (MCH) was provided Bgijing Ansimosen Technology
Co. Ltd. (China). All the other chemical reagendsdiin this work were of analytical grade
and obtained commercially. All the solutions thrbagt the experiments were prepared
with doubly distilled water.

The 18-mer probe sequence (S1, 5-SH-TCTTTGGGACGBUTIG-3') from
cauliflower mosaic virus 35S (CaMV 35S) promotengecomplementary target sequence
(S2, 5-CGACAGTGGTCCCAA AGA-3), one-base-mismatctsequence (S3,
5-CGACAGTGGTCCCAACGA-3), three-base-mismatch e (S4,
5'-CGACAATGGCCCCAACGA-3) and non-complementary  seqce (S5,
5-GCATCCAGCGAGCACGTA-3) were synthesized by Shaig Sangon
Bio-engineering Co. Ltd. (China). The probe DNA ) SSbolution was prepared with
immobilization buffer (pH 7.4) consisting of 20 mWis-HCI, 100 mM NaCl, 5 mM
MgCl, and 10 mM TCEP. The other DNA sequences solutivese prepared with TE
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(Tris-EDTA, pH 8.0).

2.2 Instrumentals
The morphologic variation of the electrode duribtgpsby-step assembly of GONs and

AgNPs were examined by JEOL JSM-6010LA scanningtela microscopy with an
accelerating voltage of 10 kV (Japan). Electroclvamiests such as cyclic voltammetry
(CV), electrochemical impedance spectroscopy (EI®) differential pulse voltammetry
(DPV) applied in this work were recorded on a CHBDE electrochemical workstation
(China), with a conventional three-electrode systemsisting a modified AUED=3 mm)

as working electrode, an Ag/AgClI (3M KCI) as refere electrode, and a platinum wire as

counter electrode.

2.3 Preparation of the AQNPS/GNOs-based biosensor
Fig. 1 depicts the fabrication and hybridizatiatetection process of the

AgNPs/GONs-based biosensor. The detailed procedusss follows: first, a bare AuE
was carefully polished with 1.0m, 0.3um and 0.05um a-Al,Os3, in turn on polishing
clothes, and then successively washed with watbsolate ethanol and water in
ultrasonication bath. After that, the polished Auwls chemically cleaned in Piranha
solution ¥(98%HSO,):V(30% HO,)=7:3) for 20 min to remove the organic pollutants
adsorbed on the electrode surface. Furthermore, wak electropolished via cyclic
voltammetry in 0.5 M HSQO, within the potential range from -0.2 to +1.5 V iunt
reproducible voltammetric curves were obtained.

After further washed with water, the AuE was ibpated in 0.1uM probe DNA (S1)
solution at 41 for 24 h to form S1 modified electrode (S1/AuEdlléwed by rinsing with
TE and water for three times, the S1/AuE was temsél to an ethanol solution containing
1.0 MM MCH and reacted for 2 h to passivate theluessite of AUE surface. The obtained
electrode was recorded as S1-MCH/AUE. Through saugbrocedure, the non-specific
adsorption of the analytes on the AuE can be eyt prevented, and meanwhile, the
probe DNA immobilized on AuE will be erected upgifdating to binding with target DNA.
Followed by, the electrode was incubated in 10 miLiig mL* GONs aqueous solution
for 2.5 h to assemble GONSs layer. After gentle ingswith DDW, the electrode was
immediately incubated in 10 mL 0.1 mg hIAgNO; solution containing 2 mg mtHQ



for 5 min to deposit the AgNPs. After further washiwith DDW, the AgNPs assembled
electrode (AgNPs/GONs/S1-MCH/AUE) was achieved.

HereisFig. 1
2.4 Hybridization and electrochemical test

The hybridization capacity of the fabricated bicsmmwas investigated by incubating
AgNPs/GONs/S1-MCH/AUE into a solution containinggiet DNA (S2) with desired
concentrations for 40 min under 42with gentle shaking. After rinsing with TE to reueo
the non-specifically attached DNA, the hybridizédcerode was achieved. The procedure
was also applied for the hybridization of the bios® with the other noncomplementary
and base-mismatched DNA fragments.

The electrochemical characterization on the fabiooaof the biosensing layer was
obtained through cyclic voltammetry (CV) and electremical impendence spectra (EIS)
in the mixture solution of 1.0 mM [Fe(CNJ™* (1:1) and 0.1 M KCI. The scan rate in CV
was 0.1 V & and the frequency range in EIS was from 0.01 Ht(doHz at an applied
potential of +0.200 V. The electrochemical resporwfe the fabricated biosensor
(AgNPs-GONs/S1-MCH/AUE) was measured by cyclic amlinetry and differential pulse
voltammetry (DPV) in 0.1 M KCI. The potential rangias between -0.2 V and +0.6 V.

3. Resultsand discussion
3.1 SEM characterization

The fabrication process of AgNPs-GONs/S1-MCH{Awas first characterized by
SEM, and the results are displayed in Fig. 2. Amsa smooth surface was observed for
S1-MCH/AUE (Fig. 2A), suggesting the bare AuE haerb successfully polished and the
S1-MCH layer could not be reflected by the SEM abterization due to the molecular
level of S1-MCH mixture layer. When GONs were atigoron the surface of the electrode,
one can clearly see that the electrode surface nieecooarse, and some wrinkles
corresponding to the typical crumpled texture ofN&G@ppeared (Fig. 2B), which indicates
that GONs have been well assembled on S1-MCH/AukhenT after the
GONSs/S1-MCH/AUE was incubated in Ag(JQ mixture solution for 5 min, it is observed

that a mass of bright particles is uniformly distiied on the surface of



GONSs/S1-MCH/AUE (Fig. 2C). From the high-resoluti8&M of the electrode (Fig. 2D),
the average diameter of the obtained particles dedsrmined to be about 100 nm. The
EDS result from the electrode surface further destrates that, besides the elements of Au,
N, C from the matrix material of the GONs/S1-MCHBRAuhe element of Ag can be well
detected (Fig. 2F). Therefore, it can be concluthed the AgNPs had been successfully
grown on GONs/S1-MCH/AUE as expected. As a contible SEM image of
GONs/MCH-S1/AuUE after incubation in HQ solution mout Ag(l)was also recorded (Fig.
2E), and it is observed that in contrast to thee aamtaining Ag(l), not any bright dot is
visible. This further testifies that the bright peles appeared in Fig. 2C are the metallic

silver that reduced from Ag(l).
HereisFig. 2

3.2 Electrochemical characterization

HereisFig. 3

The step-by-step fabrication process of AQNPs-GGM4YICH/AUE was also probed
by CV (Fig. 3A) and EIS (Fig. 3B) in [Fe(CNY™ solution. From Fig. 3A, it is clearly
observed that a couple of well-defined Faradic xep@aks corresponding to the electron
transfer of [Fe(CNJ*/[Fe(CN)]* is observed on bare AuE with the peak-to-peak
separation AEp) of 90 mV (curve a), suggesting that the bare @& been well cleaned.
When the AuE was modified with probe DNA (S1) thghuAu-S bond, the redox peaks of
[Fe(CNX]*™ couple decrease distinctly, and thi§, increases to 135 mV ( curve b), which
suggests that the thiolated probe DNA has beenaosedhon AUuE surface, and as a
consequence, the electrochemical response of [BelCNis inhibited by the electrostatic
repulsion force from the negative phosphate backbaithe probe DNA. Upon further
modification with MCH, the redox peaks of [Fe(GNJ* decrease further as curve c in Fig.
3A displays, suggesting the occupation of the residites on S1/AuE by the MCH
molecules. After the S1-MCH/AUE was incubated inN&Osolution, the redox peaks of
[Fe(CN)]*"* decrease once again (curve d), which can be eeulaby the reason that

GONs attach on S1-MCH/AUE throughstacking with the probe DNA strands, and its
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inferior conductivity and negatively charged oxygmmtaining groups such as —COOH,
—OH and epoxy group further block the electrochaiieaction of [Fe(CN)*'* probe.

Electrochemical impendence spectroscopy (EI& also utilized to characterize the
assembly of probe DNA, MCH and GONs on AuE. In [E&Stypical Nyquist plot
commonly consists of a semicircle portion at higggtiency region relating to the electron
transfer-controlled process and a linear portiotoatfrequency region corresponding to
the diffusion-controlled process. The value of acef electron transfer resistan&g)(can
be simply measured from the semicircle diametehéhigh-frequency region of the plot
[36]. The typical Nyquist plots of AUE upon layey-layer assembly with different
materials are displayed in Fig. 3B. Only a lineartjon is observed on bare AuE, showing
that the electrochemical response of [Fe(&ﬁiﬁ' on the bare AuE is mainly controlled by
a diffusion process. After S1 and MCH were modified AuE, large semicircles
corresponding to the Rvalues of 1.6 & (curve b) and 12.8¢k (curve c) are obtained,
showing that the mixture layer of probe DNA and MQtdve been successfully
immobilized on AuE and block the approach of [FeI@N“' ions. When GONs were
further assembled, the semicircle diameter incieagain and the value Bf; is increased
to 18.0 K2 (curve d), demonstrating that the negatively chdrgnd non-conductive GONs
have been assembled on S1-MCH/AUE.

3.3 Specificin-situ growth of electroactive AgNPs

HereisFig. 4

It has been reported that Ag(l) can be cheiyicalduced by HQ to metallic silver,
and the reduction process can be greatly catalggdde GONs [32, 34]. In this work, the
GONs was used as a functional film to catalyzeithgtu deposition of AgNPs, for the
construction of electroactive sensing interface.e Tdlectrochemical behavior of the
obtained sensing film was investigated in KC| solutand the results are showed in Fig. 4.
From the CV result, one can see that there is noy &aradic signal on
GONs/S1-MCH/AUE (curve a), suggesting that the pr@bectrode without deposited

AgNPs is electro-inactive under the tested potémtindow. However, after the electrode

9



was incubated in the mixture solution of HQ and IAgf pair of intense and sharp redox
peaksappears at 0.13 V and -0.01 V ( curve a ), whickeigy close to the redox peak
potential of metallic silver in the previous remI[87, 38]. This result also means that the
electro-active AgNPs were successfully formed angtirface of GONs/S1-MCH/AUE. In
addition, in order to investigate the effect of GOMNNn the formation of AgNPs, the
S1-MCH/AUE without pre-adsorbed GONs was also iatedh in the mixture solution of
HQ and Ad, and then electrochemically detected under theesexperimental conditions.
The result (curve b) shows that only a couple af/vwey redox peaks appears, and the
peak potentials negatively shifted as compared witdse at GONs modified electrode.
These results suggest that only little amount oNRg are formed on S1-MCH/AuUE and
the binding sites of AgQNPs on the electrode midé e different when GONs are absent.
This further confirms that GONs act as an effectivactional platform to induce the
large-scale growth of AgQNPs at the electrode setfac

The cyclic voltammograms of AgNPs/GONs/MCH-S1/AuEvarious scan rates/)(
were also investigated. The results as depictéign4B show that both the reduction and
the oxidation peaks increase regularly with thegase of scan rate, and the peak currents
present good linearity with the square root of sGda (/1’2) over the scan rate range from
10 to 500 mV 8: 1, (10° A) = -15.2501v(V/s)"? +1.3953, r=0.9953 anth.(10° A) =
9.1134v(V/s)"? -0.5606, r=0.9974 (inset of Fig. 4B). This electrextical characteristic
demonstrates that the redox reaction of AgNPsdigfasion-controlled process, which can
be explained by the fact that the electrochemieaktion of AgNPs involves with the
diffusion of CIfrom the bulk solution to electrode surface viafibleowing equation [39]:

AgNPs/GONs/MCH-S1/AuE+ Cfsolution) =AgCI/GONs/MCH-S1/AuUE +e

3.4 Feasibility of the biosensor for hybridization monitoring

Due to the unique honeycomb crystal structures,GlENs can specifically bind to
single-stranded DNA through thestacking with the aromatic bases of oligonucle=gid
whereas once the single-stranded DNA is hybridiagth complementary sequences to
form the duplex structure, the free bases of oligteotides will be buried within the
duplex structure. As a consequence, the interatiween the GONs and single-stranded
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DNA will be greatly inhibited [27, 28]. Based on igh principle, the
AgNPs/GONs/MCH-S1/AuE was utilized as an electrogical biosensing platform using
GONSs/S1 as the recognition element and AgNPs asigimal-output source. Its feasibility
for hybridization was investigated by monitoring@@&lochemical response variation of the
electrode before and after incubation in the hybaition solution. Fig. 5A reveals the CVs
of the biosensor before (curve a) and after (cbveybridization with 0.1 pM target DNA.
The results clearly reveal that the electrochensaghal of AQNPs at the biosensor after
hybridization decreases obviously, showing thatftmmation of the duplex DNA between
S1 and S2 prohibits the interaction between GONSRg complex and single-stranded
probe DNA, and thus the pre-adsorbed GONs withd#pmosited AgNPs is liberated from
the biosensor surface, leading to the decreasheotlectrochemical response. This also
indicates that the GONs with the in-situ deposiefNPs remain the feature of having the
stronger affinity with single-stranded DNA than thgid duplex DNA. So it can be
deduced that the electroactive sensing interfacRgiNPs/GONs/S1-MCH is feasible for
hybridization monitoring.

In addition, the hybridization performance of th®&s-unadsorbed control electrode
of S1-MCH/AUE with the directly deposited AgNPs vadso investigated, and the result is
displayed in Fig. 5B. It is found that the redoxake in the cyclic voltammogram of
AgNPs/S1-MCH/AUE decrease slightly after incubatiiorthe hybridization solution. This
suggests that the biosensing interface of S1/MCH/Mith directly deposited AgNPs has
inferior hybridization capacity in comparison witkgNPs/GONs/S1-MCH/AUE, which
might be related to the fact that, when GONs isathshe Ag(l) directly binds to DNA
probe through electrostatic interaction with thegthate backbone and coordination with
bases, which changes the configuration of probe @RNéAthen impairs their hybridization
ability. Therefore, it can be concluded that thedlleped biosensor based on adsorbed
GONs with the deposited AgNPs has the good fedyilbdr hybridization monitoring as
well as intense electrochemical response. Alsig, @f note that the signal output is based
on direct redox of the deposited AgNPs, which iscimunore convenient than the
traditional metal sulfide tags-based biosensors$ tieed fussy labeling of signal probe,
harmful dissolution solution, and complicated agswe stripping voltammetric
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measurement [40-42].
HereisFig. 5

3.5 Optimization of experimental conditions

Fig. 6A shows the effect of immersing timedf S1/MCH/AUE in GONs solution on
the R values in EIS measurements. Clearly, with thegmging the incubation time from
0 to 150 min, the Rvalues increased significantly, indicating thatimereasing number of
GONSs were adsorbed on S1/MCH/AUE via interactiothvd1. When the immersing time
reaches 150 min, tHg. values are hardly changed, which is an indicatiotihe adsorption
saturation of GONs. Therefore, 150 min was choggnGONs adsorption. The AgNPs
deposition experiment shows that when the GONs/EHMUE was immersed into
AgNO3; and HQ mixture for 5 min, the electrochemical rewsm of the biosensor
researched the maximum value, which shows thatrbisrenough for the GONs-catalyzed
deposition of AgNPs. Fig. 6B shows the relationsifiphe oxidation peak currents,d of
the biosensor versus hybridization tinte As shown, the oxidation peak currents decrease
when hybridization time increase from 0 to 40 mind dhen level off, indicating that the
hybridization reaction between S1 and S2 can fimighin 40 min. Therefore, 40 min was

selected as the optimal time for hybridization teacin subsequent assays.
HereisFig. 6

3.6 Analytical performance

The analytical performance of the biosensor wasluaet@ad by investigating its
sensitivity and selectivity. Fig. 7 shows the DP&MsAgNPs/GONs/MCH-S1/AuE upon
hybridization with different concentrations of tatdNA. It is found that the peak currents
(Ip) of AQNPs/GONSs in DPV response decrease with asing concentrations of target
DNA (Csp), which demonstrates that increasing amounts pleduDNA are formed on the
biosensor surface, and the bound amounts of AgNPNASreduced accordingly. The
values ofl,, of the biosensor presents a good correlation thighogarithmic values d@s
(lgCs2) over the concentrations range from 10.0 fM to016M (Fig. 7B) obeying a
regression equation ¢f/uA=0.6191 logCs/M)+8.161,r=0.9883. The limit of detection

(LOD) was then estimated to be 7.6 fM on the rdl@ eimes the standard deviation over
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the background signal. The linear range and LOEhefAgNPs/GONs/MCH-S1/AuE are
also compared with the other AgNPs or grapheneebBd¢A electrochemical biosensors
(Table 1). Clearly, the DNA biosensor presentethisa work demonstrates the lowest LOD
and the widest linear range. Such a high analypesformance can be ascribed to the
excellent electroactivity of AQNPs and the high hgization efficiency of GONs-mediated

biosensing interface.
HereisFig. 7

HereisTable1

The selectivity is another important performanceaoDNA biosensor. The high
selectivity of a DNA biosensor to recognize theesassmatching of analyzed DNA has
the potential application in lots of fields such sgecies identification, gene-related
diseases (tumors and cancers) diagnosis, and wrasitoring. In this work, the
hybridization selectivity of AgNPs/GONs/MCH-S1/AuBwvas assessed through
hybridization with different oligonucleotides. FigA is the DPVs of different hybridized
electrodes and Fig. 8B is the corresponding hisiogrAs seen, the non-complementary
sequence (S5) hybridized electrode (curve b) shdese DPV and peak current to the
AgNPs/GONs/S1-MCH/AUE (curve a), which indicateattthe hybridization reaction does
not happen between probe DNA and the non-compleanemMNA due to the complete
base mismatch of the two sequences. However, wieeAGNPs/GONs/S1-MCH/AUE was
reacted with the CaMV 35S-related target sequemc®2o the oxidation peak signal in
DPV decreases dramatically (curve e), confirmirgg the formation of double-helix DNA
on the electrode, and the AQNPs/GONs compositefali@n off from the sensor surface by
the hybridization process. The discriminating &pibf the biosensor was also probed by
hybridization with S3 with the one-mismatched basd S4 with three-mismatched bases.
It is obtained that the values of oxidation peakAgNPs/GONs on the two hybridized
electrodes are fall in the values between the petdeirode and the target DNA-hybridized
electrode, which can be explained by reason thgtpartial base-pairing has happened for
S3 and S4. Meanwhile, the value of oxidation peakurrent on
AgNPs/GO/S4-S1-MCH/AUE (c) is higher than that ogN®s/GO/S3-S1-MCH/AUE (d),
suggesting that the AgNPs/GONs-based biosensoratsm well recognize the DNA
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fragments containing various mismatching numbedbpasfe. All these results show that the
developed DNA biosensor has significant potentigpliaation to monitor whether an

organism is genetically modified or non-geneticatigdified.
HereisFig. 8

3.7 Reproducibility, regeneration, and reliability

The reproducibility of the developed DNA sensingattgy was investigated by
detecting 0.1 pM target sequences with five parallel-made eleeso of
AgNPs/GONs/S1-MCH/AUE. The results show that atinedastandard deviation (RSD) of
8.3% for the signal changeAlfy) was estimated, showing that the sensing stratagyan
acceptable reproducibility for DNA detection. Thegeneration of the biosensor was
performed by immersing the hybridized electrode e water at 90! for 6 min, and then
cooled in an ice-water bath for 6 min to denatime hybridized duplex DNA. Afterward,
the electrode was assumed with GONs and AgNPs afmirhybridization in the next
round. The results show that the biosensor camubeessively used for at least five rounds
of assembly-hybridization-denaturation without kagiits hybridization capacity. The
reliability of the developed DNA biosensor was exéd by a recovery experiment carried
out in real serum samples. As shown in Table 2,naénM, 1.0 pM and 10 fM target
DNA sequences were respectively added into 50-timiésted serum samples, and
measured five times for each sample, the recoveaieb RSD were in the range of
95.2-107.0% and 3.98-5.67%, respectively. Theselteesndicate that the developed
sensing method has good precision and reliabitypiNA analysis in real samples.

HereisTable 2

Conclusions

In summary, a novel nanostructured electrochemi@ldA sensing platform was
designed and constructed based on the use of G@Nsnasitu deposited AgNPs as the
sensing signal. The GONs were assembled on thes @&A-modified electrode via the
n-stacking force, which also acts as a catalysttlfier direct deposition of electroactive
AgNPs. Due to the excellent electrochemical agtivaf in-situ formed AgNPs, and

differential interaction of GONs with signal-straatd and double-stranded DNA, the
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constructed biosensor presents outstanding hyhtidiz selectivity and sensitivity. The
low detection limit of 5.2 fM was estimated, whidan be ascribed to the excellent
electroactivity of AgNPs and nano effect of GONgcBvery experiment further means
that the biosensor has good reliability. Such a G@NPs-based sensing interface
presented in this work also represents a univepdatform to be extended to
immunosensors and aptasensors.
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Scheme and Figure Captions

Fig. 1 Schematic diagram for fabrication process hybaitian application of the
AgNPs-based DNA biosensor.

Fig. 2 SEM images of S1/AuE (A), GONs/S1-MCH/AUE befoB} é&nd after incubation in
HQ/Ag(l) mixture (C) or HQ (E). (D) and (F) are respectivéhe high-resolution SEM
image and EDS analysis result of GONs/S1-MCH/AuEerafncubation in HQ-Ag(l)
mixture.

Fig. 3 CVs (A) and Nyquist plots (B) of (a) bare AuE, ®)/AuE, (c) S1-MCH/AUE and
(d) GONs/S1-MCH/AUE in 1mM [Fe(CNJ’* and 0.1 M KCI mixture. The scan rate for
CV tests is 100 mV'5 EIS were collected in the frequency range frof1Hz to 18 Hz,
at an applied potential fo +0.200 V.

Figg 4 (A) CVs of GONs/S1-MCH/AUE (a), AgNPs/S1-MCH/AuUEb)( and
AgNPs/GONs/S1-MCH/AUE (c) in the supporting elelti® of 0.1 M KCI. The scan rate
is 100 mV &. (B) Dependence of CVs of AgNPs/GONs/S1-MCH/AuEsoan rate\ in
0.1M KClI solution (B). Inset is the relationshiplgfwith v'2

Fig. 5 CVs of AgNPs/GONs/S1-MCH/AUE (A) and AgNPs/S1-M@E (B) before (a)
and after (b) hybridization with 0.1 pM complemeagtBNA (S2). The other conditions are
the same with Fig. 4A.

Fig. 6 (A) Effect of GONs incubation time (t) on chargartsfer resistanceR{) in EIS
measurements. (B) Effect of DNA hybridization tifteon the DPV peak currentk,y).

Fig. 7 (A) DPVs of AgNPs/GO/S1-MCH/AUE upon hybridizatievith 0 M (a), 10.0 fM
(b), 0.1 pM (c), 1.0 pM (d), 10.0 pM (e), 0.1 nM, (1.0 nM (g) 10 nM (h) target DNA of

S2. (B) Linear relationship of oxidation peak cutr@,,) versus the logarithm values of S2
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concentration (I§sy).

Fig. 8 (A) DPVs of AgNPs/GONs/MCH-S1/AuE before (a) arfteahybridization with
complementary sequence of S2 (b), one-base misethtedguence of S3 (c), three-base
mismatched sequence of S4 (d), and non-complenyestgquence of S5 (e). All the
concentrations of hybridized sequences are 1.6%M (B) Bar chart of the oxidation

peak currentlg,) obtained for different hybridized electrodes.

Tabletitles

Table 1 Comparison of analytical performance of DNA biosessbased on AgNPs or
graphene materials.

Table 2 Recovery test of target DNA in serum samples bybibsensor
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Scheme and Figures
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Table 1 Comparison of analytical performance of DNA bicsas based on AgNPs or

graphene materials.

Linear ranges  Detection limits Refs.

Sensing platforms Methods
RGO FET 10 fM-1.0 nM 100 fM [43]
G-FL EIS - 6.6 pM [44]
GQDs ECL 5.0 fM-10.0 nM 0.45fM [45]

GO Fluorescence 5.0 nM-50.0 nM - [46]
AgNPs SERS 1.0 pM -1.0 nM 1.0 pM [47]
AgNCs SPEET 5 nM-100 nM 2.5nM [48]

AgNPs-Pdop@GR EC 0.1 pM -10.0 nM 3.2nM [49]
AgNPs/GONs EC 10 fM-10 nM 7.6 tM This Work

Notes: RGO: Reduced graphene oxide; FET: Field-effechsistor; G-FL: four layer
graphenes; GQDs: Graphene quantum dots; ECL: Bdwmiluminescence; SERS:

Surface-enhanced Raman spectroscopy; SPEET: Sytssraon enhanced energy transfer;

AgNPs-Pdop@GR: AgNPs-polydopamine@graphene; ECtiechemistry.

Table 2 Recovery test of target DNA in serum samples yhilosensor

Serum samples Added Found Recovery (%) RSD (%)
1 0.100 nM 0.107 nM 107.0 3.98
2 1.00 pM 0.96 pM 96.0 4.36

S 10.0 fM 9.52 M 95.2 5.67
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Highlights

An novel DNA biosensor was constructed based on GONs with deposited AgNPs
GONs catalyze the in-situ deposition of AgNPs on the sensing interface

Unique m-stacking of GONs with probe DNA contributes high selectivity of the
biosensor

High electroactivity of AgNPs leads to low detection limit (7.6 fM) for target DNA



